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Resumen
Los vehiculos automdviles estan adquiriendo una mayor complejidad electrénica debido al

incremento del nimero de unidades electronicas de control. Su nimero seguiréd creciendo en el futuro
debido a la integracion de nuevas prestaciones vehiculo cada vez mas complejas como consecuencia de
la llegada vehiculo autonomo. Consecuentemente, las técnicas de validacion del software resultan un
elemento clave para los constructores automoviles con el fin de asegurar la calidad final y la seguridad
del vehiculo. A su vez, este proceso de validacion conlleva unos costes elevados a los fabricantes que
deben reducirse para asegurar una mayor rentabilidad.

Gran parte de los modelos de transporte sostenibles se basan en soluciones eléctricas o en otras,
que impliquen la sustitucion de trenes de traccion tradicionales por otros que generen menos emisiones
locales. Un modelo de transporte puede ser innovador per se al ofrecer una solucién hasta ahora no
propuesta, o bien puede innovar al proponer aplicaciones que beneficien a la sostenibilidad,
independientemente de usar modelos ya conocidos en la literatura, como bien pueda ser contribuciones al
ecodisefio, a las técnicas Vehicle-to-X* (vehiculo conectado), o por proponer mejoras a tener en cuenta en
las actuales politicas europeas, como el European Green Deal (Pacto Verde Europeo), relacionadas con
los modelos de transporte sostenibles existentes.

¢Cual es el nexo entre la validacion software de automocién y los modelos de transporte
sostenibles? Pues bien, validando un software y afiadiéndose nuevas funcionalidades, se pueden reducir
los consumos energéticos y conseguir mejoras en las prestaciones de los transportes sostenibles. En esta
tesis se ofrecen soluciones innovadoras de validacion basadas en sistemas expertos. Se propone un modelo
de transporte sostenible demostrando su viabilidad econémica. Hecho esto, se evalua las aportaciones del
software de las unidades electrénicas de control de un vehiculo eléctrico sobre la sostenibilidad, tales
como disminucién de emisiones durante el disefio de productos (ecodisefio) y reduccion de consumo
energético de edificios gracias a la técnica Vehicle-to-Building (vehiculo conectado a edificio), todo ello
con la finalidad de convertir los modelos de transporte en modelos aln mas respetuosos con el
medioambiente. Finalmente, se analiza el impacto de los sectores sociales sobre los modelos de transporte
sostenible, realizando proposiciones a considerar en las actuales politicas medioambientales en discusion
en la Unién Europea, como el European Green Deal, con el fin de mejorar la sostenibilidad de los modelos
de transporte basados en movilidad eléctrica.

Palabras Clave— Eco-routing (navegacion ecolégica), eco-charging (carga ecolégica), eco-

driving (conduccidn ecolégica), validacion de software, transporte sostenible

! Enesta tesis, los términos técnicos en inglés que aparezcan son mostrados en la seccion Nomenclatura con su correspondiente traduccién. Posteriormente, se
emplearan indistintamente en cualquiera de las dos lenguas. De términos ampliamente utilizados en el lenguaje corriente tales como software, test y hardware no se
mostrara la traduccion.
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Abstract
Vehicles are becoming sophisticated electronic systems due to the fact that they are integrating

a significant number of electronic control units. This trend will certainly continue in the year to come as
more complex functions will be integrated in vehicles specially thanks to the autonomous driving.
Consequently, software validation techniques are a key element for car manufacturers in order to ensure
the quality of the vehicle which will be marketed. In turn, this validation process increases costs for
manufacturers, and this must be reduced with the aim of improving the profitability of projects.

Most of the sustainable transport models are based on electric solutions or on similar solutions
which imply that traditional powertrains are substituted by others those that generate fewer local
emissions. A transport model can be innovative per se by offering solutions that have not been proposed
so far, or it can innovate by offering applications on different fields such as eco-design, Vehicle-to-X
technique or European policies (European Green Deal), which benefits sustainability based on models
already described in the literature.

What is the link between automotive software validation and sustainable transport models? By
validating software and adding new functionalities, energy consumption can be significantly reduced.
Consequently, this thesis offers innovative validation solutions based on expert systems. A sustainable
transport model is proposed, demonstrating its economic viability. Once this is done, it evaluates the
contributions of the electronic control unit software of an electric vehicle (the main actor of sustainable
transport models) on sustainability and society, such as the reduction of emissions during a product design
(eco-design) and the improvements in the vehicle-to-building technique with the aim of making transport
models even more eco-friendly. Finally, the impact of the social sectors on sustainable transport models
is studied in detail, making proposals to be considered in the current environmental policies under
discussion within the European Union, such as the European Green Deal, in order to improve the

sustainability of transport models based on electric mobility.

Keywords— Eco-routing, eco-charging, eco-driving, software testing, sustainable transport
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TIR Internal Return Rate Tasa Interna de Retorno
USB Universal Serial Bus Bus Serie Universal
VAN Net Present Value Valor Actual Neto
VCU Vehicle Control Unit Unidad de Control Vehiculo
V2B Vehicle-to-Building Vehiculo Conectado a edificacion
V2G Vehicle-to-Grid Vehiculo Conectado a Red

V2H Vehicle-to-Home Vehiculo conectado a casa
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1. PREAMBULO

El software se encuentra cada vez méas presente en nuestras vidas. Es complicado
encontrar aparatos electronicos en la vida diaria que no lleven integrado un software embebido
de mayor o menor complejidad. Antes de la comercializacion de todo producto, se ha de llevar a
cabo un exhaustivo control y validacion del sistema, incluido el software y su impacto en la
electrénica [1, 2]. Este proceso de validacion conlleva un coste importante para las empresas que
debe ser reducido para mejorar la rentabilidad del proceso de desarrollo de un producto [3, 4].
Por tanto, actualmente las empresas se encuentran en la encrucijada de encontrar técnicas de
validacidn que aseguren reducir el tiempo necesario para asegurar su calidad y fiabilidad a la vez
que se reduzcan los costes. Este aspecto se hace mucho mas presente a medida que el producto
electrénico va adquiriendo complejidad, como es el caso del sector de la automocion donde
existen una gran cantidad de unidades electronicas de control (ECUs) encargadas de controlar
funciones, en algunos casos criticas, con fuerte impacto en la seguridad del vehiculo y de sus
pasajeros [5, 6].

Por otra parte, la sostenibilidad es un factor esencial para asegurar la conservacion de los
recursos naturales. De hecho, es un tema ante el cual la sociedad muestra una gran sensibilidad.
Si bien este campo es amplio, uno de los puntos mas trabajados es la proposicion de modelos de
transporte sostenibles basados, en la mayoria de los casos, en soluciones eléctricas por su no
generacion de emisiones [7]. Sin embargo, la sostenibilidad del transporte y los modelos no
deben ir Gnicamente centrados en esas soluciones, pues el uso del vehiculo eléctrico (EV) implica
mejoras en ambitos mas amplios como el ecodisefio, técnicas como el Vehicle-to-Building (V2B),
etc. En otras palabras, el transporte sostenible tiene un impacto mucho mayor que la propia
disminucion de la generacion de emisiones locales.

Otra importante cuestion es cémo ligar el transporte sostenible y la validacion del
software. La validacion del software requiere integrar el concepto de sostenibilidad durante su
realizacion, campo que no ha sido explorado con detalle [8, 9]. A su vez, el software validado
integrandolo con modulos software (SMs) especificos, puede proporcionar una herramienta muy
importante a la sostenibilidad y a sus modelos de transporte. Como ejemplo, vehiculos con
algoritmos desarrollados de Eco-Driving (EDR), Eco-Routing (ER) o incluso algoritmos que
realicen estimaciones de la generacion de energia y contribucion de las energias renovables (RES)

en la generacion de electricidad. En esta tesis, se presenta un modelo de transporte sostenible
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econémicamente viable?. Se demuestra que el software de automocion validado y modificado?®,
al integrar nuevos SMs, genera reducciones de consumo energético que repercuten en hacer mas
limpio adn los modelos de transporte sostenible reduciendo, por ejemplo, las emisiones en otras
actividades de la sociedad como es el disefio de productos mas verdes (ecodisefio)* o mejorar las
aportaciones a la técnica V2B®. A su vez, se demuestra también en esta tesis, que, gracias al
software validado y modificado, se puede conseguir que los procesos de carga de los EVs sean
aun mas limpios al informar al conductor sobre los momentos del dia en los que la aportacion de
REs es més elevada. Finalmente, gracias al muestreo de como son usados los EVs por los
diferentes sectores sociales considerados (autdnomos, trabajadores locales o trabajadores que
trabajan fuera de una determinada ciudad), la presente tesis ofrece proposiciones para los
legisladores europeos de tal manera que las nuevas politicas se centren sobre los sectores sociales
gue mas pueden contribuir a la sostenibilidad y a los modelos de transporte sostenibles para que
sean aln mas verdes y respetuosos con el medioambiente®. Consecuentemente, la validacion
software, el propio desarrollo del software, los modelos de transporte y la sostenibilidad estan
intimamente unidos tal como se demuestra en esta tesis y en las publicaciones que la acompafian.
Finalmente, es vital exponer de manera sucinta la relacion existente entre esta tesis
doctoral y los cambios legislativos actuales. Tal como ha sido publicado recientemente, la Union
Europea prohibira en 2035 la venta de vehiculos de combustion [10]. Esto, sin lugar a duda,
implica la necesidad de fomentar el EV de manera urgente. Esta tesis se centra fuertemente en
este aspecto pues:
a) Promueve aplicaciones del EV en tecnologias futuras clave para la sostenibilidad como
es el caso de V2B, Vehicle-to-Grid (V2G), Vehicle-to-Home (V2H) y Smart Grid (SG).
b) Las propuestas innovadoras de validacion software son validas tanto para vehiculos de

combustion como para EVs. Tal como se detallara a lo largo de esta tesis doctoral, estas

2 Este aspecto queda recogido en la siguiente publicacién “Macro-economic impact, reduction of fee deficit and profitability of a sustainable
transport model based on electric mobility. Case study: City of Leén (Spain)”, publicado en la revista Energy.

3 Este aspecto queda recogido en las siguientes publicaciones:
“Application of rule-based expert systems in hardware-in-the loop simulation case study: Software and performance validation of an engine

electronic control unit” publicado en The Journal of Software: Evolution and Process

4 Este aspecto queda recogido en la siguiente publicacion “Contribution of Driving Efficiency and Vehicle-to-Grid to Eco-Design ”, publicado en
Energies.

5 Este aspecto queda recogido en la siguiente publicacion “Contribution of Driving Efficiency to Vehicle to Building”, publicado en Energies.

¢ Este aspecto queda recogido en la siguiente publicacion “Can Eco-routing, ¢Eco-driving and Eco-charging Contribute to the European Green
Deal?”, publicado en Energy
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técnicas se basan en el uso de modelos Simulink® empleados para codificar el software.
Por tanto, es indiferente si estos modelos se refieren a una ECU de un EV 0 bien a un

sistema de iluminacion siempre y cuando las especificaciones se hayan modelado con
Simulink®.
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2. INTRODUCCION
2.1 El sector de la automocion

El sector de la automocion lleva haciendo frente a crisis importantes desde el afio 2008
asi como a continuas necesidades de fuerte reconversion para mantener su competitividad. En el
citado afo 2008, se produjeron desplomes de ventas que llegaron a convertirse en los peores
datos registrados en la historia del sector. Este hecho hizo que algunos constructores, muy
centrados en aguellos momentos en los mercados europeos y con escasa globalizacion en sus
ventas, llegaran a sufrir serias pérdidas econdmicas y falta de circulante que pusieron en riesgo
su viabilidad [11]. Tal fue el caso de PSA Peugeot Citroén que, para asegurar su actividad, en el
afio 2012 firmé un acuerdo con el gigante General Motors, gracias al cual se conseguirian
alcanzar sinergias para ambas empresas cercanas a los 2.000 millones de ddlares mediante el
desarrollo de 4 plataformas conjuntas que implicarian ahorro de costes tanto en compras como
en el desarrollo de los productos [12]. Ni siquiera este acuerdo tan interesante para PSA Peugeot
Citroén fue suficiente para su viabilidad, de tal manera que la marca china Donfeng Motors
adquirié una parte importante de su accionariado. No solamente esta empresa francesa ha sufrido
la crisis del sector automdvil. Otras como Opel o Vauxhall sufrieron cambios de accionariado al
necesitar un importante cambio de rumbo y estrategia debido a las pérdidas econdmicas
constantes que venian sufriendo. Mucho mas reciente, es la fusién de Fiat y PSA para conseguir
sinergias de desarrollo y ahorro de costes para asegurar la rentabilidad de ambas marcas [13].
Por Gltimo, el impacto de la pandemia actual no es un elemento que se deba olvidar, pues ha
golpeado triplemente a este sector al impactar su cadena de suministros, se han producido cierre
de fabricas parciales o totales, como es el caso de Nissan en Barcelona, y, finalmente, ha habido
un colapso en la demanda. Por tanto, y, en resumen, el sector de la automocién es altamente
sensible a todo lo que le rodea, pero ha mostrado una gran capacidad de adaptacion para
sobrevivir a las crisis econdémicas y sanitarias que, por desgracia, se han sufrido en los ultimos
afos

Sin lugar a duda, se trata de un sector fascinante al ser capaz de estar luchando por su
viabilidad para asegurar la supervivencia de los constructores, pero al mismo tiempo, es capaz
de proponer soluciones tecnologicas altamente complejas que, hace unos afos, los clientes no
hubieran imaginado. Es evidente que en este punto nos referimos al vehiculo autbnomo, producto

en el que todos los constructores y proveedores como Bosch o Valeo, estan invirtiendo cantidades
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ingentes de dinero para su rapida comercializacion [14, 15]. Entre todas estas tecnologias se
puede destacar el avance en tratamiento de imagenes y uso de sensores como los radares, lidar y
camaras con el consiguiente impacto en los sistemas de trenes de traccion, frenada, seguridad
(ISO 26262) y columna de direccion. Dicho esto, es conveniente exponer en parrafos posteriores
un mayor detalle de estos aspectos para una mejor comprension.

La SAE internacional, antes conocida como la Sociedad de Ingenieros de Automocion
(Society of Automotive Engineers), propuso una clasificacion de niveles de conduccién autébnoma
en funcion de la intervencion humana, para establecer cuan autbnomo podia llegar a ser un
vehiculo [16]. Estos niveles abarcan desde el 0, en el cual no existe ningun tipo de conduccion
auténoma, hasta el nivel 5 donde existe ya una automatizacion total. Entre los citados niveles se
encuentra el nivel 1, en el que los vehiculos integran ya algunas funciones de asistencia a la
conduccion como el regulador de velocidad, el nivel 2 con una automatizacion parcial integrando
funciones como Adaptive Cruise Control (ACC) sin tener en cuenta el entorno del vehiculo, el
nivel 3 donde se incorpora ya la automatizacion condicional teniendo en cuenta las condiciones
de la via de circulacion y, el nivel 4 donde no se requiere la intervencion del conductor. ;Cuél es
la diferencia entre un nivel 4 y 5? Pues bien, la respuesta si bien es futurista, es tan simple como
que en un vehiculo auténomo nivel 5 s6lo habréa asientos para los ocupantes, y no existiran ni
volante ni palanca de marcha. Es complicado saber en qué fecha se podra llegar a un nivel 5, si
bien se espera que se pueda estar en un nivel 4 en fechas cercanas a 2030. Cabe mencionar un
aspecto fundamental y es que no solo el vehiculo autbnomo se enfrenta a barreras puramente
técnicas, sino a barreras de otro tipo no menos importantes, como es el caso de la seguridad,
aspectos legales, econdémicos y éticos. Desde un punto de vista ético, es posible que, en una
circunstancia dada, el vehiculo tenga que decidir entre salvar la vida a su conductor a costa de la
de un peaton. El anélisis de todos estos factores excede el objetivo de esta tesis, si bien el lector
puede encontrar informes donde se detallan las perspectivas y lo que se espera del coche
autonomo en el periodo 2020-2040 [17, 18, 19].

Desde un punto de vista puramente tecnologico, resulta claro que la complejidad
electronica de los vehiculos va aumentando poco a poco, de tal manera que el nimero de ECUs
se estd incrementando de manera sustancial. En este punto conviene aclarar que, por ECU, esta
tesis se refiere a todo sistema embebido que se utiliza para controlar un determinado sistema

mediante el uso de sensores y actuadores que ejecutan las ordenes que envia el software que
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compone la ECU. Consecuentemente, es el elemento clave de esta tesis, asi como el software
que ejecuta. A su vez, teniendo en cuenta el gran numero de ECUs que integran un vehiculo, la
validacion del software de una ECU se convierte en un elemento critico, cuya validacion y
aseguramiento de la calidad resulta fundamental para garantizar la integridad del pasajero.
Debido a la gran cantidad de lineas de codigo presentes en el software de las ECUs y a la
dificultad que conlleva su validacion, la importancia de éste sera descrita en el préximo apartado
con detalle.

2.2 El software en automocion

El desarrollo de software es un elemento clave en automocion para asegurar el buen
funcionamiento de las ECUs dentro de la arquitectura electronica que presenta el vehiculo. Debe
imaginarse el funcionamiento de una red de este tipo como una orquesta en donde los masicos
(las ECUs) deben funcionar de manera coordinada para que la informacion transmitida en tiempo
real garantice que cualquier coche (sea ADAS’ nivel 0 o superior) responda adecuadamente en
todas las circunstancias. A modo de ejemplo, y para una mejor comprension del lector, la funcion
ACC necesita la colaboracion de maltiples calculadores. En primer lugar, esta funcion (en su
version mas simple) permite que, una vez establecida una velocidad objetivo por parte del
conductor, el coche la mantenga o la reduzca su velocidad en funcién de la distancia con el
vehiculo que la precede. Logicamente, estas prestaciones se ven mejoradas en niveles de
automatizacion superiores permitiendo el cambio de carril. Dicho esto, para poder llevar a cabo
esta funcion, el coche necesita un calculador encargado de procesar la informacion relativa al
vehiculo que lo precede. Para ello, entre otras cosas, necesita la informacidn proporcionada por
el calculador Electronic Stability Programm (ESP). El calculador motor, dicho con otras
palabras, la ECU encargada de controlar el par que se va a aplicar sobre el motor térmico, VCU
(Vehicle Control Unit) en su version EV, tiene que procesar toda la informacidn procedente de
todos los calculadores y el estado del motor para elegir el par final que se va a aplicar sobre el
motor. Esto es lo que técnicamente se suele denominar cadena de arbitraje de par. Esta
descripcion sucinta le permite al lector tener una idea de la complejidad que entrafia las redes

electronicas de vehiculos en las que el software juega un papel determinante.

7 El acrénimo ADAS es ampliamente utilizado en el mundo de la automocién. Sus siglas significan Advanced Driver-Assistance Systems.
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Existen muchas metodologias de desarrollo de software tales como el ciclo en V 0, més
modernas, los métodos &giles [20, 21]. En cualquier caso, a partir de unos requerimientos escritos
de lo que se espera del producto, se debe conseguir proporcionar un software que funcione
correctamente y con la fiabilidad esperada. La cuestion obvia es ¢cémo garantizan los fabricantes
esa fiabilidad y que el software responde a lo esperado? Aqui de nuevo se introduce un elemento
clave en esta tesis: la validacion del software. Si bien todo esto se detallara en préximos apartados
de esta tesis doctoral, este proceso consiste en la creacidn de bibliotecas de tests, técnicamente
designado como generacion de Test-Cases (TCs) con el fin de comprobar si dada unas
condiciones iniciales del sistema y unas acciones a realizar, el sistema responde acorde a lo
esperado. Este proceso requiere de muchos aspectos a tener en cuenta, entre ellos, conocimientos
técnicos detallados sobre el funcionamiento de los SMs a testear, recursos econdémicos
importantes para la adquisicion de vehiculos prototipo, asi como simuladores hardware-in-the-
loop (HIL) para comprobar la correcta integracion del software y el hardware, etc. [22, 23]. El
lector puede deducir que las inversiones y el tiempo necesario para validar el software de una
ECU son elevados, si bien no es lo mismo validar una ECU encargada de controlar la iluminacion
interior de un vehiculo que una ECU encargada de controlar un motor térmico, donde intervienen
una gran cantidad de SMs y variables fisicas que, sin duda, hacen de esta ECU una de las mas
complicadas de validar. Por tanto, uno de los ejes fundamentales ligados a la validacion del
software de automocion no es otro que reducir al méaximo las horas de validacién y los recursos
necesarios para la disminucion de los costes econdmicos que lleva asociada esta actividad al igual
que asegurar que dicha reduccion no repercuta en la calidad y fiabilidad del software. Este
aspecto es un eje clave tratado en esta tesis doctoral.

Por altimo, es importante destacar que la validacion software hace frente a retos
relacionados con la generacién de TCs adecuados y pertinentes para asegurar que el software se
prueba en condiciones representativas de funcionamiento, asi como a problematicas técnicas
asociadas a la simulacion HIL [21, 22, 23]. Referente al primer punto, la inteligencia artificial
propone soluciones para la generacion de TCs en tiempo real. Referente al segundo punto, la
dificultad actual a la hora de automatizar TCs no es otra que la interaccion de los SMs de tal
manera que los resultados esperados indicados en el TC podrian ya no ser validos.
Consecuentemente, el ingeniero de validacion o bien el script de automatizacion no seria capaz

de discernir si el software se ha comportado correctamente o no. Esta tesis doctoral muestra como
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las bibliotecas dindmicas de datos (DlIs) juegan un papel esencial para mejorar la automatizacion
de TCs.

2.3 El software y la sostenibilidad

Desde hace afios, el concepto de la sostenibilidad esta ligado al mundo de la ingenieria.
Consecuentemente, resulta fundamental definir este concepto de una manera simple e intuitiva.
Bésicamente, la sostenibilidad consiste en atender las necesidades actuales sin comprometer la
capacidad de las generaciones futuras de satisfacer las suyas, garantizando el crecimiento
econdmico, el cuidado medioambiental y el bienestar social. Estos tres aspectos es lo que se suele
conocer como la triple vertiente de la sostenibilidad. No es complicado deducir que todas las
actividades ingenieriles, y la automocion impactan de manera directa sobre la sostenibilidad. El
uso abusivo de materiales o bien materiales que sean dificiles de reciclar, el disefio de procesos
altamente consumidores de energia, etc. implican claramente una repercusion directa sobre la
sostenibilidad. En este punto, aparecen conceptos importantes tales como el ecodisefio,
consistente en incorporar criterios ambientales en la fase de concepcion y desarrollo de un
producto, bien o servicio, de tal manera que se tomen las medidas preventivas adecuadas con
vistas a mitigar los impactos ambientales en las diferentes fases del ciclo de vida de un
determinado producto, desde su fase de concepcion, continuando por su produccion y finalizando
con la eliminacion del mismo [24]. Centrandonos en la parte de disefio, y mas concretamente en
la validacion del software, es altamente importante centrarse en las repercusiones que tienen estas
actividades en el medioambiente [8, 9]. Mas especificamente, el proceso de validacion de
software implica el uso de simuladores HIL y rodajes durante una gran cantidad de kilémetros
para asegurar la calidad del software antes de su comercializacion. Consecuentemente, el proceso
de validacion software conlleva la generacion de emisiones tanto debido al uso de simuladores
HIL como por la fabricacidn de vehiculos prototipo. En este punto, es conveniente hacer hincapié
en el hecho de que validar un software de una ECU con una alta complejidad de disefio, implica
una gran cantidad de horas de validacion que, necesariamente, conlleva un elevado consumo
eléctrico. Como consecuencia, la integracion de las REs junto con una adecuada planificacion
del proceso de validacion del software reduce las emisiones. En lo referente al uso de vehiculos
prototipo, éstos son imprescindibles para poder realizar las actividades propias de puesta a punto

del software, mas conocido como tuning activities en terminologia técnica anglosajona, asi como
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la validacion software en condiciones reales, es decir, cuando el software del calculador en
cuestion interactua directamente con el resto de las ECUs de la red electronica del vehiculo. La
eleccion adecuada y dptima de los TCs que deben ser ejecutados utilizando vehiculos prototipo
y cuales mediante simulacion HIL repercute en una disminucion de los tiempos de validacion,
una necesidad menor de vehiculos prototipo, asi como una mejor integracion de las REs, tal como
se analiza ampliamente en esta tesis doctoral. Para conseguir esto, se han de proponer técnicas
de validacion de software que permitan la reduccién de costes, mejorar la calidad del software,
que permitan elegir los medios 6ptimos de validacion y contribuir a una mejor integracion de las
REs en el proceso de disefio sin olvidar en ningn momento la sostenibilidad o, dicho con otras
palabras, el impacto econdmico y medioambiental de este proceso. Este punto clave es tratado
en esta tesis doctoral.

2.4 El vehiculo y la sostenibilidad

Los vehiculos realizan una funcion clave en la sociedad actual, y resulta ciertamente
inimaginable un mundo sin coches. Esta realidad obliga a los ingenieros a buscar soluciones que
impliquen una disminucién de los impactos medioambientales de las actividades relacionadas
con la automocién. Cuando se menciona el concepto de reduccién de emisiones ligadas a los
coches, una de las primeras imagenes que viene a la mente es el EV, principalmente por su no
generacion de contaminantes a nivel local [25, 26]. Para considerar verde al EV se han disminuir
las emisiones ligadas al proceso de generacion de energia eléctrica para la carga de las baterias.
La mejor integracion de las REs no queda reducida a las emisiones cero locales, sino que influyen
de manera importante en despliegues de tecnologias llamadas a jugar un papel primordial en el
futuro como son las SG, V2G y V2H [27, 28, 29, 30, 31]. Una pregunta importante que esta tesis
doctoral trata de estudiar es ¢coémo el vehiculo y su software pueden participar en la reduccion
de emisiones durante el disefio de un producto? Esta tesis doctoral se centra en el concepto de
ER, Eco-Charging (EC) y EDR [32] que combinados adecuadamente con la distribucion
geografica de los ingenieros que participan en un proyecto de disefio, contribuyen a mejoras
importantes en cuanto a la disminucién de emisiones asociadas al proceso de desarrollo del
producto. Este punto, tal como se analiza en esta tesis doctoral, resulta de gran innovacion, pues
actualmente los estandares y directivas ligadas al ecodisefio no contemplan en estos factores [33].
Para una mejor comprension de este aspecto, es conveniente definir de manera sucinta estos

conceptos. ER trata de establecer una ruta para desplazarse de un punto origen a un punto destino
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teniendo en cuenta las recomendaciones del algoritmo encargado de planificar la ruta, de tal
manera que se minimice el impacto medioambiental. La manera de minimizar este impacto suele
ir intimamente ligada a la disminucion de combustible [34]. EI concepto de EDR se centra en la
planificacion de rutas de navegacion teniendo en cuenta los habitos de conduccién del conductor
de tal manera que se minimice el impacto medioambiental [35]. En consecuencia, la planificacion
de las rutas es a la carta, pues se tienen en cuenta datos como el uso del pedal del acelerador,
velocidades medias a las que suele rodar el conductor, etc. Actualmente, es sencillo encontrar en
los coches comerciales esta funcion de tal manera que al finalizar el desplazamiento de un punto
origen a un punto destino, el vehiculo muestra una nota numérica que informa al conductor sobre
la eficiencia energética en cuanto a su modo de conduccién. Sin embargo, cuando se trata de EVs
resulta claro que no sélo el modo de conduccidn es el unico factor que influye en dicha eficiencia
energética. De nada sirve conducir eficientemente si, posteriormente, se realiza el proceso de
carga en el momento en que la mayoria de la electricidad que se esta produciendo deriva del
carbon o de otras fuentes de energia no renovables. Desgraciadamente, este factor no se tiene en
cuenta en los vehiculos actuales, de manera que el conductor no tiene ningdn tipo de informacion
al respecto. Finalmente, el EC busca conseguir cual es el momento éptimo para realizar el
proceso de carga. Un aspecto importante es como relacionar estos tres factores simultaneamente
y en concreto, qué innovaciones técnicas se pueden proponer para conseguir que los conductores
reciban informaciones sobre la integracion de las REs y poder planificar los momentos 6ptimos
para realizar la carga. El resultado de todo esto, seria una informacion al conductor sobre su
eficiencia en el modo de conduccion basada en los conceptos de ER y EDR. La presente tesis
doctoral se centra en este punto, proponiendo soluciones basadas en redes neuronales para
proponer soluciones a la problematica anteriormente expuesta. El uso de ER, EDR y EC no sélo
tiene influencia en una disminucién de las emisiones durante el disefio, también impacta en una
mejora de las emisiones de las edificaciones gracias al uso conjunto de ER, EDR, EC, V2B y EVs

tal como se detalla en esta tesis doctoral.

2.5 Modelos sostenibles de transporte

El aumento de ventas de los EVs influye y debe influir en el futuro en mejoras
medioambientales por la reduccion de emisiones locales. Teniendo en cuenta lo expuesto en
apartados anteriores, la combinacion adecuada y optima de SGs y EVs es una soluciéon a medio

plazo que, en el futuro, tendrd una importancia significativa en la sostenibilidad. La cuestion



Escusla .
Internacional Tesis Doctoral

de Docrorado

EIDUNED Programa de Doctorado en Tecnologias Industriales

Titulo: Validacion electrdnica de vehiculos. Nuevas metodologias y posibles aportaciones al
transporte sostenible.
Autor: Pedro Miguel Ortega Cabezas | 30/08/2021 | Pagina 30 de 292

importante es analizar la viabilidad de los modelos de transporte sostenibles basados en
movilidad eléctrica, teniendo en cuenta factores como la degradacion de la bateria, ganancias del
propietario del EV por su participacion en la cesion de la energia almacenada mediante SGs asi
como las ganancias que puede tener las comercializadoras eléctricas en estos modelos [36]. En
este punto, conviene tener en cuenta que, debido al déficit tarifario existente en Espafa, estos
modelos pudieran no ser viables en nuestro territorio. En este punto se centra esta tesis doctoral,
analizando la viabilidad de los modelos de transporte sostenibles basados en EVs analizando su

compatibilidad teniendo en cuenta el déficit tarifario de Esparia.

2.6 Prohibicion de los vehiculos de combustion en 2035

En el pasado mes de julio de 2021, la Unién Europea ha anunciado su intencion de
prohibir los vehiculos de combustion en 2035 apostando fuertemente por el EV [10]. Este hecho
ha desatado una fuerte controversia ya que los constructores han mostrado mayoritariamente sus
reticencias. El hecho de fomentar el EV implica la necesidad de instalar una gran cantidad de
puntos de carga. Bruselas plantea la obligacion de instalar puntos como méximo cada 60 km, lo
cual implicard un coste no despreciable. Como consecuencia de todo esto, las investigaciones
futuras deben ir encaminadas a las mejoras de las prestaciones del EVs y a sus aplicaciones como
son las SG, V2G y V2H entre otros. Dado que gran parte de esta tesis se centra en investigaciones
donde el elemento principal ha sido el EV, los resultados mostrados en esta tesis adquieren una

mayor significacion.

2.7 Nueva legislacion de las tarifas en el sistema eléctrico

Desde el 1 de junio se estan aplicando la nueva normativa basada en la TED/371/2021
[37]. El punto mas importante de esta normativa es la agrupacion de los peajes existentes (2.0 A,
2.0 DHA, 2.0 DHS, 2.1 A, 2.1 DHA y 2.1 DHS) en uno Gnico (2.0 TD). Como recordatorio,
para potencias inferiores a 10 kW se disponia de la opcién 2.0 A (precio fijo), 2.0 DHA
(discriminacion horaria con dos periodos) y 2.0 DHS (discriminacion horaria con tres periodos)
[37, 38]. Finalmente, para potencias comprendidas entre 10 kW y 15 kW, se disponia de la tarifa
2.1 A (precio fijo), 2.1 DHA (discriminacion horaria con dos periodos) y 2.1 DHS
(discriminacion horaria con tres periodos) [37, 38]. A partir del 1 de junio, gracias a la utilizacion

de 2.0 TD, se tendra una discriminacién horaria de tres periodos [37, 38]:

a. Punta, de lunes a viernes de 10:00 a 14:00 y de 18:00 a 22:00.
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b. Llano, de lunes a viernes de 8:00 a 10:00 y de 14:00 a 18:00 y de 22:00 a 00:00.
c. Valle, de lunes a viernes de 00 :00 a 8 :00 asi como las 24 horas de los fines de semana

o los festivos nacionales.

El objetivo fundamental de esta nueva legislacion no es otro que penalizar los consumos
que se producen en los momentos de mayor demanda con vistas a mejorar la estabilidad de la
red. Otro punto importante es que la nueva tarifa posibilita elegir un término de potencia por cada
tramo horario.

Dicho todo lo anterior, las ventajas principales para el usuario del EV, no sera otra que
una disminucion del precio de carga de carga en las horas valle, es decir, de 00:00 a 8:00.
Verdaderamente, ¢es esta politica la acertada para conseguir la promocién de los EVs, la mejor
integracién de las REs y el fomento de las técnicas V2H, V2G y V2B? La respuesta es negativa
tal como se desarrolla a lo largo de la tesis doctoral, amparando esta afirmacién en las

publicaciones cientificas obtenidas.

2.8 Contexto personal

Desde el afio 2014, el autor de esta tesis doctoral lleva realizando actividades relacionadas
con la concepcidn de sistemas embebidos centrados en aplicaciones de control motor tanto diésel
como gasolina, ECU telematicas y disefio de sistemas de iluminacién interior de vehiculos. En
lo referente a control motor, ha participado en 4 proyectos de concepcién de un calculador motor
en diferentes constructores como PSA Peugeot Citroén y Renault en sus centros de disefio de La
Garenne-Colombes (Isla de Francia) y Lardy (Isla de Francia) respectivamente. En cuanto a las
concepciones de sistemas telematicos, ha participado en el disefio de una ECU telematica para la
nueva generacion de camiones Volvo en centros de disefio de Toulouse y Suecia. Finalmente, ha
realizado funciones de jefe técnico de proyectos electronicos, siendo en la actualidad jefe de
proyecto de 1+D relativos a la concepcion electronica, Optica, mecanica y de software de sistemas

de iluminacion en Valeo lluminacion en su planta de Martos (Jaén).
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3. FUNDAMENTOS TEORICOS Y ANTECEDENTES
En las siguientes subsecciones se engloban aspectos teéricos importantes que son base
para la comprension de los articulos publicados como consecuencia de los avances y logros

descritos en esta tesis doctoral.

3.1 Motores de combustion interna

Para una comprension adecuada de la presente tesis doctoral, resulta importante realizar
una breve introduccién a los motores de combustién. Si bien la clasificacion de los motores es
bastante mas compleja y amplia, desde un punto de la automocién se pueden establecer las
cadenas de traccién de gasolina y diésel (si bien en las cadenas de traccion hibridas se pueden

encontrar también motores de combustion).

3.1.1 Funcionamiento de los motores y del software

3.1.1.1 Proceso de combustion de un vehiculo de gasolina

Como norma general, existen cuatro fases en el cilindro para transformar la energia
quimica en mecéanica: admision, compresion, expansion y escape (Fig.1) [39]. En el caso de los
motores de encendido provocado (motores gasolina), en el cilindro se inyecta aire procedente del
circuito de admisidn, asi como combustible inyectado por los inyectores, todo ello en la fase de
admision. Posteriormente, se produce un proceso de combustion donde las diferencias de
temperatura y velocidad relativas tanto del fluido como de la pared no son muy elevadas. Este
proceso tiene una duracion corta. Es importante recalcar que, durante la fase de compresion, la
presidn es practicamente constante. Cuando finaliza la compresion se produce la activacion de la
bujia (expansion), momento en el cual el piston desciende a su posicién inferior. Finalmente, el
pistén retorna a su posicion superior, eliminando los gases restantes que quedaron en el cilindro
por el proceso de combustion [39]. A modo de ejemplo, se muestra en la Fig. 2 el ciclo presion-

volumen de este motor.
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Figura 1. Fases de un cilindro. Fuente PSA Peugeot Citroén

V =Volume constant volume process
p = pressure

adiabatic process

/ Power Stroke
5

Combustion Process -

p Heat Rejection
Compression Stroke -"'///1//// 26
Intake Stroke Exhaust Stroke
v

Figura 2. Ciclo presién-volumen de un motor gasolina. Fuente PSA Peugeot Citroén

3.1.1.2 Proceso de combustion de un vehiculo de un motor diésel
El proceso es muy similar al funcionamiento de un motor de encendido provocado, Si
bien hay que afadir las siguientes diferencias [39]:
e Cuando se inicia un proceso de combustion, el fluido comprimido es aire y gases
residuales que pueden quedar de ciclos anteriores. En consecuencia, el combustible se

introduce al final de la fase de compresion iniciandose un proceso de autoencendido.
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e Larelacion de comprension de un motor de encendido por compresion (diésel) es mucho

mas elevada que la de un motor gasolina.

3.1.1.3 Sistema de control de un motor

El control de trenes de traccion se basa en un sistema encargado de transformar la
voluntad del conductor en un punto de operacién del tren de traccidn acorde a las prestaciones
de consumo, emisiones y seguridad establecidas para el motor en cuestion. El elemento clave de
este sistema es la ECU motor, mas comunmente conocida como calculador motor, formada por
software y hardware. A partir de la informacidn recibida por los sensores a los que se conecta el
calculador motor, éste decide como va a accionar los actuadores para el control del motor [39,
40].

El proceso de combustion del motor se puede describir de manera sencilla tal como se
explica a continuacion (Fig.3) [39, 40]. En un principio, el aire filtrado entra a través del turbo
gracias al conducto de admisién. La funcién principal de este turbo no es otra que incrementar
su densidad y mejorar, en consecuencia, la admision en los cilindros. Como resultado, la
temperatura del aire se ve incrementada, si bien no debe serlo en exceso para evitar procesos de
detonacion dentro de la camara de combustion, fendmeno que dafia el motor al ocasionar grandes
gradientes de presion y temperatura. En consecuencia, existe un intercambiador de calor para
enfriar el aire antes de entrar en la cdmara de combustion. Dependiendo de las peticiones del
conductor, se genera un mayor o menor par que influye en una mayor o menor admision de aire.
Para controlar la masa inyectada de aire existe una mariposa cuya posicién se controla mediante
la posicion del pedal del acelerador. Una vez que se ha establecido la cantidad de aire a inyectar,
comienza el proceso de mezcla de aire y combustible cuya homogeneidad dependera del tipo de
motor a controlar. Cuando se ha producido el proceso de combustion, los gases salen por el
conducto de escape. Posteriormente se encuentra una turbina que tiene como principal funcién
hacer operar correctamente al turbocompresor de entrada. El calculador motor establece la
cantidad de gases que iran a traves de la citada turbina para garantizar el punto de funcionamiento
optimo del motor. El resto de los gases son inyectados bien en la valvula denominada Exhaust
Gas Recirculation (EGR) o bien al escape. La valvula EGR permite recircular los gases para
optimizar la temperatura en los cilindros y, en consecuencia, disminuir la cantidad de 6xidos de

nitrégeno generados en un motor diésel.
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Figura 3. Funcionamiento general de un motor de combustion interna alternativo. Fuente PSA Peugeot Citroén

Es importante destacar que las funciones del calculador motor no quedan reducidas al
control del proceso de combustion. Engloba aspectos mas complejos como bien pueda ser el
control de los gases de combustion y reduccion de contaminantes (catalizadores, filtros
antiparticulas, inyeccion de urea), control de la bomba de combustible de baja presion, etc. [39,
40]. Teniendo en cuenta estos aspectos, la validacion del software de un calculador motor es
altamente compleja como se muestra a lo largo de esta tesis doctoral.

A la hora de generar el par motor el calculador motor debe elegir el par 6ptimo y decidir
cudl es el par final que se va a aplicar. Existen maltiples médulos que pueden enviar una solicitud
de par como es el caso de la funcién regulador de velocidad, limitador de velocidad, control
adaptativo, limitacion de la caja de cambios, etc. tal como se muestra en la Fig.4 que muestra la
conocida cadena de arbitraje de par [39, 40]. Es importante recalcar que el par a aplicar debera
ser fisicamente realizable, no solo desde las condiciones fisicas del motor sino también debe

garantizar que no se produzcan “tirones” en el proceso de conduccion.
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Figura 4. Cadena de arbitraje del par motor

3.1.1.4. Arquitectura electrénica de un vehiculo

El nimero de ECUs presentes en los actuales vehiculos se ha incrementado de manera
sustancial en las Ultimas décadas, donde la electronica se ha ido haciendo méas y mas presente
[40, 41]. Ya en 2013, la Universidad de Stanford estimaba que los coches podian ir equipados
hasta con un total de 70 calculadores [41]. Esta cifra, sin duda, puede verse incrementada debido
a la llegada del vehiculo autbnomo donde son necesarios multiples ECUs, asi como software
altamente complejo para implementar las prestaciones deseadas para el vehiculo.

Cuando se disefia una arquitectura electronica de un vehiculo, se especifica como se van
a interconectar las distintas ECUs, protocolos que van a utilizar, ciberseguridad necesaria para
garantizar la integridad del vehiculo y la seguridad de las personas, velocidad de transmision,

modo de acceso al medio, etc. (Fig.5) [42].
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Figura 5. Ejemplo de arquitectura electronica

A la hora de disefiar una arquitectura, se han de tener en cuenta una gran cantidad de

parametros. Como normal general, y de manera resumida, a continuacion, se enumeran los

principales factores a tener en cuenta [41, 42]:

Velocidad de transmision. Este factor esta ligado a que no todos los elementos integrantes

de la red necesitan transmitir informacion a la misma velocidad. A modo de ejemplo, las
tramas emitidas por la ECU ESP emite las tramas mas frecuentemente que la unidad
encargada de controlar el aire acondicionado. Esto es debido a que la informacion
transmitida por el ESP es mas critica al estar relacionada con el sistema de frenado. Esta
velocidad de transmisidn esta intimamente ligada al protocolo de comunicacién usado en
la red. Principalmente, en automocion se utilizan los protocolos Controller Area Network
(CAN) y Local Interconnect Network (LIN), si bien algunos fabricantes integran ya
aplicaciones ethernet.

Topologia. Mediante este término nos referimos a como estan conectados las unidades de
control entre ellas. Existen multiples topologias como bien puedan ser en bus, en anillo,
en estrella, etc. si bien las mas utilizadas son las de estrella y lineal.

Acceso al medio. Hace décadas, el cableado interno de los vehiculos era altamente

complejo, pues las conexiones, en muchos casos, eran hilo a hilo. La multiplexacion fue
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un gran avance en la automocion, pues permitia usar un Unico cable para la transmision
de multiples informaciones. De hecho, dicho cable era compartido por multiples
elementos conectados a la red electronica del coche. Como consecuencia, la reduccion de
costes en la fabricacion fue sustancial. Sin embargo, esta comparticion del medio (cable)
resultaba compleja, pues si dos elementos conectados a la red accedian simultaneamente,
la informacion se veia corrompida y alterada. Como resultado, debian existir mecanismos
de control de acceso al medio que, como es légico, dependen del protocolo que se esté
utilizando (CAN, LIN, etc.). A modo de ejemplo, en el caso del bus LIN, el acceso al
medio es simple, pues es una comunicacion maestro esclavo. En cuanto al CAN, utiliza
el concepto de bits recesivos y dominantes para establecer la prioridad de acceso al medio
[40, 43].

e Prestaciones en tiempo real. La informacion transmitida por el bus en un vehiculo se hace
en tiempo real. La consecuencia principal es que debe ser recibida dentro de unos limites
establecidos y los calculadores deben saber en cualquier momento como actuar en el caso
de no recibir una trama o bien si ésta contiene errores. Tal como se deduce, las redes
electronicas de los vehiculos constituyen sistemas de tiempo real [40, 6].

e Inmunidad frente a interferencias. En general, cuando se disefia un calculador, un factor

clave en el disefio es la compatibilidad electromagnética tanto en emision como en
inmunidad. En cuanto a emision, la ECU no debe producir perturbaciones a su alrededor
por encima de unos limites establecidos por la normativa europea tanto en emision como
en radiacion. En lo referente a la inmunidad, cuando una ECU se encuentra funcionando
en un entorno debe ser capaz de no verse influencia por campos magnéticos presentes a
su alrededor dentro de los limites establecidos por la norma. Si bien tratar este punto en
detalle excede el objeto de esta tesis, es importante remarcar que algunos protocolos como
el CAN tratar de minimizar el efecto de las perturbaciones. Para reducir el impacto de los
campos magnéticos exteriores, el bus CAN esta compuesto por dos cables trenzados
denominados CAN_H y CAN_L tal como se muestra en la Fig.6 [40, 44].
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e Gateways o pasarelas. Estos elementos tienen una funcién muy importante en la red, y

requieren un estudio cuidadoso. Una de sus primeras funciones es la de transformar
sefiales codificadas en un determinado protocolo en otra sefial codificada en un protocolo
diferente. A modo de ejemplo, una gateway puede transformar una trama CAN C (1
Mbit/s) en una trama CAN b (125 kbits/s). Quiza la funcion méas importante que estan
empezando a realizar ahora relacionada con la ciberseguridad es el filtrado de tramas. En
otras palabras, la gateway se puede colocar en la cabecera de la red electrénica y no deja
acceder a la informacion de las diferentes ECUs siquiera para ver la referencia de la
calibracion o version del software de un determinado calculador. La Gnica manera de
hacerlo es mediante un proceso de intercambio de claves estando obligatoriamente
conectado a la red informatica del fabricante bien sea porque el ingeniero o persona que
vaarealizar la manipulacidn se encuentre en las instalaciones del fabricante o bien porque
disponga de un elemento USB (Universal Serial Bus) que le permita conectarse a la red
[40].

3.1.2 Sistemas de diagnosis
Conviene realizar una descripcion rapida del proceso de sistema de diagnosis de un

vehiculo para entender correctamente las particularidades del software del calculador motor, pues
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es un factor importante en el proceso de validacion software desarrollado en esta tesis. Debido a
la complejidad de las arquitecturas electronicas presentes en los vehiculos, existe un sistema de
diagnosis en tiempo real. La Fig.7 muestra el ciclo seguido hasta considerar que un defecto esta
permanentemente presente en un vehiculo [40]. De forma general, el disefiador de la funcion
establece cuanto tiempo ha de detectarse el defecto hasta que se considera como permanente. Es
importante destacar que, si por alguna circunstancia el defecto deja de estar presente durante un
cierto tiempo establecido por el disefiador, se deja de considerar como presente y se denomina

defecto fugitivo, si bien esta terminologia depende del constructor en cuestion.

Permanent

Confirmed but absent E A ‘

Confirmed and present
|

Failure reset
(manually process) ‘

After 40 driving cycles or
failure reset (manually process)

Figura 7. Ciclo de deteccion y desaparicién de defectos
3.2 Cadenas de traccion eléctricas
3.2.1 Vision global de un EV

El objetivo de este capitulo es mostrar los detalles fundamentales del funcionamiento de
un EV para una mejor comprension del método, resultados y conclusiones de esta tesis doctoral.

En la Fig.8 se muestran los elementos basicos de un EV [45, 46].



Tesis Doctoral

EIDUNED Programa de Doctorado en Tecnologias Industriales

Titulo: Validacion electrdnica de vehiculos. Nuevas metodologias y posibles aportaciones al
transporte sostenible.
Autor: Pedro Miguel Ortega Cabezas | 30/08/2021 | Pagina 41 de 292

Traction Battery

DC/DC Converter

—
220 AC K

220V plug-in

R

30 DC

Fast plug-in

e |

A

r—y

DOIAC Calculators Battery 12V Vacuum pump
Converter
_

Air conditioning Cooling system

Figura 8. Elementos de un EV

Uno de los elementos clave de un vehiculo de estas caracteristicas es el motor eléctrico
que, segun el tipo del que se trate, el proceso de control sera distinto. En cuanto a su disposicion,
pueden existir un motor por rueda motriz o cuatro (uno por cada rueda). En cualquier caso, se
puede optar por motores de corriente continua o alterna [45, 46]. El siguiente elemento clave de
todo EV es la bateria, componente critico en este tipo de vehiculos pues dependiendo de su
tecnologia y caracteristicas permite obtener una mayor o menor autonomia. El voltaje de la
bateria debe ser adaptado para todos los elementos del EV que necesiten alimentacion. Esto se
consigue mediante los convertidores DC/DC o también denominados reguladores de tensién,
cuya salida es una tension regulada y, en algunos casos, con limitacion de corriente. En este punto
conviene destacar que la frecuencia de conmutacion usada para realizar la regulacion tiende a ser
elevada para disminuir la capacidad de los condensadores. Esto repercute en una consiguiente
disminucion del volumen, peso y coste [45, 46]. Sin embargo, el hecho de utilizar frecuencias
elevadas de conmutacion conlleva necesariamente la generacion de ruido electromagnético tanto
por su linea de entrada como por radiacion. En consecuencia, es un aspecto importante a la hora

de cumplir con requerimientos de compatibilidad electromagnética [44]. En algunos casos,
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resulta necesario transformar esa corriente continua en corriente alterna, especialmente si el
motor controlado es de corriente alterna. El inversor es el dispositivo que permite transformar la
corriente continua en corriente alterna con la magnitud de frecuencia y magnitud que estime el
disefiador. En lo referente a los sistemas de transmision, resulta importante destacar que los EVs
no se encuentran equipados con cajas de cambios. Existen muchas razones que justifican este
hecho, si bien la principal es una cuestion puramente econdémica, pues técnicamente este tipo de
trenes de traccién proporciona el par maximo practicamente desde la salida, estando, en
consecuencia, la potencia maxima disponible muy pronto. Todo ello repercute en que la ganancia
en términos de eficiencia es practicamente nula. Ahora bien, a pesar de lo expuesto, no quiere
decir que no sea posible encontrar en el mercado vehiculos con cajas de cambios. El Unico

inconveniente es que seran siempre vehiculos de alta gama con precios bastante elevados.

3.2.2. Papel del EV

En esta tesis doctoral se ha considerado necesario estudiar la influencia en el ecodisefio
por parte del EV. En los ultimos afios se llevan realizando politicas que buscan aumentar la
presencia de estos vehiculos en el parque automovilistico como: exencion del impuesto de
matriculacién, reduccion en el pago de impuestos municipales que pueden ir entre un 50% y un
75%, aparcamiento gratuito en zonas céntricas de ciudades o incluso reduccion de los peajes.
Actualmente, se puede encontrar el Plan Moves que consiste en un programa de incentivos
enmarcado en favorecer la movilidad eficiente y sostenible [47]. Este proyecto esta dotado de un
presupuesto de 100 millones de euros y otorga, entre otras ventajas, ayudar directas que pueden
alcanzar los 5.500 euros siempre y cuando el vehiculo adquirido sea de cadena de traccion hibrida
o eléctrica. Estos planes no sélo tienen un ambito nacional, de tal manera que se pueden encontrar
iniciativas tales como el European Green Deal (EGD) que se base en tres pilares fundamentales:
reduccion gradual de los gases de efecto invernadero hasta 2050, estimulacion del crecimiento
econdmico teniendo en cuenta la limitacion de los recursos existentes y, finalmente, no olvidar a
ningun actor o sector de la sociedad durante este proceso de transformacion [48]. Para la
realizacion de todo esto, se estdn tomando medidas en muchos ambitos tales como mejora de la
eficiencia energética de los edificios, mejorar la integracion de las RES y conseguir una gran

mejora en el transporte sostenible y gestion inteligente del trafico. Como consecuencia, la
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potencial aportacion del EV resulta fundamental y es en este punto donde se centra también la
presente tesis doctoral.

3.3 Desarrollo del software de automocion

3.3.1 Concepcidn del software. Introduccion.

En el sector de la automocion existen diferentes metodologias para afrontar el desarrollo
de un software, si bien la més extendida es el ciclo en V [49, 50]. El ciclo en V 0 modelo en V
se muestra en la Fig.9, distinguiéndose dos partes fundamentales. La parte izquierda de la V
muestra el analisis de las especificaciones y el disefio del sistema como la arquitectura del
sistema. El resultado de esta primera parte del proceso es la codificacion del software (vértice de
la V). La parte derecha representa todas las actividades a la validacion.

A grandes rasgos, en las primeras fases del modelo en V, se procede al analisis en detalle
de los requerimientos solicitados por el cliente y a los que el producto debe responder cuando se
haya disefiado. Esta fase es critica, pues una mala interpretacion de un requerimiento puede
implicar modificaciones futuras importantes con su consiguiente coste. Una vez analizados los
requerimientos, el resultado no es otro que las especificaciones funcionales que describiran el
funcionamiento esperado. En toda esta fase se describe la arquitectura del sistema y de los
componentes, se evalUa si existen SMs reutilizables de otros proyectos, etc. En caso de no existir,
se deben disefiar, dando como resultado las especificaciones técnicas en Simulink® que el
constructor automavil envia al proveedor encargado de codificar el software. En este punto, se
genera una version de software, es decir, se alcanza el vértice inferior de la V (Fig.9). En este
momento, se realiza una primera verificacion del codigo consistente en comprobar que, para una
serie de valores de datos de entrada, los modelos Simulink® responden de la misma manera que
el cddigo fuente generado. En este punto, es importante destacar que Unicamente se detectan bugs
asociados a errores de codificacion, pero no de prestaciones del software. En otras palabras, en
determinadas ocasiones el software puede estar bien codificado pero la prestacion del motor no
es la adecuada. Como consecuencia, el error deriva de un olvido o mala redaccion de un
requerimiento, y no de la codificacion del software. Cuando finaliza la comparacion entre el
cddigo y los modelos Simulink®, se procede a iniciar el proceso de verificacion integrando el
software y el hardware asi como el funcionamiento a nivel sistema. Posteriormente, se realiza la

aceptacion final del producto que queda avalada mediante rodajes de flotas de vehiculos para
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comprobar la fiabilidad y calidad del software desarrollado durante el proyecto. Esta ultima fase
es esencial para comprobar si se producen detecciones de defectos erréneas por mala calibracion
o implementacion de una estrategia poco robusta de deteccion, respuesta del producto desde un
punto de vista seguridad segun la ISO 26262, etc. [48].

V-Model

Requirements

specifications

Acceptance test plan

N

System test plan

_ Integration test plan
High Level
Design

Test cases

Figura 9. Ciclo en V. Fuente Renault

3.3.2 Caracteristicas bésicas de un software de un calculador motor
Como ya ha sido comentado con anterioridad, el software de un calculador motor asi
como el de otras ECUs, es altamente complejo y presenta unas caracteristicas que merece la pena

resefiar para una mejor comprension de esta tesis doctoral [42]:

e Arquitectura hardware y software compleja. Las ECUs poseen microcontroladores que

integran diferentes funciones. Entre los eventos y periféricos que se han de manejar
destacan las memorias de lectura cuyo contenido puede ser borrado por operaciones
eléctricas, conocidas como electrically erasable programmable read-only memory
(EEPROM), contadores de eventos o temporizadores al igual que drivers de
comunicacion para conectarse a buses tales como el CAN y el LIN entre otros.

e Sistemas sensibles al tipo de dato utilizado vy su precision. Dentro del calculador motor

existen funciones encargadas de realizar estimaciones de variables fisicas. Errores en la
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eleccion del tipo de dato o precision incorrecta lleva a estimaciones erréneas con
repercusiones diversas.

e Sistemas gue deben ser extremadamente fiables v sequros. El calculador motor debe tener

un sistema de diagnosis en tiempo real muy robusto. A su vez, este tipo de sistemas
maneja caracteristicas definidas como Automotive Safety Integrity Level B (ASIL) segln
la 1SO 26262 [51]. En otras palabras, funciones con una repercusion clara en la seguridad
de los pasajeros. Por tanto, en algunos casos, es posible encontrar redundancias en las
implementaciones de funciones. Por ejemplo, es habitual encontrar disefios de nivel 1y
nivel 2 de una misma funcion, de tal manera que, en caso de diferencias de calculo entre
ambos niveles, el calculador se puede ver forzado a tomar decisiones drasticas, como, por
ejemplo, realizar reset software o hardware. Ademas, también es habitual realizar
aseguramiento de tramas CAN para comprobar, de nuevo, si existen diferencias entre los
disefios de nivel 1y 2.

e Operacién en tiempo real. Los procesos que corren en el calculador motor deben

ejecutarse dentro de los tiempos especificados. Para lograr esto, en otros factores, destaca
asegurar una tasa de ocupacion del microcontrolador méaxima. Si bien este parametro
depende del fabricante, es habitual no exceder el 70%-75%. Por tanto, los algoritmos
implementados deben destacar por su eficiencia.

e Eficiencia en la implementacién. Los algoritmos implementados deben hacer uso de los

recursos disponibles en el calculador el tiempo minimo necesario. A su vez, hay que tener
en cuenta que una falta de eficiencia en la implementacion puede llevar a tallas de codigo
importante y, en consecuencia, problemas importantes en la industrializacion. Cabe
recordar que cuando los vehiculos estan en una cadena de produccion, el tiempo de carga
del software y su parametrizacion debe estar comprendido entre un minuto y medio o dos

minutos. Por tanto, tamafios grandes de software no permiten respetar esta exigencia.

3.3.3 Estandarizacion del software

El nimero de ECUs, asi como la complejidad de vehiculos se ha visto incrementada en
la Gltima década. Este hecho lleva unos costes muy importantes en la generacion del software y
hardware. Para solucionar este problema, surgio la iniciativa denominada AUTOSAR
(AUTomotive Open Systems ARchitecture) con vistas a conseguir arquitecturas electronicas
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abiertas para estandarizar las funciones claves asociadas al funcionamiento de un software de
una ECU, asi como los interfaces asociados [52]. El resultado principal es que las soluciones
monomarca desparecen y, al estandarizarse los SMs, se produce una mejora en fiabilidad y
calidad del software de los calculadores. Logicamente, AUTOSAR propone el uso de multiples
modulos tal como se muestra en la Fig.10, si bien cada fabricante en funcion del tipo de
calculador que vaya a implementar elegira las partes que desea codificar en su software. Un punto
importante es que no solo el software debe responder a los requerimientos AUTOSAR sino

también los microcontroladores o elementos hardware que formen parte del sistema.

AUTOSAR Interface

AUTOSAR Interface il AUTOSAR Interface

Interface

ECU Complex

Abstraction Device
Drivers

System Services Communication

Microcontroller
Abstraction

ECU-Hardware

Figura 10. Arquitectura AUTOSAR. Fuente PSA Peugeot Citroén

3.3.4 Medios utilizados para la validacion del software

Resulta fundamental para entender esta tesis doctoral las formas en que se valida el
software de un calculador motor u otras ECUs. El objetivo fundamental del equipo proyecto
encargado del disefio y desarrollo del software de un calculador motor es generar un codigo que
responda a lo indicado en las especificaciones técnicas y respete las normativas existentes
asociadas a diferentes aspectos como las emisiones. Durante la fase de proyecto se generan
multiples versiones de codigo que, poco a poco van ganando en madurez. Ademas de la
complejidad asociada a este software, es importante remarcar que se trata de un software
altamente configurable. De hecho, esta configuracion o parametrizacion la realizan los equipos
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de puesta a punto para garantizar las prestaciones del motor. En un principio, el lector puede
pensar que lo mas légico seria realizar los procesos de validacion software sobre vehiculos
prototipo. La realidad es que éstos son extremadamente caros de fabricar y, ademaés,
determinados puntos de funcionamiento que hay que testear cuando se valida el software son
muy complicados de alcanzar sobre un vehiculo real. Consecuentemente, la validacion se realiza

bien sobre vehiculo bien sobre simuladores HIL [53, 54].

3.3.5 Simulacion HIL

Esta técnica de validacion es ampliamente usada en el mundo de la automocion. Consiste
en que el software embebido ejecutado sobre el hardware real del calculador motor interactia
con un modelo que simula el comportamiento dinamico del vehiculo. El proceso de simulacion
no es complicado en cuanto a sus bases tedricas (Fig.11). En principio, existen tres elementos
clave en una simulacién de este tipo. En primer lugar, el calculador motor que tendra en su
interior el codigo fuente del software que vaya a ser objeto de validaciéon. En segundo lugar, el
banco HIL que modela el comportamiento dinamico del vehiculo. Por ultimo, el interfaz del
modelo que permite realizar acciones tales como acelerar, modificar valores de una trama CAN,
cambiar de marcha, etc. de tal manera que se producen cambios en las variables internas del
calculador motor debido a que la dindmica del modelo (simulador HIL) cambia si, por ejemplo,

aumentamos la temperatura del aceite fuertemente.

Vehicle behavior

(=R
Driver’s ECU jins ol s
requests commands ——
j
! ‘ i
1

‘ '

HIL bench

Figura 11. Proceso de simulacion HIL

Durante todo el proceso de simulacion se realizan adquisiciones de datos que,

posteriormente, son analizadas para verificar si el comportamiento del software ha sido conforme
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a lo esperado. Para realizar estas adquisiciones se utilizan médulos de entrada/salida (Fig.12) y
el software INCA® del fabricante ETAS® perteneciente a Robert Bosch [55].
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Figura 12. Mddulo de entrada / salida de ETAS®. Fuente ETAS®

Las variables que quedan registradas en la adquisicion de datos son las que el ingeniero
de validacion haya seleccionado previamente. En la nomenclatura del proveedor ETAS®, se
habla de construir un experimento. Esta accion consiste en afiadir sobre un interfaz las variables
software que van a irse registrando durante la adquisicion, su modo de visualizacion (en gréafico

o0 bien mostrandose su valor en una casilla de texto, etc.) tal como se puede observar en la Fig.13.

Figura 13. Ejemplo de resultados mostrados por INCA® Fuente ETAS®
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La dificultad principal del proceso de validacion es que, en la mayoria de los casos, no es
posible acceder a las variables internas del software del calculador motor y modificar su valor
directamente, sino que se requiere que se realicen manipulaciones sobre el modelo (acelerar,
cambiar el valor leido por un captador, etc.) hasta conseguir alcanzar los valores deseados para
las variables de entrada. Sin embargo, este proceso es extremadamente complejo, y no se
consiguen alcanzar esos valores exactos debido a las interacciones de los SMs presentes en el
cddigo fuente. Esta tesis doctoral propone soluciones para mejorar el proceso de automatizacion
y ejecucion de TCs mediante simulaciones HIL. En algunos casos, se pueden modificar las
variables internas del software mediante el uso de variables de calibracion, si bien, hay que
recalcar que son casos contados en comparacion con las variables a las que no se puede acceder
en modificacion. Por Gltimo, para hacerse una idea de la complejidad de este software, existen

un total de 40.000 variables a controlar.

3.3.6 Aplicacidn generalizada de las técnicas de validacion

Es importante dedicar un apartado en esta tesis doctoral con el fin de explicar la
posibilidad de aplicar de manera general una técnica de validacion para testear un software de
automocién. Como norma general, toda técnica de validacion puede aplicarse a cualquier sistema
con la particularidad de que pueden ser tediosas o poco efectivas cuando se aplican sobre SMs
que tengan determinadas caracteristicas. Asi, por ejemplo, la técnica conocida como de hilo a
hilo, consistente en verificar todas las conexiones entre modelos Simulink®, observando si para
unas determinadas variables de entrada, el modelo Simulink® proporciona el valor esperado,
resulta tediosa cuando se aplica a modelos muy complejos. Técnicas como la caja negra, o black-
box en inglés, permite verificar si el sistema se comporta como se espera abstrayéndose el
ingeniero de validacion de como ha sido codificado el software. Tal como se muestra en esta
tesis doctoral, la tasa de cobertura de validacion del software no es alta cuando se emplea esta
técnica. El estado del arte de la validacion se mostrara en el apartado 5, pero en este punto es
conveniente retener que es necesario encontrar técnicas de validacion que puedan aplicarse a
cualquier ECU y sin importar la complejidad de SMs. Tal como se detalla en esta tesis, la técnica
propuesta basada en sistemas expertos (EXs) puede ser utilizada para cualquier complejidad y a
su vez se puede aplicar sobre cualquier ECU siempre y cuando las especificaciones hayan sido

confeccionadas en Simulink® (caso mas habitual en las ECUs complejas).
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4. OBJETIVOS DE LA TESIS DOCTORAL

Esta tesis doctoral se centra en los campos de la validacion del software y de la
proposicion de modelos sostenibles. Antes de abarcar con mas detalle estos objetivos, conviene
detallar lo tratado en esta tesis referente a los modelos de transporte sostenible. Estos modelos
pueden ser modelos de transporte sostenible por si mismos al utilizar medios que permitan el
desplazamiento sin producir emisiones (al menos locales) como es el caso de los EVs, autobuses
eléctricos, tranvias, taxis eléctricos, etc. Sin embargo, un modelo puede ser sostenible si tiene
aportaciones positivas a otros aspectos de la sostenibilidad, como bien pueda ser el ecodisefio,
mejor integracion de las RESs, proposiciones y mejores sobre politicas medioambientales, etc. En
esta tesis, ademas de proposiciones innovadoras para la validacion del software, se ha propuesto
un modelo de transporte sostenible y sus contribuciones paralelas al ecodisefio, al EGD y a la

tecnologia V2B basandose en conceptos tales como el ER, EC y el EDR.
Dicho esto, esta tesis tiene como objetivos:

a. Proposicion de técnicas innovadoras en la validacién del software. En esta tesis se

propondran técnicas de validacion novedosas que traten de solventar los problemas
existentes en el sector de la automocidn. Estaran basadas en Dlls y EXs. Para evaluar las
prestaciones de las técnicas propuestas en esta tesis doctoral, se efectuaran comparaciones
con técnicas ampliamente usadas en el sector de la automocion.

b. Mediante la combinacion del software validado y existente en las ECUs de los EVs, se

han evaluado las contribuciones al ecodisefio de los EVs, elemento fundamental en

cualquier modelo de transporte sostenible. La presente tesis busca la disminucion del
impacto ambiental durante el proceso de disefio. Para ello, se propondra soluciones
basadas en movilidad eléctrica asi como un algoritmo basado en los conceptos de ER,
EC, EDRy redes neuronales.

c. Proposicion de ejes de mejora en las actuales politicas medioambientales basandose en

modelos de transporte sostenible. Esta tesis propone ejes de mejoras que se pueden

incorporar a actuaciones actuales como el EGD. La solucién aportada en esta tesis se basa

en la movilidad eléctrica y algoritmos de EC, ER y EDR asi como redes neuronales.
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d

. Evaluacion del impacto de los modelos de transporte sostenible vy de los algoritmos de

eficiencia energética en EVs basados en los conceptos de ER, EC y EDR sobre la

tecnologia V2B.

Proposicion de un modelo de transporte sostenible. Esta tesis presenta un modelo de

transporte sostenible basado en movilidad eléctrica, estudiando su viabilidad economica
para todos los participantes en el mismo (propietarios de los EVs, empresas generadoras
de electricidad y comercializadoras).

Para la consecucion de estos objetivos, el proceso de investigacion se ha estructurado de

la siguiente manera:

1

4.

. Se establece un modelo de transporte sostenible basado en movilidad eléctrica. A partir

de ahi, se establecio la hipdtesis de la influencia que tiene el software de automocion en
la sostenibilidad.

Se ha realizado un detallado estudio del estado del arte de la validacion electronica de
vehiculos. Teniendo en cuenta el amplio perimetro que engloba este concepto (hardware
y software), se ha procedido a acotarlo, centrandose en la parte software. Dado que
existen multiples tipos de software seguin su campo de aplicacion, la presente tesis esta
centrada en el sector de la automocion tanto en vehiculos de traccion tradicionales como
EVs.

A partir de los datos obtenidos anteriormente, se buscaron posibles soluciones
innovadoras que introdujeran mejoras en la realizacion de la validacion del software. Este
proceso conllevo la aplicacion de una nueva técnica basada en EXs. Para verificar las
prestaciones de esta técnica, se establecieron una serie de métricas para poder realizar la
comparacion con otras técnicas ampliamente usadas en la actualidad.

A partir del proceso de validacién software, introducir mejoras en el software que
contribuyeran a los modelos de transporte sostenibles. En este caso, se optd por proponer
algoritmos de ER, EC y EDR. El objetivo fundamental de este punto es proponer rutas a
los conductores teniendo en cuenta su modo de conduccion, las caracteristicas propias de
la ruta, asi como proponer al conductor los momentos éptimos de carga teniendo segun

la contribucioén de las REs.
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5. Asuvez, se estudio la posibilidad de utilizar este algoritmo para la obtencion de datos de
rodaje de EVs que fueran de utilidad para los redactores de politicas ambientales
europeas. Mas concretamente, aportaciones al EGD.

6. Finalmente, se evalto el impacto de los conceptos de EDR, EC y ER sobre la tecnologia
V2B y sobre el ecodisefio con vistas a evaluar el incremento de energia disponible para la

citada tecnologia gracias al uso de algoritmos de mejora de consumo energético en EVs.

4.1 Unidad tematica de la tesis
De la unidad tematica de la tesis, se desprende que se centra en dos ejes fundamentales:
a. Innovacion de las técnicas de validacion del software.
b. Contribucién a los modelos de transporte sostenibles.
Segun la estructura del proceso de investigacion detallada anteriormente, estos dos ejes
han sido tratados y acotados al sector de la automocién y a vehiculos de traccion eléctrica,

gasolina y diésel.

4.2 Modalidad de presentacion de la tesis
La presente tesis doctoral se presenta bajo la modalidad de Tesis por compendio de
publicaciones. Dicha modalidad se ampara en documento aprobado por el Comité de Direccion
de la EIDUNED, en su reunion de 16 de enero de 2017, y por la Comisién de Investigacion y
Doctorado de la UNED, con fecha 21 de febrero de 2017.
Las tesis presentadas bajo esta modalidad deben respetar la siguiente estructura:
e Introduccidn en la que se justifique la unidad tematica de la tesis.
e Hipdtesis y objetivos a alcanzar, indicando en que publicacion o publicaciones se
abordan.
e Marco teorico en el que se inscribe el tema de la tesis y herramientas metodoldgicas o
remision a las publicaciones.
e Copia completa de las publicaciones, ya sean publicadas o aceptadas para publicacién,
donde conste el nombre y adscripcion de la autoria y coautoria, en su caso, asi como la
referencia completa de la revista o editorial en la que los trabajos hayan sido publicados

0 aceptados para su publicacion, en cuyo caso se aportard justificante de la aceptacion
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de la revista o editorial. En todos estos casos siempre debera constar de forma explicita
la filiacion del doctorando o doctoranda a la UNED.

e Conclusiones, indicando de qué publicacion o publicaciones se desprenden.

e Resumenes en espafiol y en inglés o, en su defecto, en el idioma habitual para la
comunicacion cientifica en su campo de conocimiento cientifico, técnico o artistico.

e Otras aportaciones cientificas derivadas directamente de la tesis doctoral.

e Informe con el factor de impacto y cuartil del Journal Citation Reports (SCI y/o SSCI),
SCOPUS, Sello de Calidad FECYT o de toda base de datos selectiva y con factor de
impacto de referencia del &rea en el que se encuentran las publicaciones presentadas.

e Fuentes y/o Bibliografia.

Dentro del apartado 2.1, toda tesis puede ser presentada si existen “un minimo de 4
articulos (al menos, tres ya publicados y el cuarto aceptado) en revistas de indices de impacto
en cualquiera de los cuartiles de la relacion de revistas del ambito del Programa en el que esta
inscrita dicha tesis y referenciadas en la ultima relacién publicada por el Journal Citation
Reports (SCI y/o SSCI), SCOPUS y del Sello de Calidad FECYT, o bases de datos relacionadas
por la Comision Nacional Evaluadora de la Actividad Investigadora para los campos cientificos
correspondientes a las area de conocimiento del Programa de Doctorado y, en su caso, a las
especificas lineas de investigacion de los mismos. El doctorando debe ser primer firmante o

segundo, en este ultimo caso, el primero debe ser el director de la tesis ™.

4.3 Hipotesis y objetivos de las lineas de investigacion de esta tesis doctoral

Las lineas de investigacion anteriormente expuestas han dado como resultados un total
de 5 publicaciones en las revistas: Energy, Energies, y The Journal of Software: Evolution and
Process [56, 57, 58, 59, 60], cuyo factor de impacto sera detallado en apartados posteriores. En
este apartado se exponen, de manera resumida, las hipotesis iniciales que debian ser confirmadas

durante la investigacion, asi como las principales lineas de trabajo.

4.3.1 Correlacién entre las publicaciones derivadas del trabajo de investigacion durante la
tesis doctoral

La Fig.14 muestra la relacion entre publicaciones, es decir, el hilo conductor entre las

mismas. En un primer lugar, se realizd un proceso de investigacion para la proposicion de un
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modelo de transporte sostenible basado en movilidad eléctrica en la ciudad de Leo6n [57].
Posteriormente, se exploro las posibles contribuciones a los citados modelos y a la sostenibilidad
del software de un calculador motor o bien de la VCU de un EV. Para ello, se realizaron
proposiciones sobre como efectuar el proceso de validacion del citado software, elemento clave
del sistema electronico de una ECU, ademas del hardware. Durante este trabajo, se obtuvo una
publicacion [60]. Finalmente, la Gltima fase de esta tesis se centrd en establecer la relacion entre
el software de una ECU y la sostenibilidad. Para ello, se estimd que un modelo de transporte
sostenible puede ser sostenible por si mismo, al ofrecer medios de transporte limpios al no
generar emisiones, 0 bien, por proponer innovaciones sobre politicas y aspectos importantes
ligados a la sostenibilidad. En este punto, se realizaron tres publicaciones al mostrar el impacto
de los modelos de transporte sostenibles sobre el ecodisefio, sobre el V2B y sobre el EGD [56,
58, 59]. Por tanto, durante esta tesis se ha mostrado la importancia del software de una ECU
sobre la mejora de las prestaciones de los modelos de transporte sostenible, las politicas
actualmente en vigor (ecodisefio y V2B) y otras actualmente en discusion y desarrollo como el
EGD [56, 57, 58, 59, 60].

Proposicién de un modelo de transporte sostenible Software de una ECU motor. Proceso de validacion.
Introduccion en el software de modulos relacionados con el EDR. ERy EC

Publicacién:
“Macro-economic impact, reduction of fee deficit and
profitability of a sustainable transport model based on Publicacién:

electric mobility. Case study: City of Leon (Spain)” “Application of rule-based expert systems in hardware-in-the loop
simulation case study: Software and performance validation of an
engine electronic control unit”

Analisis del impacto del software

Publicaciones:
1. “Contribution of Driving Efficiency and Vehicle-to-Grid to Eco-Design”

2. “Can Eco-routing, Eco-driving and Eco-charging Contribute
to the European Green Deal? Case study: Alcala de Henares”

3. “Contribution of Driving Efficiency to Vehicle-to-Building”

Figura 14. Relacion entre publicaciones
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4.3.2 Publicaciones obtenidas

a. Modelos eléctricos de transporte sostenible

En la actualidad, el sector del automavil esta sufriendo una transformacion muy profunda
en lo referente a los aspectos tecnoldgicos. En un primer lugar, la paulatina eliminacion de los
trenes de traccion tradicionales, como son los basados en gasolina y diésel, por otros mas
sostenibles como la traccidn eléctrica. Dado gque el paso de unos trenes de traccion a otros implica
fuertes cambios tanto tecnoldgicos como sociales, los hibridos juegan un papel muy importante
en esta fase de transicion [61]. En segundo lugar, todo lo referente al vehiculo autonomo en el
que disciplinas como la inteligencia artificial, tecnologia de sensores, camaras, etc. juegan un
papel esencial [62]. Centrandose en la sostenibilidad, ésta puede definirse como la satisfaccion
de las necesidades actuales sin comprometer la capacidad de las generaciones futuras de
satisfacer las suyas, garantizando el equilibrio entre crecimiento econémico, cuidado del medio
ambiente y bienestar social. Sin lugar a duda, la reduccion de las emisiones es un elemento
fundamental para la sostenibilidad. Dado que el sector de transporte es uno de los que mas energia
consume y emisiones genera, los EVs combinados con una mejor integracion de las RES seran
vitales para garantizar la sostenibilidad en el transporte. Los modelos de transporte sostenible
enmarcados dentro de la movilidad eléctrica se basan en el uso de medios de transporte eléctrico
que, por definicion, son cargas para el sistema eléctrico o bien incluso generadores. Referente a
su capacidad de ser carga, hay que prestar atencion a la capacidad del sistema eléctrico de
soportar una gran demanda de carga en determinados momentos. En lo que se refiere a su
capacidad de comportarse como generadores, los EVs, mediante la tecnologia V2G, ceden la
energia almacenada en sus baterias a la red eléctrica en los momentos del dia de mayor consumo.

Este tipo de modelos de transporte sostenible hace frente a problemas importantes [63, 64]:

a. El proceso de cesion de energia y posterior carga de los EVs conlleva una degradacion
de las baterias importante y no siempre aceptada por el propietario del vehiculo.

b. EI propietario del EV debe recibir un pago justo por ceder la energia a la red que sea
capaz de compensar la degradacion de la bateria a la vez que obtiene un beneficio

econdmico que le anime y empuje a participar en la cesion de energia a la red.
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c. Las comercializadoras y actores en general del sistema eléctrico deben ser capaces de
mantener su negocio. Este punto implica mantener un beneficio, pero también compensar

al propietario del EV por ceder energia almacenada en la bateria a la red.

d. El modelo de transporte sostenible propuesto no debe aumentar el déficit tarifario

existente en Espafia. Es mas, si es posible, debe contribuir a su disminucion.

La hipotesis principal de esta linea de investigacion era proponer un modelo de transporte
sostenible basado en movilidad eléctrica y comprobar si todos los actores involucrados obtenian
un beneficio y, a su vez, se disminuia el déficit tarifario. La metodologia se basé en proponer un
modelo de transporte sostenible basado en vehiculos, taxis y autobuses eléctricos para la ciudad
de Ledn. Dicha ciudad se escogio teniendo en cuenta su implicacion con la sostenibilidad (plan
de sostenibilidad ambicioso), sus particularidades en cuanto nimero de habitantes, tamafio y,
sobre todo, decisiones y obras que en ese momento se estaban llevando a cabo, tales como la
construccion de nuevas lineas de tranvias. Basandose en rodajes reales realizados con EVs, se
pudo estimar consumos medios diarios y, en consecuencia, la cantidad de energia que podria
estar disponible para su utilizacion en la tecnologia V2G. Posteriormente, se realizé un estudio
detallado de las lineas de transporte urbano de la ciudad de Leon, obteniendo mediante datos
oficiales la cantidad de kilémetros recorridos y consumos de gasolina existentes. Finalmente, se
procedid a un analisis econdmico de rentabilidad para todos los actores del modelo de transporte
sostenible con vistas a analizar la rentabilidad de cada uno de ellos. En esta investigacion se
demostro que era posible disminuir el déficit tarifario y obtener una rentabilidad para todos los

participantes en el modelo de transporte sostenible.

Energy: Macro-economic impact, reduction of fee deficit and profitability of a sustainable

transport model based on electric mobility. Case study: City of Ledn (Spain). Todos los detalles

del fundamento tedérico del articulo, asi como los detalles de la revista se muestran en la tabla 1

del apartado 6.

b. Validacién del software

Como se ha expuesto a lo largo de esta tesis doctoral, el software presente en una ECU debe

ser validado exhaustivamente para asegurar que alcanza los requisitos de calidad y seguridad
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esperados. Conseguir este objetivo lleva implicito un coste econdmico nada despreciable para
los constructores que deben emplear una gran cantidad de horas de validacion. A su vez, y a pesar
de esta inversion, en los vehiculos comercializados siguen encontrandose fallos de software que
requieren, en algunos casos, camparias de recuperacion de vehiculos ya comercializados. Esto
impone unos costes y un desgaste de imagen al constructor muy significativo [3]. A partir de
esto, la hipotesis principal era la de proponer técnicas de validacion que permitieran la reduccion
de costes y, a su vez, mejorar la capacidad de deteccion de fallos software. En este punto, las
metodologias actuales se centran en la mejora de un indicador importante como es la tasa de
cobertura [65, 66]. Sin embargo, es importante distinguir entre la tasa de cobertura software y la
tasa de cobertura funcional [65]. La primera de ellas se basa en verificar la cantidad de lineas de
cddigo que son ejecutadas, y en consecuencia validadas, cuando se ejecuta un TC. Cuanto mas
alto sea esta tasa, mas lineas de cddigo se han verificado. En cuanto a la tasa de cobertura
funcional, el ingeniero de validacion se abstrae de las lineas de cddigo y Unicamente se centra en
estados funcionales, sin importarle codmo se ha codificado el software. A modo de ejemplo, si el
pedal del acelerador del vehiculo queda blogueado, se verifica que el vehiculo acaba
deteniéndose porque el software detecta esta incidencia, sin importar como ha sido programado
internamente dicha funcidn. La cuestion es que en muchos casos las técnicas actuales se centran
en o bien mejorar la cobertura funcional o bien en mejorar la cobertura de software. El objetivo
de esta parte de la investigacion no era otra que proponer una metodologia que permitiera mejorar
ambos parametros de manera simultanea. La hipotesis a demostrar es que dos EXs trabajando en
cooperacion permiten la mejora de los indicadores de tasa de cobertura funcional y de cddigo
simultaneamente. Para ser mas especifico, esta tesis doctoral busca probar que dos EXs
trabajando en cooperacién ofrecen mejores prestaciones que las técnicas tradicionales de
validacién cuando se procede a la validacién del software de un calculador motor. A su vez, y tal
como se expuesto en los conceptos tedricos fundamentales para entender esta tesis doctoral,
resulta extremadamente complicados alcanzar los valores indicados en un TC debido a la
interaccion de SMs. El resultado es que la salida esperada indicada en el TC dejaria de ser valida
si no se alcanzan los valores exactos indicados en el mismo®. En consecuencia, resulta imposible

saber para el validador si el software se ha comportado correctamente 0 no. En esta parte de la

8 Recordar que en un TC se indica el valor que las variables software de entrada deben alcanzar, las acciones que hay que realizar sobre el
vehiculo para obtener dichos valores, asi como el valor de las variables software de salida para dichos valores de las de entrada
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investigacion, se propuso una segunda hipotesis: el uso de las Dlls permite saber el valor esperado
del software independientemente de que no se hayan alcanzado los valores exactos indicados en
el TC. Como ha sido comentado en la introduccion de esta tesis doctoral, el software de un
calculador motor se hace a partir de modelos Simulink®. Pues bien, la conversion de los citados
modelos en Dlls permite que en cualquier momento se les pueda llamar mediante cddigo Python
y obtener, en consecuencia, los valores esperados del software para unas entradas dadas. Ademas
de lo expuesto, también se busca demostrar que se pueden detectar fallos software que otras
técnicas no son capaces. Esto es asi debido a que determinadas funciones realizan principalmente
calculos y a no ser que se produzca un gran error en los mismos que impliquen fallos funcionales
del vehiculo, el ingeniero de validacion nunca los detectara. Mediante las DlIs es posible hacerlo.

La metodologia empleada para la realizacion de esta linea de investigacion se baso en la
validacién de SMs presentes en un calculador motor mediante diferentes técnicas tales como las
técnicas de causa-efecto o la basada en modelos funcionales, ampliamente utilizada en el sector
de la automocion. Posteriormente, dichos SMs se validaron mediante la técnica propuesta en esta
tesis doctoral basada en EXs. Entre los parametros usados para evaluar las prestaciones de esta
técnica frente a las demas fueron la tasa de cobertura tanto software como funcional, fallos
software encontrados y tiempo necesario para la implementacion de cada una de las técnicas de
validacion empleadas en la investigacion con vistas a verificar si existia una ganancia en tiempo

(productividad).

The Journal of Software: Evolution and Process: Application of rule-based expert systems in

hardware-in-the loop simulation case study: Software and performance validation of an engine

electronic control unit. Todos los detalles del articulo relativos a su fundamento teérico, asi

como los datos de la revista se muestran en la tabla 2 del apartado 6.

c. Modelos de transporte v sostenibilidad

c.1 Ecodiseio

Como ya se ha indicado a lo largo de esta tesis, los modelos de transporte pueden ser
sostenibles per se, y, ademas, realizar también aportaciones que hagan sobre otros campos como
puedan ser los aspectos sociales y medioambientales. En este caso, el simple uso de EVs es un

modelo de transporte sostenible muy basico pero que puede tener un fuerte impacto sobre otras
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areas como es el caso del ecodisefio [67]. Por tanto, al hablar de modelos de transporte sostenible
no hay que imaginar la electrificacion de todo medio de transporte. Simplemente con una
electrificacion de una pequefia parte, se pueden conseguir mejoras en la sostenibilidad muy
importantes.

Uno de los puntos mas candentes en la actualidad en lo referente al desarrollo de
productos no es otro que el ecodisefio. Mediante este concepto, las empresas centran gran parte
de sus esfuerzos en conseguir el disefio de productos sostenibles y con el menor impacto
medioambiental posible. Multiples factores relacionados con el ecodisefio han sido identificados
en diversas investigaciones [68, 69, 70]. Entre ellos, se pueden encontrar fabricar productos sin
producir desechos peligrosos, usar tecnologias limpias, usar componentes reciclados y de facil
reciclaje, disefiar productos facilmente desmontables y, finalmente, productos que puedan ser
reciclados de manera sencilla [71]. Se han realizado diferentes propuestas para introducir mejoras
en estos aspectos. Morgan y Liker invitan en su estudio a implantar y utilizar las metodologias
lean de fabricacién en las fases de disefio de productos [72]. Tal como detallan Rosen y Kishawy,
este uso permitiria elegir entre diferentes alternativas relacionadas con el ecodisefio, de tal
manera que se podrian evaluar de una manera sencilla los costes y los beneficios de hacer
productos mas respetuosos con el medio ambiente [73]. En lo referente a la eficiencia energética,
las investigaciones actuales estan mas centradas en dos conceptos principales como son producto
final y en la fabricacion que en los aspectos desarrollados con el proceso de disefio. EI primero
de ellos esta focalizado en la utilizacion de etiquetas informativas acerca de la eficiencia
energética del producto [74]. El segundo de ellos se centra en cémo reducir los consumos
energéticos durante el proceso de fabricacion. Ka-Leung-Moon et al. proponen una serie de
recomendaciones y directivas para el disefio y produccion de productos de moda sostenibles y de
bajo consumo de energia [75]. La integracidn de las REs juega un papel muy importante en el
ecodisefio. Como detallan Crul, Diehl y Ryan, teniendo en cuenta que el nimero de productos
que necesitan energia eléctrica para funcionar aumenta rapidamente, es vital analizar la
integracion de las REs en el proceso de disefio. En su estudio proponen guias para integrarlas en
el producto final [76]. Por altimo, los desechos generados en un proceso de fabricacion es un
elemento importante a tener en cuenta. A modo de ejemplo, la ciberseguridad implica una
cantidad de rechazos y desechos como se detalla en parrafos posteriores. Tecchio et al. analizaron
en detalle la importancia de la eficiencia en el uso de materiales para reducir la cantidad de
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rechazos y desechos en la concepcion de productos, asi como para favorecer la reutilizacion de
materiales [77]. Ademas de los procesos de fabricacion, existen muchas actividades que generan
contaminantes durante la fase de disefio de un producto. Entre ellos, se pueden encontrar:
validacion del software del producto, fabricacion de prototipos para probar el producto, asi como
la eficiencia energética de edificios [78, 79]. Se podria detallar una lista mas amplia que los tres
factores anteriormente mencionados que impactan el ecodisefio durante las fases de desarrollo,
como son las emisiones generadas durante los desplazamientos al centro de disefio de los
ingenieros involucrados en un proyecto. Como se muestra en detalle en esta tesis doctoral, el
namero de ingenieros, su localizacion con respecto al centro de estudios entre otros factores
impacta el ecodisefio.

Otro punto importante a tener en cuenta antes de enunciar el objetivo de linea de
investigacion son los conceptos de ER, EC y EDR. En esta tesis doctoral se muestra como el EC,
el EDR y el ER tienen un impacto positivo, convenientemente utilizado, en el ecodisefio. EI EDR
incluye todos los habitos de conduccidn que permiten reducir las emisiones asi como el consumo
de energia. Actualmente, una gran cantidad de modelos de vehiculos ya comercializados
incorporan sistemas que informan al conductor sobre la eficiencia de su modo de conduccion. Qi
et al. investigaron en detalle sobre las contribuciones al ahorro de energia por parte del EDR
mediante el uso de EVs [80]. Sabrina et al. propusieron un trabajo similar basados en
retroalimentaciones continuas al conductor relativas al modo de conduccién [81]. Chen, Si and
Chen et al. realizaron un estudio englobado dentro del concepto de EDR con vistas a investigar
sobre las prestaciones e importancia de los sistemas de monitorizacion de baterias en los EVs
[82].

El ER ayuda al conductor a encontrar la ruta entre dos puntos A y B mas eficientes
considerando multiples parametros tales como las condiciones en tiempo real del tréafico, tipos
de carretera y gradiente de pendientes, peso del vehiculo y ocupantes entre otros. Nunzio,
Thibault y Sciaretta implementaron un nuevo modelo basado en las fluctuaciones de velocidad y
la infraestructura existente de carreteras para establecer la mejor ruta [83]. La Universidad de
California ha trabajado en sistemas capaces de recoger informaciones en tiempo real relativas al
consumo en condiciones reales de conduccion con vistas a realizar un posterior procesamiento
para mejorar las rutas propuestas al conductor [84]. En cuanto al concepto de ER, éste se refiere
a cual es el momento Optimo para poder realizar el proceso de carga. En la presente tesis doctoral,
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el ER mide la contribucion de las REs en cada momento de tal manera que el conductor seréa
informado sobre los momentos 6ptimos para realizar la carga. Como consecuencia, dicho proceso
sera mas verde y, ademas, permite integrar las REs de una mejor manera en el sistema y al uso
del EV.

En este punto, la presente tesis se centra en el consumo energético durante la fase de
concepcion de un producto en los centros de disefio. El objetivo de esta parte de la linea de
investigacion es evitar la paradoja de disefiar un producto sostenible para la sociedad habiendo
sido poco sostenible su fase de disefio. En este punto, se plantea la pregunta de como se puede
hacer més sostenible la fase de disefio mas alla de las técnicas lean de disefio. En esta tesis
doctoral se pretende demostrar que un modelo de transporte sostenible basado en EVs permite
reducir las emisiones durante la fase de disefio de un producto. El segundo objetivo es proponer
un algoritmo que permita mejorar la eficiencia energética de los EVs de tal manera que se
demuestre que conceptos tales como el EDR, EC y ER se encuentran fuertemente ligados al
concepto de ecodisefio.

La metodologia seguida en esta linea de investigacion fue disefiar un algoritmo de
navegacion basado en redes neuronales, ER, EC y EDR implementado mediante el interfaz de
programacion Here® y el lenguaje de programacion Python. A partir de este algoritmo y
mediante el uso del EV por parte de ingenieros pertenecientes a un centro de estudios en la ciudad
de Toulouse (Francia), se pudo determinar las reducciones de consumos energéticos en los

edificios del citado centro.

Energies: Contribution of Driving Efficiency and Vehicle-to-Grid to Eco-Design. Todos los

detalles del fundamento tedrico del articulo, asi como los detalles de la revista se muestran en la
tabla 3 del apartado 6.

¢.2 Aportaciones a la tecnologia V2B

V2B es una técnica actualmente bajo investigacion por su potencial para disminuir
emisiones ligadas a edificaciones. Un sistema V2B se compone principalmente de EVs,
generadores de energia distribuida localmente, cargas criticas, un sistema de control a cargo de
la gestion de energia del edificio (BEMS) y almacenamiento estatico. El objetivo del BEMS es

ejecutar algoritmos para obtener ingresos econémicos como la reduccion de picos [85]. Tal como
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detalla Odkhuu et al., V2B permite el uso de cargadores bidireccionales asi como la integracion
de recursos energéticos renovables a pequefia escala, como sistemas fotovoltaicos y turbinas [86].
En consecuencia, es posible extraer y transferir energia desde / hacia edificios dependiendo del
estado de la bateria de los EVs. Ademas de esto, la tecnologia V2B ofrece importantes servicios
para reducir la carga pico del consumo de energia del edificio a través de la reduccion de picos,
el cambio de carga, el llenado de los valles de consumo, una mejor integracion de REs y respaldo
en caso de escasez de electricidad [86]. Algunas investigaciones muestran que se obtiene una
reduccion importante de la electricidad fosil debido a la contribucién de REs gracias a la
transferencia de la energia de las baterias del EV al edificio segun detalla Buonomano et al. [87].
Zhou et al. describen en su investigacion las principales ventajas de la integracion de los EVs con
las REs, como la reduccion del consumo de energia de los edificios, la reduccion de la presion
de importacion / exportacién en la red eléctrica y el cambio de las cargas pico a periodos sub o
no pico [88]. Actualmente existen problemas técnicos relacionados con la tecnologia V2B, como
la caracteristica estocastica del horario de conduccién de los EVs [87,88], en los que se centra
esta tesis doctoral. Otros temas estan relacionados con la infraestructura y la vida util de las
baterias de los EVs [89]. Ghaderi demostrd en su investigacion que V2B ofrece ganancias
significativas incluso considerando la degradacién de la bateria en base a un escenario compuesto
por 6 EVs y un sistema V2B [90]. Gagne et al demostraron en su investigacion que V2B es
econdmicamente viable en mercados regulados [91]. En la bibliografia se pueden encontrar
estudios similares relacionados con la viabilidad econdémica de tecnologias similares como V2G
[57].

En esta parte de la investigacion se ha investigado la contribucion de las técnicas ER,
EDR y EC sobre la disminucion de las emisiones de edificios situados en dos zonas climéticas
diferentes (Jaén y Alcala de Henares). Para tener en cuenta el uso estocastico del EV, se han
tomado muestras de diferentes grupos sociales (autbnomos, trabajadores locales y trabajadores
que ejercen su actividad fuera de su ciudad de residencia). A partir de las medidas de consumo
gracias al uso de ER, EDR y EC, se ha podido determinar las ganancias introducidas por la

eficiencia en la conduccién en la reduccién de consumo de un edificio.
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Energies: Contribution of Driving Efficiency to Vehicle-to-Building. Todos los detalles del

fundamento tedrico del articulo, asi como los detalles de la revista se muestran en la tabla 4 del
apartado 6.

c.3 Aportaciones de los modelos sostenibles a las politicas europeas.

En los ultimos afios se llevan realizando politicas que buscan aumentar la presencia de
EVs en el parque automovilistico como: exencion del impuesto de matriculacion, reduccién en
el pago de impuestos municipales que pueden ir entre un 50 y un 75%, aparcamiento gratuito en
zonas céntricas de ciudades o incluso reduccion de los peajes. Actualmente, se puede encontrar
el Plan Moves que consiste en un programa de incentivos enmarcado en favorecer la movilidad
eficiente y sostenible. Este proyecto esta dotado de un presupuesto de 100 millones de euros y
otorga, entre otras ventajas, ayudar directas que pueden alcanzar los 5.500 euros siempre y
cuando el vehiculo adquirido sea de cadena de traccion hibrida o eléctrica. Estos planes s6lo
tienen un ambito nacional. A nivel internacional, se pueden encontrar iniciativas tales como el
EGD fundamentado en tres pilares fundamentales: reduccién gradual de los gases de efecto
invernadero hasta 2050, estimulacion del crecimiento econémico teniendo en cuenta la limitacion
de los recursos existentes y, finalmente, no olvidar a ningun actor o sector de la sociedad durante
este proceso de transformacion [48]. Para la realizacion de todo esto, se estan tomando medidas
en muchos d&mbitos tales como mejora de la eficiencia energética de los edificios, mejorar la
integracion de las REs y conseguir una gran mejora en el transporte sostenible y gestion
inteligente del trafico. Como consecuencia, la potencial aportacién del EV resulta fundamental,
y es en este punto donde se centra también la presente tesis doctoral.

Un punto importante en la mejora de eficiencia energética es la eficiencia en la
conduccion. Consecuentemente, los conceptos de EDR, ER y EC pueden tener una influencia
importante sobre las politicas ambientales actualmente en desarrollo en el seno de la Union
Europea, como es el caso del EGD. En este punto, esta linea de investigacion se plantean varias
hipétesis que resultaran en los objetivos fundamentales de la tesis doctoral:

a. ¢Deben ser las politicas de implantacion del EV deben ser generalistas o bien centrarse
teniendo en cuenta las particularidades de los sectores sociales que integran la poblacion
activa? Parece logico pensar que el uso del EV no sera el mismo entre un autbnomo, un

trabajador que trabaje fuera o dentro de la ciudad.
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b. ¢Cual es el impacto de la eficiencia en la conduccidn en tecnologias actualmente en fuerte
estudio como V2G?
c. ¢Permiten las politicas actuales compatibilizar técnicas como V2G y V2H?

Teniendo en cuenta todo esto, los objetivos fundamentales de esta tesis se centran en
responder a las anteriores preguntas. Para ello se ha seguido la metodologia expuesta en la Fig.15,
en la que se pueden observar los factores clave a tener en cuenta en esta linea de investigacion.
El primero de ellos se centra en el analisis de la poblacion activa de la ciudad sujeta a este estudio,
clasificandola en diferentes sectores sociales tales como auténomos, trabajadores que ejercen su
actividad fuera de la ciudad o trabajadores que la ejercen en la ciudad sujeta a este estudio. Este
punto es un elemento clave pues el uso del EV es diferente. Las adquisiciones de datos obtenidas
en los desplazamientos de los conductores participantes en la investigacion servirdn para
establecer un perfil de utilizacion del EV diferente como se expone a lo largo de esta tesis. Es
importante recalcar que los desplazamientos son aleatorios (no planificados) como consecuencia
de la actividad profesional de cada conductor. El segundo punto esencial a tener en cuenta es el
algoritmo empleado para el calculo de consumos de los EVs para cada sector de la poblacién. El
citado algoritmo seré descrito en el siguiente apartado, asi como en las publicaciones surgidas de

esta tesis.

Phase 1 Phase 2 Phase 3

Choosing the city Study in-depth the Coding the algorithm
for this case-study working population in Python
(number of freelancers, etc.) -
Phase 5
Phase 6 : Phase 4
- Energy consumption of EVs
Statistic data analysis when using and not using Equipm.ent selection for
eco-routing, eco-driving and this research

eco-charging

Phase 7

Analysis of the contribution
to sustainable mobility,
reduction in energy
consumption of buildings
and clean energy

Figura 15. Método seguido en esta investigacion
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Esta parte de la investigacion fue efectuada en la ciudad de Alcala de Henares,
localizada en la Comunidad de Madrid, a aproximadamente 32 km de la capital de Espafia. Segun
los datos publicados por el Instituto Nacional de Estadistica, en 2018, esta ciudad contaba con
198.750 habitantes. En cuanto al trafico, éste es monitoreado con un total de 17 cdmaras

distribuidas en la ciudad, principalmente en el centro.

Energy: Can Eco-routing, Eco-driving and Eco-charging Contribute to the European Green

Deal? Todos los detalles del fundamento tedrico del articulo, asi como los detalles de la revista

se muestran en la tabla 5 del apartado 6.
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5. MARCO TEORICO DE LA PRESENTE TESIS. REMISON A PUBLICACIONES

Tal y como se ha expuesto a lo largo de esta tesis, las lineas de investigacion se han
centrado en la introduccion de técnicas de validacion de software innovadoras, asi como la
contribucion del software en si mismo en la introduccion de modelos de transporte sostenible.
Para garantizar la validez de los resultados de esta tesis en sus distintas lineas de investigacion,
se han planteado metodologias robustas basadas en:

e En lo que se refiere a la validacion software, se han llevado a cabo medidas reales
obtenidas de la validacion del software usando simuladores HIL disponibles en las
instalaciones del constructor en el que el doctorando ha realizado su actividad laboral. A
su vez, para una mayor representatividad de los datos, el software empleado se encontraba
en desarrollo e iba a ser destinado a vehiculos cuya comercializacién estaba prevista a
finales del 2017. Por tanto, se pudo comprobar de manera fehaciente las ventajas
aportadas por las técnicas de validacion propuestas en un proyecto real de automocion
frente a otras utilizadas ampliamente en este sector.

e Enel caso de la evaluacion de las aportaciones del EV a la sostenibilidad, los datos de los
rodajes se han obtenido de manera empirica mediante el uso del software Inca® del
fabricante ETAS® [55] o bien mediante data logger (registrador de datos)
principalmente. Todas estas medidas han sido analizadas mediante el uso del software
MDA® de Etas® para la calibracion de los modelos de consumo energético tal como se
explicara posteriormente [92].

e En cuanto a la aplicacion de un modelo de transporte sostenible, los datos expuestos en
la investigacidn no son el resultado de una verificacion empirica sino de un proceso de
analisis de viabilidad economica riguroso. Gracias a ello, se han obtenido datos sobre la
viabilidad de este tipo de modelos. Es de remarcar que los datos relativos a los consumos
de autobuses y taxis eléctricos han sido obtenidos de experiencias en otros lugares de
Espafia y de sitios web oficiales. En cuanto a los rodajes de vehiculos se han obtenido de

manera empirica.

Tanto las metodologias como los resultados obtenidos han sido verificados mediante

andlisis de sensibilidad y el analisis de amenazas a la validez de la investigacion. El resultado de
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todo esto ha sido que los articulos mencionados han pasado el proceso de peer review en las
citadas revistas.

5.1 Relacion entre publicaciones

La relacién entre los papers esta descrita y definida en la seccion 4.3.1.

5.2 Publicacién 1. “Macro-economic impact, reduction of fee deficit and profitability of a
sustainable transport model based on electric mobility. Case study: City of Leén (Spain)”

Los modelos de transporte sostenibles son elementos fundamentales a la hora de favorecer
la sostenibilidad teniendo en cuenta la evolucion del nimero de habitantes de las ciudades y a las
necesidades de movilidad. Por tanto, es vital la reduccion de emisiones ligadas al transporte. Para
ello, existen diferentes opciones, como bien puede ser electrificar el transporte con una correcta
integracion de las RES o bien promover otros modos de transporte tales como bicicletas etc. que
permiten la movilidad sin generar emisiones. No cabe duda de que el futuro de la automocion
pasa por la electrificacion de los trenes de traccion y la paulatina desaparicion de los vehiculos
diésel y gasolina. Esto conlleva importantes ventajas como implantar de una manera mas amplia
técnicas como la V2G, V2H y en general, Vehicle-to-X (vehiculo conectado) [93]. A la hora de
proponer un modelo de transporte sostenible, los investigadores se encuentran con diferentes
dificultades entre las que destacan la fuerte inversion necesaria por parte de todos los actores
involucrados en el modelo, como son los usuarios de los EVs, las comercializadoras y las
compafiias eléctricas. Consecuentemente, en este articulo se ha realizado un estudio detallado de
la viabilidad del modelo de transporte propuesto basado en movilidad eléctrica, estudiando los
siguientes indicadores econémicos [94]:

e Valor actual neto. Se trata de un parametro considerado para estudiar la viabilidad de una

inversion. Se puede definir como un criterio consistente en actualizar los cobros y pagos
de un proyecto para determinar las posibles ganancias y pérdidas de esa citada inversion.

Se calcula mediante la ecuacion (1).

Fe Fp Fp F3 Fn

=—I, + + + +o.+—2—(1)

— _ n
VAN = IO+Zt=1(1+T1R)t ° ' (1+4TIR) ' (1+TIR)2 = (14TIR)3 ' '~ ' (1+4TIR)"
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donde lo es la inversion inicial, Ftson los flujos de caja y n es el periodo de tiempo
considerado.
Una vez obtenido el Valor Actual Neto (VAN), se pueden encontrar tres posibles
situaciones:

1. VAN>O0. Los valores actualizados de cobro y pagos actualizados tienen un valor
positivo y, por tanto, la inversién generara beneficios. Logicamente, a mayor
valor del VAN, mayores beneficios.

2. VAN =0. Se trata del caso en que un proyecto no genera ni valores positivos ni
negativos. En estos casos, no quiere decir que el proyecto deba ser rechazo pues
quizé puedan existir otras razones que empujen a la empresa en cuestion a la
realizacion del proyecto.

3. VANKO. En estos casos, se habla de un proyecto que genera pérdidas y, salvo que
puedan existir otras razones fuera del plano econémico para la realizacion del
citado proyecto, debe ser rechazado.

e Tasa interna de retorno (TIR). Se puede definir como la tasa de interés o rendimiento que

tiene una determinada inversion. Se calcula segun lo indicado en la ecuacion (2).

_ n __ R _ _ B F F3 Fn
Io + Zt:l (1+TIR)? Io + (1+TIR) T (14TIR)? T (1+4TIR)3 Tt (1+TIR)™ 0 (2)

donde o es la inversion inicial, Ftson los flujos de caja y n es el periodo de tiempo
considerado.

El valor de la TIR es fundamental para considerar si una inversion debe realizarse o0 no.
Asi se distinguen tres casos en funcion del pardmetro k que no es otra cosa que la tasa de
descuento de flujos elegida para el VAN.

1. TIR>k, el proyecto sera aceptado.
2. TIR=k. situacion similar a la del VAN es cero. En este caso, la inversion solo
puede realizarse si mejora la competitividad de la empresa.

3. TIR<k. El proyecto debe ser rechazado por su falta de rentabilidad.
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e Payback (amortizacidn). Se trata de un método sencillo para verificar el momento en el

que se recupera la inversion realizada para un determinado proyecto. Las ventajas
principales de este indicador es su simplicidad de célculo, ademas de ofrecer una idea
sobre la liquidez del negocio y del nivel de riesgo entre otros. Sin embargo, presenta
inconvenientes tales como no tener en cuenta el momento en el que se reciben los flujos

netos de caja. Se puede calcular mediante la ecuacion (3):
Io—b
Fr

Payback = a + 3)

donde a es el nimero del periodo inmediatamente anterior hasta recuperar el desembolso
inicial, 1o es la inversion inicial del proyecto, b es la suma de los flujos hasta el final del
periodo a, y Ft es el valor del flujo de caja del afio en que se recupera la inversion.
El payback favorece elegir aquella inversion en la que su plazo de recuperacion sera
menor.
Los pasos elegidos para realizar el calculo de estos indicadores fueron:
e Estimaciones de ventas de EVs asi como taxis y autobuses eléctricos operando en
la ciudad elegida para este estudio.
e Costes de carga para los usuarios de EVs.
e Costes asociados a los peajes eléctricos.
e Consumos equivalentes en diésel y gasolina para realizar el célculo de
disminucion de emisiones.
e Caélculo de las pérdidas de impuesto de valor afiadido por no ingresos del estado
por la disminucion del consumo de combustibles.
e Ingresos por las ventas de emisiones segun el protocolo de Kyoto.
e Ingresos por participacion en la técnica V2G.
o Etc.
La lista exhaustiva de todos de todos los parametros estd disponible en los datos

suplementarios proporcionados a la revista Energy en el momento de su publicacion.
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5.3 Publicacién 2. “Application of rule-based expert systems in hardware-in-the loop
simulation case study: Software and performance validation of an engine electronic control
unit”

El software de un calculador motor (trenes de traccion de gasolina o diésel) se desarrolla

a partir de modelos Simulink® encargados de controlar las distintas funciones del motor térmico
(control de emisiones de NOy, cantidad de gasolina o diésel a inyectar en los cilindros, etc) [39].
En esta investigacion el fundamente teorico se basa en la utilizacion de dos EXs basados en reglas
gue no son otra cosa que sistemas que trabajan mediante reglas, comparacién de resultados y
aplicacion de nuevas reglas [95]. EI funcionamiento teorico del sistema se describe en la Fig.16.
En primer lugar, existen dos EXs que trabajan en cooperacion. EI primer de ellos genera reglas
software mientras que el segundo genera reglas de prestacion software [96]. Dicho con otras
palabras, el primer verifica que una parte del codigo se ejecuta correctamente (ejecucion a bajo
nivel) en tanto que el segundo verifica que el sistema ha funcionado correctamente,
abstrayéndose sobre como se ha codificado el software [97]. Por tanto, el EX software va
generando reglas aleatorias software, expresadas mediante un TC, y comienza la simulacion HIL.
Transcurrido un tiempo, el sistema software comunica el estado alcanzado en la simulacion pues,
como Yya se ha expuesto, en determinadas ocasiones no se alcanzan los valores exactos previstos
en el TC debido a las interacciones entre SMs. Finalmente, el EX de prestacion determina cuél
deberia ser el estado funcional del vehiculo para esa regla software. En este punto es importante
remarcar que, en el caso de que tras la simulacion HIL no se alcance el valor exacto de la regla
software, es decir, en el TC, el EX software llamara a una DIl que encapsula los modelos
Simulink® bajo validacion, para que proporcione los valores tedricos de las variables que el

software deberia proporcionar para la situacion actual del sistema [98].
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EX1 communicates to the EX2 the chosen software rule by using

multithreading Python scripts. EX2 establishes the performance

Rule-based
Expert System 1
(software rules)

@ The HIL simulation starts

rule to be met considering the software rule.

Rule-based
Expert System 2
(performance rules)

HIL bench

®

The HIL simulation does not reach the specific operation point set in the test-

case. The dll provides in real-time the expected output for the current state of

the ECU after the HIL simulation.

DIl returns the
expected output

4

EX1 communicates to the EX2 the software rule really tested after
the HIL simulation . EX2 updates the performance rule to be met.

Rule-based
Expert System 1
(software rules)

Rule-based
Expert System 1
(software rules)

Rule-based
Expert System 2
(performance rules)

Engine ECU

Both EXs check if the ECU behaves as expected after having run
the test-case.

Figura 16. Funcionamiento de los sistemas expertos basados en reglas en esta investigacion

Los modelos de inferencia implementados para el EX software han sido realizados
mediante modelos confeccionados a partir de las especificaciones Simulink® (Fig.17). En el caso
del EX basado en prestaciones, el sistema de inferencia se hizo mediante modelos funcionales
(Fig.18). Por ultimo, mencionar que la comunicacion entre EXs se hizo mediante hilos mediante
Python, existiendo un hilo principal encargado de ejecutar todo el cddigo relacionado con la

automatizacién del proceso: manipulacién del modelo Simulink®, interfaz de Inca®, etc. [99]

— O,
M —|+ : / 1

’ Merge » |
O—
In3

Abs

Path 2

Figura 17. Sistema experto software realizado a partir de especificaciones Simulink®
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»

Inference engine

Figura 18. Sistema experto de prestacién realizado a partir de modelos funcionales

Tras la ejecucion de los TCs previstos mediante esta técnica y las técnicas ampliamente
usadas en el sector de la automocidn (causa-efecto y validacion basada en modelos), se realizaron
una serie de célculos para obtener su prestacion. Entre ellos destacan [ 100, 101, 102, 103]:

a) Tasa de cobertura funcional.
Esta tasa se puede definir como el nimero total de requerimientos testeados frente al total
de requerimientos funcionales.

b) Tasa de cobertura de codigo.
Teoricamente hablamos de la cantidad de lineas de cddigo verificadas frente al nimero
total de lineas presentes. Sin embargo, para hacer mas viable el calculo de este indicador,
se considerd la relacion entre el nimero de bloques Simulink® testeados por una
determinada técnica frente al numero total de bloques existentes en el SM objeto de
validacion.

c) Fallos software detectados por cada técnica.

d) Tiempo necesario para la implementacion de cada técnica.

Cabe resefiar que esta investigacion se realizaron validaciones de SMs de la VCU para
confirmar la posibilidad de aplicar esta metodologia de validacién sobre otras cadenas de
traccion con resultados positivos. Por tanto, esta técnica va en linea y contribuye a las nuevas
normativas y tendencias medioambientales de la Union Europea como la prohibicion de los

vehiculos de combustién asi como el EGD.
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5.4 Publicacion 3. “Contribution of Driving Efficiency and Vehicle-to-Grid to Eco-Design”

A la hora de hablar de modelos de transportes sostenibles se pueden distinguir diferentes
situaciones [104]. La primera de ellas es que el modelo sea sostenible por si mismo al generar
cero emisiones locales a la vez que novedoso. La segunda es emplear un modelo de transporte
sostenible existente pero que tenga una incidencia muy importante sobre otras actividades de la
sociedad, mejorando la sostenibilidad. En esta linea de investigacion la tesis se centra sobre esta
segunda opcidn. La idea principal de este articulo ya ha sido expuesta en el apartado 3 de esta
tesis. No obstante, como recordatorio se dira que este articulo busca establecer propuestas para
la reduccion de emisiones durante el proceso de disefio de un producto. Para ello, se implemento
un algoritmo basado en el interfaz de programacién de Here® y en los conceptos de ER, EC y
EDR [104, 105]. A partir de un grupo de ingenieros que participaban en el desarrollo de un
producto en un centro de estudios, se verifico que, gracias al algoritmo propuesto, se conseguian
mejoras en cuanto a la eficiencia en la conduccion que repercutian en una disminucion de las
emisiones asociadas y de los gastos energéticos de los edificios que integraban el centro de
estudios. En este apartado se describe el fundamento tedrico detras del algoritmo propuesto. Su

implementacidn se basa en el uso de Here® y de redes neuronales.

a) Aplicacion Here®

Here® es una empresa dedicada a los servicios de navegacion, siendo una de las mas
importantes junto a TomTom® en la actualidad [105]. Here® ofrece un interfaz de programacion
que puede ser utilizado por desarrolladores para generar aplicaciones en diversos lenguajes de
programacion, entre ellos Python. En esta tesis, se optd por dicho lenguaje. Gracias a las
funciones implementadas por Here® y afiadiendo un cddigo Python suplementario, es posible
hacer aplicaciones robustas de navegacion como es el caso de la presente tesis doctoral. En
parrafos posteriores de este apartado se describira el funcionamiento del algoritmo mediante
Here® y las redes neuronales.

b) Redes neuronales

Las redes neuronales son ampliamente utilizadas en la actualidad para multiples
aplicaciones, como son sistemas de reconocimiento de voz, clasificacion de patrones,
predicciones e incluso sistemas de control [106]. Para su implementacion se requiere un estudio

en profundidad de los datos, pues haciendo esto, se consiguen grandes prestaciones de la red y
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se reducen problemas tipicos tales como el overfitting (sobreajuste) [106]. Este problema es
clésico en redes sobreajustadas, de tal manera que presentan una gran prestacion para el conjunto
de datos usados para su implementacion y validacion, pero no son capaces de generalizar. Otro
punto importante a la hora de su disefio es el nimero de capas, nimero de neuronas por capa, asi
como la estructura en definitiva que se vaya a usar. Estos factores son determinantes para obtener
buenas prestaciones de la red [106].

Una vez descritos los dos elementos fundamentales del algoritmo, se procede a explicar
el fundamento teorico de su implementacién (Fig.19). EI funcionamiento del algoritmo se puede
dividir en 9 fases. En la primera de ellas, los modelos de consumo de Here® son parametrizados.
Here® es capaz de predecir el consumo energético del EV si se les indican los pardmetros
relativos a las pérdidas energéticas debido a aceleraciones, velocidad, elementos auxiliares, etc.
Mediante el uso de los sistemas de adquisicion descritos en el articulo, es posible determinar
dichas pérdidas y parametrizar los citados modelos. En la segunda fase y haciendo uso de un
interfaz web, el conductor indica a la aplicacién diversos pardmetros para el correcto
funcionamiento de la misma, como el destino. En la fase 3, Here® hace el calculo de las rutas
Optimas (mas corte, mas rapida o la ruta equilibrada) teniendo en cuenta la parametrizacion de
los modelos energéticos. Gracias a esto, los conceptos de ER y EDR son tenidos en cuenta. Para
el procesamiento de todo lo anteriormente expuesto, (parametrizacion de modelos, Ilamadas
Here® para el calculo de la ruta, recogida de la informacion retornada por Here®, etc.) se ha
codificado una aplicacion en Python. Es importante resaltar también que Here® tiene en cuenta
la situacion del trafico actual para la determinacion de las rutas Optimas y de los consumos
energéticos. En la fase 4, Here® retorna las rutas éptimas. En la fase 5, la aplicacion codificada
en Python establece el consumo, la capacidad de la bateria al final del trayecto, si son necesarias
cargas, tiempo de llegada estimada y los puntos de carga durante el trayecto. En la fase 6, elige
si la ruta éptima, en cuanto a consumo energeético, es la mas corta, la mas rapida o la equilibrada.
En la fase 7, se ejecuta un blogque denominado EC cuya mision es la de informar al conductor en
qué momento la carga es mas respetuosa con el medio ambiente. Para ello, se emplean redes
neuronales tal como se explicara posteriormente. En la fase 8, el conductor puede activar, si asi

lo desea el boton EDR del vehiculo. Finalmente, el conductor conduce al lugar de destino.
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Figura 19. Método seguido en esta publicacién

Los vehiculos en la actualidad cuentan con sistemas para evaluar si la conduccion de una
determinada persona es respetuosa con el medio ambiente. Sin embargo, en el caso de los EVs
de nada sirve realizar una conduccién respetuosa si luego se efectlia la carga de la bateria en
momentos en los que la contribucion de las REs es baja. En esta tesis se ha introducido el
concepto de EC, que sirve para informar al conductor cuando es el momento dptimo para realizar

el proceso de carga. Para ello se emplea la ecuacion (4):

Eco — charging = RRA 4)

E max,d

donde RE.: es la contribucién de la RE en el total de la energia eléctrica demandada en MW y
REmaxa €5 la contribucion méxima de RE en MW para el dia considerado por el algoritmo, es
decir, dia en que la carga pudiera tener lugar. Estos parametros se calculan a partir de la ecuacion
(5):

_ RE
" RE + NRE

()

RE,

donde RE:.es la contribucion de REs en %, RE es el total de electricidad generada a partir de REs

en MW y NRE es el total de energia eléctrica generada por fuentes no renovable como el carbon
en MW.
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A la hora de realizar la prediccion, se ha realizado mediante redes neuronales long short-
term memory (LSTM) y nonlinear autoregressive (NAR) [107, 108, 109 ,110]. Las primeras han
servido para calcular la prediccion relativa a la contribucion de REs frente a la demanda total
(ecuacion 1y 2), mientras que la segunda permite calcular la estructura de generacion tal como

se indica en la Fig.20.
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Figura 20. Estructura de generacion

El detalle relativo a la estructura interna de las redes neuronales, algoritmos de
aprendizaje y prestacion de las redes puede encontrarse en la publicacion. Es importante destacar
que las redes NAR tratan de dar una informacién al conductor si bien no son elementos que
proporcionen una exactitud para todos los momentos debido a condiciones subitas que pueda
haber en la generaciéon de RE debido a cambios meteoroldgicos. En consecuencia, la exactitud

en los célculos reside sobre la red LSTM y no sobre la red NAR.
Los indicadores medidos para verificar las aportaciones de esta investigacion fueron:

a) Disminucidn del consumo energético del EV gracias a la utilizacién del algoritmo.

b) Disminucién del consumo energético del centro de estudios. Por tanto, reduccién del
consumo energético durante el disefio de un producto y, en consecuencia, mejoras
sustanciales en cuanto al ecodisefio.

c) Estudio de la aportacion del bloque EC para verificar si las cargas de los EVs se realizaron

cuando dicho bloque lo recomendaba o no.
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5.5 Publicacion 4. “Contribution of Driving Efficiency to Vehicle-to-Building”

El fundamento tedrico de la presente investigacion se basa en lo expuesto en la
publicacion 3 (apartado 5.4). Mediante el uso de redes neuronales y conceptos como el ER, EC
y EDR es posible obtener mejoras en el consumo energético de los EVs y, consecuentemente, se
puede evaluar su aportacion a la técnica V2B. Sin embargo, resulta de vital importancia tener en
cuenta los grupos sociales (autdnomos, trabajadores locales y trabajadores que ejercen su
actividad profesional fuera de su ciudad de residencia) con el fin de tener en cuenta el uso
estocastico de los EVs. EI método utilizado para la realizacion de esta investigacion se muestra
en la Fig.21. En primer lugar, se eligieron dos ciudades que pertenecieran a diferente zona
climética para evaluar el impacto de la temperatura sobre el consumo del EV. En segundo lugar,
se hizo un estudio cuidadoso de edificios para elegir aquellos que fueran éptimos para el estudio.
Posteriormente, se eligio a los participantes del estudio para asegurar un correcto mix entre los
diferentes grupos sociales mencionados en el parrafo anterior. Finalmente, se realizaron las
mediciones oportunas de consumos del edificio, de los EVs conducidos por los participantes en
el estudio para poder obtener las mejoras que el EDR, EC y ER ofrecen para la reducciéon de los

consumos energéticos de los edificios.

Choice of the city Choice of the buildings

Choice of the
participants

Energy consumption o ,
Seiinata Algorithm implementation
Eco-driving,
Eco-routing contribution |
assessment

Figura 21. Método seguido en la investigacion
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5.6 Publicacién 5. Can Eco-routing, Eco-driving and Eco-charging Contribute to the
European Green Deal?

Los modelos de transporte sostenible deben empujar a promover el debate sobre la
sostenibilidad. Consecuentemente, son un elemento esencial para promover nuevos debates
relativos a la evolucion de politicas medioambientales a nivel mundial, y en el caso de esta tesis
doctoral, a nivel europeo. La idea principal de este articulo no es otra que probar que el uso
estocéstico del EV esta ligado, entre otros factores, a la propia estructura de la poblacion activa
tales como los autonomos, trabajadores fuera de su propia ciudad y trabajadores urbanos. Por
tanto, el fundamente tedrico de esta linea de investigacion fue el procesamiento estadistico de
rodajes de diferentes grupos dentro de la poblacion activa para obtener su potencial contribucién
atécnicas fuertemente en auge como son V2Gy V2H [111, 112,113]. Ademas, los citados rodajes
se realizaron sin y usando el algoritmo implementado en la anterior publicacion. Gracias a esto,
se observo la mejora en disminucién de consumo por sector social.

Los factores estudiados para verificar la aportacion de este estudio fueron:

a) Disminucién del consumo energético del EV para cada sector de la poblacién activa
gracias a la utilizacién del algoritmo.

b) Mejoras en la contribucion a la técnica V2G gracias a dicho algoritmo.

c) Mejoras en la generacién de RE, estudiando la compatibilidad de las politicas V2G and

V2H por sector de la poblacion activa.

Para una generalizacion de los resultados, se procedio a confirmarlos mediante estudios
muestrales de la poblacion activa tal como se detalla en la publicacion [114, 115, 116]. Este
estudio se baso6 en confirmar el porcentaje de autbnomos y de trabajadores dentro y fuera de la
ciudad que se habian supuesto para medir las diferentes aportaciones. Mediante el uso de
distribuciones binomiales se confirmé la hipdtesis nula (ecuaciones 6 y 7) y los resultados

indicados en la publicacion.

H, is accepted if b —pol  _ e (6)

Po(1 — o) Sz
\/ n
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Ho is rejected if D — pol )
>7

Po(1 — o) %
\} n

donde n es la talla de la muestra, p es la probabilidad de éxito en la muestra estudiada, p, es la

probabilidad que debe ser confirmada (hipétesis) y a es el intervalo de confianza.
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6. TRABAJOS PUBLICADOS

Las publicaciones presentadas una tesis doctoral deben cumplir una serie de requisitos y
condiciones establecidos en el documento aprobado por el Comité de Direccion de la Escuela
Internacional de Doctorado de la Universidad Nacional de Educacion a Distancia (EIUNED) asi
como por la Comision de Investigacion y Doctorado de la UNED. Dichos requisitos y

condiciones son:

1. El compendio de publicaciones estara formado por un minimo de 3 articulos. Al menos
dos de ellos deben estar publicados y el tercero aceptado. En el caso de publicaciones del
tercer y cuarto cuartil, se han de publicar 4 articulos. En este caso, se presentan dos
articulos situados en el primer cuartil y 3 en el tercer cuartil.

2. Los articulos han de ser publicados en revistas de indices de impacto en los dos primeros
cuartiles de la relacion de revistas del &mbito de la especialidad del Programa en el que
esta inscrita dicha tesis y referenciadas en la Gltima relacion publicada por el Journal
Citation Reports (SCI y/o SSCI) y de SCOPUS. Todos los articulos se publicados o

aceptados en revistas de los tres primeros cuartiles.

3. Todos los articulos deben estar publicados con fecha posterior a la primera matricula de
tutela académica en la EIDUNED. En este caso la primera matricula se produjo en el
curso académico 2013/2014 (octubre 2013) y los articulos se han publicado entre febrero
de 2014 y mayo 2021.

4. El doctorando debe ser primer firmante o segundo, en este Gltimo caso, el primero debe
ser el director o directora de la tesis. En todas las publicaciones que integran la tesis
doctoral, el doctorando figura como primer autor o bien detras del director y/o codirector

de la tesis (D. Antonio Colmenar Santos y D. David Borge Diez).

Los datos de las publicaciones se muestran en las tablas 1, 2, 3, 4 y 5.
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Tabla 1. Datos de la revista Energy. Publicacion Macro-economic impact, reduction of fee deficit and profitability
of a sustainable transport model based on electric mobility. Case study: City of Ledn (Spain)

Datos sobre la publicacién del articulo

Titulo de la publicacion

Macro-economic impact, reduction of fee deficit and profitability of
a sustainable transport model based on electric mobility. Case study:
City of Ledn (Spain)

Autores

Antonio Colmenar Santos (Director)
David Borge Diez (Codirector)
Pedro Miguel Ortega Cabezas
Vicente Miguez Camifia

Howbdhe

Afiliacion de los autores

Departamento de Ingenieria Eléctrica, Electrénica y Control de la
Escuela Técnica Superior de Ingenieros Industriales de la UNED.

Departamento de Ingenieria Eléctrica y de Sistemas y Automatica.
Area de Ingenieria Eléctrica.

Revista

Energy

Estado de la publicacién

Publicado el 1 de febrero de 2014 en el volumen 65

DOI https://doi.org/10.1016/j.energy.2013.11.077
indices de impacto Journal Citation Reports de la revista en el afio 2020
Categoria Thermodynamics Energy&Fuels

Engineering, Chemical

indice de impacto 7.147
Quiartil Q1
indices de impacto Scopus de la revista en el afio 2020
CiteScore 2020 All publication types 11.5
SClImago Journal Rank (SJR) 1.96
CiteScore rank and Percentile per category CiteScore rank Percentile
Modeling and Simulation 4/290 98
Building and Construction 4/185 98
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Civil and Structural Engineering 7/318 97
Management, Monitoring, Policy and Law 8/355 97
Mechanical Engineering 22/596 96
Industrial and Manufacturing Engineering 13/336 96
Energy Engineering and Power Technology 10/224 95
Fuel Technology 5/100 95
General Energy 4/65 94

En los anexos | y 1l se incluyen los siguientes documentos relativos a la publicacion del
segundo trabajo cientifico publicado:

* Anexo I: Copia de la publicacion.

» Anexo II Informes relativos con los indices de impacto.
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Tabla 2 Datos de la revista The Journal of Software: Evolution and process. Publicacion Application of rule-
based expert systems in hardware-in-the loop simulation case study: Software and performance validation of an
engine electronic control unit

Datos sobre la publicacion del articulo

Titulo de la publicacién | Application of rule-based expert systems in hardware-in-
the loop simulation case study: Software and performance
validation of an engine electronic control unit

Autores Pedro Miguel Ortega Cabezas
Antonio Colmenar Santos (Director)
David Borge Diez (Codirector)

Jorge Juan Blanes Peir0

Howbdhpe

Afiliacion de los autores | Departamento de Ingenieria Eléctrica, Electronica y
Control de la Escuela Técnica Superior de Ingenieros
Industriales de la UNED.

Departamento de Ingenieria Eléctrica y de Sistemas y
Automatica. Area de Ingenieria Eléctrica.

Revista The Journal of Software Evolution and process

Estado de la publicacién | Publicado el 31 de Julio de 2019

DOI https://doi.org/10.1002/smr.2223

Indices de impacto Journal Citation Reports de la revista en el afio 2020

Categoria Software
indice de impacto 1.972
Quartil Q3
indices de impacto Scopus de la revista en el afio 2020
CiteScore 2020 All publication types 4.5
SClImago Journal Rank (SJR) 0.37
CiteScore rank and Percentile per category CiteScore rank | Percentile
Software 151/389 61
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En los anexos 111y IV se incluyen los siguientes documentos relativos a la publicacion
del primer trabajo cientifico publicado:

* Anexo Ill: Copia de la publicacion.

* Anexo IV: Informes relativos con los indices de impacto.
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Tabla 3 Datos de la revista Energies. Contribution of Driving Efficiency and Vehicle-to-Grid to Eco-Design

Datos sobre la publicacién del articulo

Titulo de la publicacién

Contribution of Driving Efficiency and Vehicle-to-Grid
to Eco-Design

Autores

David Borge Diez (Codirector)
Pedro Miguel Ortega Cabezas
Antonio Colmenar Santos (Director)
Jorge Juan Blanes Peir6

E A

Afiliacion de los autores

Departamento de Ingenieria Eléctrica, Electronica y
Control de la Escuela Técnica Superior de Ingenieros
Industriales de la UNED.

Departamento de Ingenieria Eléctrica y de Sistemas y
Automética. Area de Ingenieria Eléctrica.

Revista

Energies

Estado de la publicacién

Publicado el 3 de agosto de 2020

DOI doi:10.3390/en13153997
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6.1 Publicacién 1. “Macro-economic impact, reduction of fee deficit and profitability of a
sustainable transport model based on electric mobility. Case study: City of Leon (Spain)”

6.1.1 Resumen de la publicacion

Resumen en ESDaﬁO|91

La economia espafiola se enfrenta a dos cuestiones clave. La primera de ellas es la
importante dependencia de las energias no renovables, que alcanzé el 76,4% y se situd 22 puntos
por encima de la media de la Unién Europea. La segunda es la amenaza que representa el déficit
tarifario para la sostenibilidad de la Red Eléctrica Nacional. Este hecho esta obligando al
Gobierno Espariol aimplementar medidas enfocadas a la subida de impuestos. Sin embargo, estas
decisiones no han conseguido contener la situacion. Esta investigacion propone el uso de

modelos de transporte sostenibles basados en la movilidad eléctrica, redes inteligentes,

9 Al ser una transcripcion del articulo publicado, en este caso se han seguido las abreviaturas de la citada publicacion y no las indicadas en el
apartado nomenclatura de la presente tesis doctoral. Esto sera de aplicacion para los apartados 6 y 7.
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autobuses, taxis y vehiculos eléctricos, en la ciudad de Leon, Espafia (135.059 habitantes) como
un medio importante para controlar y reducir el déficit tarifario. A través de un anélisis
exhaustivo de la penetracion del vehiculo eléctrico en el mercado en comparacion con las
previsiones gubernamentales actuales, se ha realizado un riguroso estudio de rentabilidad para el
periodo 2020-2030 (cuando estaran listas las redes inteligentes). Al introducir modificaciones en
las politicas, la tasa interna de rendimiento y el valor real neto justifican la implementacion del
citado modelo de transporte. Asi, el déficit de tarifas de Leon podria reducirse hasta en un 43%.
Finalmente, se ha realizado un analisis de impactos macroecondmicos, como mejoras

competitividad de la economia e impacto ambiental.

Resumen en inglés

The Spanish economy faces two key issues. The first of these is the significant reliance on
non-renewable energy, which reached 76.4% and was 22 points over the European Union
average. Secondly, the threat that the fee deficit poses to the sustainability of the National Grid.
This fact is forcing the Spanish Government to implement measures focused on tax increases.
However, these decisions have done little to contain the situation. This paper proposes the use
of sustainable transport models based on electric mobility: smart grids, buses, taxis and electric
vehicles, in the city of Ledn, Spain (135,059 inhabitants) as an important means for controlling
and reducing the fee deficit. Through exhaustive analysis of EV (electric vehicle) market
penetration against current Government forecasts, a rigorous profitability study has been
conducted for the period 2020-2030 (when smart grids will be ready). By introducing policy
modifications, the Net Actual Value internal rate of return and payback figures justify its
implementation. Thus, the fee deficit of Ledn could be reduced by up to 43%. Finally, an analysis
of macroeconomic impacts, such as competitive improvements in the economy, and

environmental impact is conducted

6.1.2 Conclusiones

Espafia se ve afectada por dos problemas clave: una alta dependencia energética y un
importante déficit tarifario, ambos en niveles preocupantes. En esta investigacion se propone la
aplicacion de una solucion basada en un modelo de transporte sostenible compuesto por coches,
autobuses y taxis eléctricos, redes eléctricas inteligentes y tecnologias de vehiculo a red para la

solucion de ambos problemas. Su implementacion se enfrenta a diversas dificultades, siendo una
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de ellas la opinidn generalizada de que la reduccion del consumo de gasolina reduciré los ingresos
del Gobierno. Asimismo, la inversion para realizar este tipo de proyectos es considerable. Como
resultado, existen dudas sobre su rentabilidad. Esta investigacion, que toma en consideracion el
escenario propuesto por el Gobierno Espafiol y las previsiones realizadas por el operador de
sistema espariol, muestra que es posible rentabilizar este modelo de transporte sostenible para los
usuarios de vehiculos electricos, el Gobierno, comercializadoras y empresas eléctricas, mediante
el uso de politicas regulatorias adecuadas. Como resultado, se recuperarian las pérdidas por

impuestos sobre la gasolina.

Por otro lado, el déficit tarifario generado en los Gltimos 10 afios como consecuencia de
los desequilibrios entre los ingresos y los costes de las actividades reguladas, alcanzo los 26.062
M € en mayo de 2013. Esta investigacion muestra que el déficit tarifario de Ledn se puede reducir
en un 43,5% - 47,1%. Ademas, la implementacidon del modelo conduce a una reduccion de la
demanda de gasolina y, por tanto, a una posible reduccion del precio. Ademas, este beneficio
podria utilizarse para reactivar la ayuda financiera para instalaciones de energia renovable. Este
hecho mejora la competitividad de las empresas espafiolas y disminuye los costes operativos de
los vehiculos eléctricos. Como resultado, la economia espafiola disfrutard de una mayor
proteccidn frente a las fluctuaciones del precio de la gasolina. La tasa interna de rendimiento, el
valor actual neto, tasa de recuperacion y rentabilidad obtenidos en este estudio son suficientes
para asegurar la rentabilidad del modelo, ademas de proporcionar los medios para reducir el
déficit tarifario. Los autores estan trabajando en la preparacion de futuros estudios centrados en

la implantacion de estos modelos en ciudades méas grandes como Madrid y Barcelona.

6.2 Publicacion 2: “Application of rule-based expert systems in hardware-in-the loop
simulation case study: Software and performance validation of an engine electronic control
unit”

6.2.1 Resumen de la publicacion

Resumen en espanol:

Se necesitan técnicas innovadoras para validar el software a fin de reducir los costes y
aumentar la calidad del software. Esta investigacion tiene como objetivo verificar si dos sistemas
expertos basados en reglas (EXs) combinados con bibliotecas dinamicas de datos (DlIIs)

funcionan mejor que otras técnicas ampliamente usadas en el sector de la automocién a la hora



Escusla .
Internacional Tesis Doctoral

de Docrorado

EIDUNED Programa de Doctorado en Tecnologias Industriales

Titulo: Validacion electrdnica de vehiculos. Nuevas metodologias y posibles aportaciones al
transporte sostenible.
Autor: Pedro Miguel Ortega Cabezas | 30/08/2021 | Pagina 93 de 292

de validar el software de la unidad de control motor (ECU) mediante el uso de simulacion
hardware- in-the-loop (HIL).

Para realizar esta investigacion, se eligieron quince médulos software (SMs) de diferente
complejidad para ser validados mediante simulaciones HIL usando diferentes técnicas como la
ejecucion manual, tester-in-the-loop (testador en bucle), model-based testing (validacion basada
en modelos), un EX basado en reglas y la combinacion de dos EXs, con vistas a evaluar la tasa
de cobertura de codigo y funcional, la ganancia de productividad, la cantidad de fallos software
encontrados, las limitaciones potenciales de cada técnica y la tasa de éxito de la simulacion HIL.
Los test-cases (casos de tests) utilizados se describen en profundidad en la seccion de método.

La mejora que ofrecen las DlIs y los EXs depende del nimero de estados del modelo
funcional utilizado en los EXs y del nimero de subintervalos en los que se pueden dividir las
variables de entradas de los SMs. Se puede detectar un rango entre 6 y 16 errores mas cuando se
utilizan dos EXs. La mejora de HIL puede alcanzar el 6%, 16,8% y 18% dependiendo de la
complejidad de los SMs.

Resumen en inglés:

Innovative techniques to validate software are needed to reduce cost and increase
software quality.

This research aims to check if two rule-based expert systems (EXs) combined with
dynamic-link libraries (dlls) perform better than other techniques widely employed in the
automotive sector when validating the engine control unit (ECU) software by using a hardware-
in-the-loop simulation (HIL).

To perform this research fifteen software modules (SM) of different complexity were
chosen to be validated in an HIL simulation by using different techniques such as the manual
execution, the tester-in-the-loop, the model-based testing, a rule-based EX and the combination
of two EXs to establish the code and functional coverage, the productivity gain, the number of
bugs found, potential limitations of each technique and the success rate of the HIL simulation.
The test-cases used are described in-depth in the method section.

The enhancement, that dlls and EXs offer, depends on the number of states in the

functional model used in the EXs and the number of subintervals in which the SM inputs can be
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divided. A range between 6 and 16 more bugs can be detected when using two EXs. The HIL
enhancement can reach 6%, 16.8% and 18% depending on the SM complexity

6.2.2 Conclusiones

Existen varios problemas a los que se debe enfrentar el sector de la automocion a la hora
de validar el software de la unidad de control electrénico motor (ECU) como son el disefio de
test-cases representativos, como automatizar adecuadamente la simulacién de hardware-in-the-
loop (HIL) debido a la interaccion de médulos software (SMs), y cdmo poder encontrar errores
de codificacion y prestaciones software al ejecutar un test-case.

Esta investigacion, realizada en el segundo fabricante de automdviles europeo mas
importante, se centra en la validacion de software de un ECU motor mediante el uso de
bibliotecas dindmicas de datos (DlIs) y dos sistemas expertos basados en reglas (EXs), uno
encargado de detectar errores de prestacion software y el otro responsable de encontrar errores
de cddigo. Esta combinacion permite detectar errores de prestacion software y errores de
codificacion. En este estudio, los resultados alcanzados por el uso de Dlls y dos EXs fueron
comparados con otras técnicas ampliamente utilizadas en el sector de la automocion como tester-
in-the-loop, la automatizacion mediante el uso de scripts de Python, un EX de prestacion software
combinado con la automatizacién mediante scripts Python, y finalmente, la automatizacion
mediante el uso de scripts Python sin uso de EXs. Los resultados obtenidos muestran que las Dlls
y dos EXs son capaces de detectar 6 errores mas que el uso de DIIs y un EX de prestacidn software,
14 errores mas que el tester-in-the-loop, 16 errores mas que la automatizacion usando Python,
15 errores mas que una ejecucion manual y 14 errores mas que las pruebas basadas en modelos.
El hecho de emplear DIIs y EXs trabajando en cooperacién mejora la cobertura del cédigo con
respecto a las otras técnicas. Esta mejora depende del nimero de estados en el modelo funcional
utilizado en los EXs y del numero de subintervalos en los que las entradas de los SMs se puedan
dividir como se muestra en esta investigacion.

Los scripts Python y las Dlls se pueden usar combinados con diferentes técnicas, como el
uso de un EX o dos EXs. Los resultados obtenidos muestran que la metodologia propuesta en esta
investigacion mejora la tasa de éxito de las simulaciones HIL en comparacion con la técnica
tester-in-the-loop hasta en un 6% para SMs de complejidad baja, en un 16,8% para SMs de

complejidad media y en un 18% para SMs muy complejos a pesar de las interacciones entre SMs.
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Cuando se trata de automatizacion sin usar Dlls, la metodologia propuesta en esta investigacion
mejora la tasa de éxito de HIL hasta un 14,4% para las SMs de baja complejidad, un 27,4% para
los SMs de complejidad media y un 47% para las SMs muy complejos a pesar de las interacciones
entre SMs.

A pesar de que los EXs y Dlls requieren mas tiempo para implementarse para funciones
muy complejas y simples, se cumplid con el plazo del proyecto. Cuando se trata de funciones de
complejidad media, existe una ganancia de productividad considerando la cantidad de SMs que
se testean en un proyecto software de ECU motor en comparacion con el tester-in-the-loop y la
ejecucion manual. Ademas, el tiempo necesario para implementar la técnica basada en modelos
es similar al necesario para dos EXs. Debe recordarse que los SMs de complejidad media son la
mayoria en el software de un ECU motor.

6.3. Publicacion 3: “Contribution of Driving Efficiency and Vehicle-to-Grid to Eco-Design”
6.3.1 Resumen de la publicacion

Resumen en espafiol:

El disefio de productos ecol6gicos implica mejoras en la eficiencia energética. Los
productos ecoldgicos deben considerar no sélo las materias primas y los procesos de fabricacion
para mejorar la eficiencia energética, sino también la energia necesaria al disefiarlos. Esta
investigaciébn muestra como la navegacion ecoldgica (ER), la carga ecoldgica (EC), la
conduccidn ecolégica (EDR), el vehiculo a la red (V2G) y los vehiculos eléctricos (EVS) pueden
contribuir a la reduccion del consumo de energia durante el disefio del producto. Para ello, se
eligio a un grupo de 44 ingenieros asignados al proyecto para evaluar la energia total disponible
para V2G al conducir EVs desde sus hogares hasta el centro de disefio utilizando un algoritmo
codificado por los autores basado en los conceptos de ER, EDR y EC. La energia almacenada en
los EVs se utiliz6 para cuantificar la reduccion del consumo energético de los edificios presentes
en el centro de disefio. Los resultados muestran que el ahorro de energia oscila entre el 2,89% y
el 6,9% por dia, es decir, 93 kWh por dia durante el proceso de disefio. Ademas, el hecho de
hacer mas ecoldgico el proceso de disefio implica que las energias renovables (REs) se integren

mejor durante el proceso de disefio. Al ejecutar el algoritmo, se informa a los conductores sobre
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el mix de RE cuando se lleva a cabo el proceso de carga. Finalmente, esta investigacion muestra
que las politicas actuales hacen que V2G y las técnicas de vehiculo a casa no son compatibles.

Resumen en inglés:

Designing eco-friendly products involves energy efficiency improvements. Eco-friendly
products must consider not only raw materials and manufacturing processes to improve energy
efficiency but also energy needed when designing them. This research shows how eco-routing
(ER), eco-charging (EC), EDR (EDR), vehicle-to-grid (V2G) and electric vehicles (EVs) can
contribute to the reduction of energy consumption during product design. To do this, a group of
44 engineers assigned to the project was chosen to assess the total energy available for V2G
when driving EVs from their homes to the design center by using ER, ED and EC by running an
application coded by the authors. The energy stored in EVs was used to quantify the reduction
in energy consumption of the buildings present in the design center. The results show that the
energy saving ranges from 2.89% to 6.9% per day—in other words, 93 kWh per day during the
design process. In addition, the fact of making the design process greener implies that renewable
energies (REs) are integrated better during the design process. By running the application,
drivers are informed about the RE mix when the charging process takes place. Finally, this

research shows that current policies make V2G and vehicle-to-home techniques not compatible.

6.3.2 Conclusiones

El ecodisefio trata varios temas como materiales de bajo impacto, eficiencia energética,
disefio para reutilizacion y reciclaje, estandares de disefio sustentable y energias renovables, entre
otros. Sin embargo, la eficiencia energética no solo debe ocuparse de la fabricacion sino también
de la fase de disefio del producto. Esta investigacidn se centra en cdmo los vehiculos eléctricos
(EVs), el vehiculo conectado a la red (V2G), la conduccion ecoldgica, las rutas ecoldgicas y la
carga ecoldgica pueden contribuir al ahorro de energia durante el disefio del producto. Por tanto,
estos factores juegan un papel fundamental en el ecodisefio. Teniendo en cuenta el método y los

resultados obtenidos en esta investigacion, se extraen las siguientes conclusiones:

(@) Ahorro de energia
El algoritmo propuesto en esta investigacion, que utiliza modelos de consumo de energia

debidamente ajustados para la conduccion ecoldgica (EDR), la navegacion ecoldgica (ER) y la
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carga ecoldgica (EC), permite reducir el consumo de energia entre un 2,89% y un 6,9%. Ademas
de esta reduccion, las redes neuronales proporcionan a los conductores informacién til sobre
cuéndo es el momento 6ptimo para cargar la bateria, teniendo en cuenta el aporte de energia

renovable.

(b) Ecodisefio
Este algoritmo contribuye al ecodisefio como:
(b.1) Permite reducir las emisiones entre 8,96 y 23,55 kg por dia de CO2 méas que cuando

los conductores de EVs no utilizan el algoritmo.

(b.2) Esta investigacion muestra que no solo la cantidad de EVs es importante para
aumentar la energia disponible, sino también la forma de elegir las ubicaciones de
los ingenieros. El algoritmo propuesto en este estudio permite establecer las
ubicaciones 6ptimas. Por lo tanto, un centro de disefio podria obtener mas energia

utilizando un nimero especifico de EVs

(b.3) La contribucion de V2G a la demanda energética del edificio varia entre 0.5% y 1.3%
cuando se utiliza el algoritmo propuesto en este estudio en un pequefio centro de

disefio.

(c) Compatibilidad entre V2G y V2H. Aunque el rendimiento de la bateria no se degrade debido
a los procesos de carga y descarga, las politicas actuales evitan que el usuario participe en V2G
y V2H al mismo tiempo. La tarifa de carga de los EVs es mas alta que los beneficios econdmicos
obtenidos al usar V2H. En consecuencia, V2G no es compatible con V2H. Sin embargo, las
politicas no se pueden cambiar si no se aumenta la potencia de las energias renovables instaladas.
Por lo tanto, el mix de energias renovables versus energia no renovable no es lo suficientemente
alta. En consecuencia, las politicas para promover los EVs son tan importantes como aumentar

la potencia de la energia renovable instalada.

(d) Ciberseguridad. Algunas politicas para asegurar que no se viole una unidad de control
electronico (ECU) implican que la unidad de control electronico deba ser reemplazada. En el
presente estudio, se generan anualmente 190 kg de residuos teniendo en cuenta las unidades de

control electrénico desechadas como chatarra. En consecuencia, algunas técnicas utilizadas para
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la ciberseguridad de la ECU no son respetuosas con el medio ambiente, y se debe investigar mas
sobre este tema para integrar mejor la ciberseguridad y el disefio ecoldgico.

6.4 Publicacion 4: “Contribution of Driving Efficiency to Vehicle-to-Building”

6.4.1 Resumen de la publicacion

Resumen en espaiol:

El consumo de energia en el sector del transporte y en los edificios es motivo de gran
preocupacion en la sociedad actual. Esta investigacion tiene como objetivo cuantificar como las
rutas ecologicas, la conduccidn ecoldgica y la carga ecoldgica pueden aumentar la cantidad de
energia disponible para la técnica Vehicle-to-Building (V2G). Para ello, se clasifico la poblacion
ocupada en grupos sociales (autébnomos, trabajadores locales y trabajadores que ejercen su
actividad fuera de su localidad de residencia) que residen en dos ciudades con diferentes zonas
climaticas (Alcala de Henares -Espafia y Jaén- Espafia) ya que la forma de utilizar el vehiculo
eléctrico (EV) es diferente. Se implementd un algoritmo basado en la interfaz del programa de
aplicacion Here® y redes neuronales para adquirir datos del uso estocastico de los EVs de cada
grupo social. Finalmente, se evalu6 la mejorar relativa a la cantidad de energia disponible para
la tecnologia V2B gracias al algoritmo propuesto por los autores. Los resultados por dia fueron
los siguientes. Gracias al algoritmo propuesto se obtuvo una reduccion que oscilaba entre 0,6
kWh y 2,2 kWh en funcion de los grupos sociales. El algoritmo propuesto facilitd un aumento
de la energia disponible para el V2B que oscila entre 13,2 kWh y 33,6 kWh dependiendo de los
grupos sociales. Los resultados muestran que las politicas de tarificacion actuales no son
compatibles con todos los grupos sociales y no consideran la contribucion de las energias

renovables a la demanda total de electricidad.

Resumen en inglés:

Energy consumption in the transport sector and in buildings are of great concern. This research
aims to quantify how eco-routing, eco-driving and eco-charging can increase the amount of
energy available for vehicle-to-building. To do this, the working population was broken into
social groups (freelancers, local workers and commuters) who reside in two cities with different

climate zones (Alcala de Henares -Spain and Jaén- Spain) as the way of using electric vehicle is
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different. An algorithm based on the Here® application program interface and neural networks
was implemented to acquire data of the stochastic usage of EVs of each social group. Finally,
an increase in the amount of energy available for vehicle-to-building thanks to the algorithm was
assessed. The results per day were as follows. Owing to the algorithm proposed a reduction
ranging from 0.6 kWh to 2.2 kWh was obtained depending on social groups. The proposed
algorithm facilitated an increase in energy available for vehicle-to-building ranging from 13.2
kWh to 33.6 kWh depending on social groups. The results display that current charging policies
are not compatible with all social groups and do not consider the renewable energy contribution

to the total electricity demand.

6.4.2 Conclusiones

Las emisiones vinculadas al sector del transporte y a los edificios son una gran
preocupacion en la actualidad. En consecuencia, se debe realizar una mejora en ambos campos.
Esta investigacion propuso un algoritmo basado en la interfaz de la aplicacion Here® (uno de los
proveedores de mapas digitales mas importantes), redes neuronales, vehiculos eléctricos,
planificacion de rutas ecoldgica, conceptos de eco-conduccion y eco-carga. Mediante el uso de
este algoritmo, se evalu6 el aumento de energia disponible para ser utilizada en la tecnologia de
vehiculo a edificio. Sin embargo, un aspecto fundamental a tener en cuenta a la hora de analizar
la energia disponible para la técnica vehiculo a edificio es el uso estocastico de los vehiculos
eléctricos. Para ser méas especifico, es fundamental clasificar a la poblacién activa en grupos
sociales como auténomos, trabajadores locales y trabajadores que ejercen su actividad
profesional fuera de su lugar de residencia. Debido a esto, se recopilaron muchos datos en
condiciones reales de conduccién gracias a la participacién de conductores que pertenecian a
diferentes grupos sociales ya que su forma de conducir es diferente. Finalmente, todas estas
adquisiciones de datos se realizaron en dos ciudades (Alcala de Henares - Madrid- Espafiay Jaén-
Espafia) que se encuentran ubicadas en diferentes zonas climaticas. Las principales conclusiones
que se pueden extraer son:
a) Ahorro de energia

Este algoritmo permite una mejora en el consumo energético de los vehiculos
eléctricos. Como era de esperar, el consumo de energia es diferente segun el grupo social. En

consecuencia, la contribucién a la tecnologia del vehiculo al edificio es diferente. En cuanto a
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Alcalé de Henares, la eficiencia energética alcanza los 2,2 kWh para autonomos al dia. En lo que
respecta a los trabajadores que ejercen su actividad fuera de Alcala de Henares, esta ganancia
alcanza los 1,5 kWh diarios y, finalmente, los 0,6 kWh por dia en el caso de los trabajadores
locales. En cuanto a Jaén, el ahorro es similar. La eficiencia energética alcanza los 1,9 kWh para
autonomos al dia. En lo que respecta a los trabajadores que ejercen su trabajo fuera de la ciudad,

esta ganancia es de 1 kWh por dia y, finalmente, de 0,6 kWh dia para los trabajadores locales.

b) Contribucion a la construccién de vehiculos

La técnica de vehiculo a edificio se basa en el principio de que el propietario del EV
participard e inyectara la energia almacenada en la bateria del EV al edificio. Sin embargo, es
fundamental determinar la energia disponible y, nuevamente, el hecho de tener en cuenta los
grupos sociales influye en la energia disponible para ser utilizada en la técnica de vehiculo a
edificio. Respecto a Alcald de Henares, la energia disponible oscila entre 112 kWh y 144 kWh
diarios en funcidon del mix de grupos sociales existente en el edificio. En cuanto a Jaén, la energia
disponible oscila entre los 76kWh y los 152kWh diarios en funcion del mix de grupos sociales
existentes en el edificio. Por Gltimo, también hay que tener en cuenta que el patron de consumo

energético puede cambiar en funcién de los grupos sociales a los que pertenezcan los ocupantes.

c) Coste de la carga

Para que el proceso de carga sea mas ecoldgico, es necesario cargar los vehiculos
eléctricos cuando la contribucion de energia renovable sea mayor. Con base en el analisis del
consumo de edificios realizado en esta investigacion, el patrén de consumo de energia puede
diferir segiin el grupo social al que pertenece el ocupante de la vivienda. El algoritmo
proporcionado en esta investigacién puede determinar cuando la contribuciéon de la energia
renovable es mayor. Debido a esto, cuando su contribucion es mayor, el precio de carga es mas
caro. Este estudio propone posibles cambios de tarifas para hacer compatibles las técnicas
vehiculo a edificio y vehiculo a la red. Para aplicar esta tarifa, el aumento de MW de energia

renovable instalados es tan importante como el aumento del nimero de vehiculos eléctricos.
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6.5 Publicacion 5: “Can Eco-routing, Eco-driving and Eco-charging Contribute to the
European Green Deal? Case study Alcala de Henares”

6.5.1 Resumen de la publicacion

Resumen en espaiol:

El Pacto Verde Europeo (The European Green Deal) tiene como objetivo hacer de Europa
el primer continente climéaticamente neutro y reducir las emisiones de gases de efecto invernadero
para 2050.

Esta investigacion ofrece propuestas para el Pacto Verde Europeo basadas en el transporte
sostenible, las energias limpias y la reduccion del consumo energético de los edificios. Se
propone un algoritmo basado en la interfaz de programacion de Here®, redes neuronales, datos
del operador del sistema de transmision espafiol, ruta ecoldgica (ER), conduccion ecoldgica
(EDR) y carga ecologica (EC). Su contribucién a la integracion vehiculo-hogar, energia
renovable y compatibilidad vehiculo-hogar y vehiculo-red se analiza mediante adquisiciones de

datos de los viajes realizados por conductores de diferentes grupos sociales.

El algoritmo permite un ahorro de energia diario de hasta 2,2 kWh para autbnomos, 1,5
kWh para viajeros y 0,6 kWh para trabajadores locales. La contribucion del vehiculo al hogar
aumenta de 18 MWh a 553 MWh por afio. Finalmente, las redes neuronales permiten una mejor

integracion de las energias renovables.

Las contribuciones al Pacto Verde Europeo son las siguientes: la eficiencia energética
mejora cuando las politicas se dirigen al sector social adecuado junto con el EDR y el ER; las
redes neuronales permiten lograr una mejor integracion de las energias renovables ya que pueden
predecir cuando su contribucion es mayor; y se deben desarrollar politicas para hacer compatible
el vehiculo a la red y el vehiculo al hogar con el fin de reducir las emisiones de gases

contaminantes.

Resumen en inglés:
The European Green Deal aims to make Europe the first climate-neutral continent and

reduce greenhouse gas emissions by 2050.
This research offers proposals for the European Green Deal based on sustainable
transport, clean energy and reduction in the energy consumption of buildings. An algorithm
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based on the Here® application programming interface, neural networks, data from the Spanish
transmission system operator, eco-routing, eco-driving and eco-charging is proposed. Its
contribution to vehicle-to-home, renewable energy integration, and vehicle-to-home and vehicle-
to-grid compatibility is analysed by using data acquisitions of the trips made by drivers from
different social groups.

The algorithm allows a daily energy saving of up to 2.2 kWh for freelancers, 1.5 kWh for
commuters and 0.6 kWh for local workers. The vehicle-to-home contribution increases from 18
MWh to 553 MWh per year. Finally, neural networks allow better integration of renewable
energy.

The contributions to the European Green Deal are as follows: energy efficiency improves
when policies are addressed to the adequate social sector combined with eco-driving and eco-
routing; neural networks allow for achieving a better integration of renewable energies as they
can predict when its contribution is higher; and policies to make vehicle-to-grid and vehicle-to-

home compatible with reduced emissions must be developed.

6.5.2 Conclusiones

Esta investigacion se llevo a cabo en la ciudad de Alcala de Henares (Madrid, Espafia)
con el objetivo de investigar los impactos de la conduccion ecoldgica (EDR), ruta ecoldgica (ER)
y carga ecoldgica (EC) sobre varios factores vinculados al Pacto Europeo Verde (EGD). Para
ello se implementd un novedoso algoritmo en Python, basado en la interfaz de aplicacion Here®,
redes neuronales y datos publicados por el operador de sistema espafiol con el fin de reducir el
consumo de energia e identificar el momento 6ptimo de carga de la bateria de los vehiculos
eléctricos (EVs). Los datos se obtuvieron en base a los perfiles de los conductores, teniendo en
cuenta los grupos sociales mas importantes de la poblacion activa, como autonomos, trabajadores
locales y trabajadores fuera de la ciudad. Los resultados mostraron que EDR, ER y EC pueden
ahorrar cantidades significativas de energia en el futuro si se cambian las politicas en Espafa.
Mas especificamente, los resultados muestran que la eficiencia energética por vehiculo podria
alcanzar 1,5 kWh por dia para los trabajadores que ejercen su actividad fuera de la ciudad objeto
de estudio, 0,6 kWh por dia para los trabajadores locales y 2,2 kwWh por dia para los autonomos
cuando se utiliza nuestro algoritmo.

Se pueden hacer varias contribuciones al EGD, de la siguiente manera:
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a) Es vital que se desarrollen diferentes politicas para diferentes grupos sociales (autbnomos,
trabajadores que ejercen su actividad fuera de la ciudad objeto de estudio, etc.) ya que estos

no contribuyen de la misma manera.

b) La eficiencia energética obtenida mediante el uso del algoritmo propuesto aumenta la
energia disponible para la tecnologia vehiculo conectado a domicilio (V2H). La cantidad
de energia disponible para V2H aumenta entre 18 MWh y 553 MWh dependiendo del grupo
social.

c) El bloque EC utilizado en esta investigacion permite a los conductores cargar los EVs
cuando la contribucion de las energias renovables es alta. De esta manera, las ER pueden

integrarse mejor para descarbonizar el sector eléctrico.

d) Es poco probable que los autbnomos y los trabajadores que ejercen su actividad fuera de la
ciudad objeto de estudio participen en V2H o en la tecnologia vehiculo conectado a red
(V2G) debido al niamero de kilometros cubiertos diariamente, a menos que se puedan
desarrollar politicas para garantizar precios mas bajos cuando la contribucion de energias
renovables es alta. En Espafia, los precios son actualmente mas altos cuando la contribucion

de las energias renovables es mayor.

e) Las politicas no pueden cambiar si no se aumenta la potencia actualmente disponible de
energias renovables en Espafia. Como se describe en c), parte de la demanda podria
moverse cuando la contribucion de energias renovables es alta, gracias al bloque EC

implementado en este algoritmo.

) Los resultados obtenidos muestran que las politicas actuales para fijar el coste de carga de
los EVs en Espafia no son compatibles con una alta contribucion a V2H y V2G de los

diferentes grupos de la sociedad
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7. OTRAS APORTACIONES CIENTIFICAS DERIVADAS DE LA TESIS
De la presente tesis se han derivado otras aportaciones consistentes en la redaccion de

dos capitulos de los libros indicados en los siguientes apartados.

7.1 Libro Alternative Energy Systems in Buildings

Tabla 6. Datos de la putlicacion en Alternative Energy Systems in Buildings

Titulo Alternative Energy Systems in Buildings

Fecha de la publicacion | Enero 2019

Editores Antonio Colmenar-Santos
Enrigue Rosales-Asensio

David Borge-Diez

Contribucion Chapter 4. Solar Thermal Systems for High
Consumption Demand Buildings. (coautor)

Coautor
Editorial Nova editors
ISBN 978-1-53614-203-7

7.1.1 Resumen de la publicacion

Chapter 4. Solar Thermal Systems for High Consumption Demand Buildings. (coautor)

La energia solar térmica se ha convertido en una solucion de energia renovable para
nuevos edificios durante los Ultimos afios. Aungue este sistema se ha integrado facilmente en
edificios de poca altura, un desafio continuo es la integracion de la energia solar térmica en
soluciones arquitectonicas exigentes para edificios de gran altura. Este articulo se focaliza en
instalaciones solares de agua en edificios de gran altura, centrandose en la integracion de
colectores solares en el edificio, instalacion de distribucion de agua caliente y propone una

solucion para minimizar el riesgo de exposicion a Legionela. Como ejemplo de los requisitos de
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la energia solar térmica en los paises en desarrollo, el articulo analiza la introduccion de
estandares de agua caliente solar en Brasil, donde si bien existe un borrador de documento para
una norma federal, ciudades como Sao Paulo ya cuentan con requisitos de energia solar térmica
para cualquier edificio nuevo de la ciudad. Para impulsar el desarrollo de la integracion
renovable, iniciativas como PROCEL certifican el desempefio energético de los edificios si
cumplen con el objetivo de mejora, frente a los requisitos reglamentarios, de generar un minimo
del 60% de agua caliente mediante energia solar térmica. El caso de estudio presentado para un
hotel de 5 estrellas justifica claramente la instalacion de sistemas solares térmicos en edificios

con una alta demanda de agua caliente.

7.2 Libro Technologies and Applications for Fuel Cell, Plug-in Hybrid, and Electric
Vehicles

Tabla 7. Datos de la publicacion Technologies and Applications for Fuel Cell, Plug-in Hybrid and Electric
Vehicles

Titulo Technologies and Applications for Fuel Cell, Plug-in
Hybrid, and Electric Vehicles

Fecha de la publicacion Enero 2019

Editores Antonio Colmenar-Santos
Enrique Rosales-Asensio

David Borge-Diez

Contribucién Chapter 3. Profitability of a sustainable transport model

based on electric mobility

Chapter 5. Hydrogen Refueling Stations (coautor)

Editorial Nova editors

ISBN ISBN: 978-1-53614-205-1
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7.2.1 Resumen de la publicacion

Chapter 3. Profitability of a sustainable transport model based on electric mobility

En este capitulo, se integro el articulo publicado por la revista Energy en 2014 titulado
Macro-economic impact, reduction of fee deficit and profitability of a sustainable transport

model based on electric mobility. Case study: City of Ledn (Spain)

Chapter 5. Hydrogen Refueling Stations

Un cambio hacia combustibles bajos en carbono es necesario para lograr la
descarbonizacién del sector del transporte, el cual es responsable del 14% de las emisiones
mundiales de gases. A pesar de que los vehiculos de pila de combustible son vehiculos con cero
emisiones de escape, su uso es actualmente residual. Una integracion masiva de vehiculos de pila
de combustible se enfrenta al dilema “del huevo de gallina”. Por una parte, los vehiculos
necesitan una infraestructura de repostaje adecuada para proporcionar un suministro de
hidrogeno seguro y continuo. Por otra, un despliegue viable de la infraestructura de repostaje
necesita el apoyo de un mercado inicial de vehiculos. En este capitulo, se propone una estrategia
factible para superar el citado dilema, utilizando la flota local de taxis como un mercado estable
de consumidores de hidrogeno para poner en marcha una infraestructura de suministro de
hidrogeno minorista en ciudades de alta densidad de poblacién. El disefio se basa en dos
objetivos: asegurar el suministro de hidrdgeno, tener en toda la ciudad una alternativa cercana
para repostar y maximizar la tasa de utilizacion de la infraestructura. La estrategia aplicada a la
ciudad de Madrid muestra que 415 millones de délares de fondos publicos asignados a lo largo
de 25 afios proporcionarian en seis afios una red de 112 estaciones de repostaje de hidrogeno,
capaces de suplir las necesidades de hidrogeno de 15.000 nuevos taxis eléctricos de pila de
combustible lo que reduciria las emisiones de 300 kt CO> anuales.
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8. CONCLUSIONES

8.1 Validacion del software

Tal como se ha expuesto a lo largo de esta tesis, la validacion del software de las ECUs
es un elemento clave tanto en el presente como en el futuro de la automocién teniendo en cuenta
que su namero no para de crecer a medida que se afiaden nuevas funcionalidades a los vehiculos.
Por tanto, es primordial centrarse en la proposicion de nuevas técnicas de validacion que permitan
disminuir el tiempo necesario para verificar un software produciendo una mejora de su fiabilidad
y calidad. Referente a la disminucion de los tiempos de validacion, las conclusiones de esta tesis

son.

a. El uso de dos EXs, uno centrado en las prestaciones del software (caja negra, black-box)
y el otro encargado de la codificacion de dicho software (caja blanca, white-box), ofrecen
mejores resultados en deteccion de errores software que las técnicas tradicionales
ampliamente utilizadas en automocion.

b. Su implementacion requiere méas tiempo que las técnicas tradicionales utilizadas en
automocién para funciones simples o0 muy complejas. A pesar de esto, su disefio no puso
en riesgo la planificacion del proyecto en el que se realizé esta investigacion. Para el caso
de SMs de complejidad media, se obtuvo una mejora en cuanto a productividad.

c. El uso de estos EXs combinados con DlIls permite conseguir una mejora en la
automatizacion de los TCs mediante simulacion HIL.

d. Los parametros de cobertura de codigo asi como funcional se ven mejorados gracias al
uso de los EXs, si bien su valor depende del nimero de estados en el modelo funcional
utilizado en los EXs y del nimero de subintervalos en los que las entradas SM se pueden
dividir.

e. La técnica expuesta en esta tesis doctoral es aplicable a cualquier ECU de un vehiculo,
siempre y cuando las especificaciones del software hayan sido confeccionadas en
Simulink® (caso mas habitual en los software complejos de automocidn). Este hecho es
muy importante, teniendo en cuenta la prohibicion de los vehiculos de combustion a partir

del 2035 en la Union Europea.
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8.2 Modelos de transporte sostenibles

En la presente tesis, se ha descrito un modelo de transporte sostenible basado en
movilidad eléctrica. Es importante tener en cuenta que estos modelos siempre han sido puestos
en duda desde un punto de vista econémico, puesto que nunca se ha encontrado certeza en la
posible rentabilidad para todos los participantes en el citado modelo, como son el Estado, las
empresas eléctricas, comercializadoras y el usuario del EV. De lo expuesto en esta tesis, se

pueden deducir las siguientes conclusiones:

a. Espafa tiene una fuerte dependencia energética, asi como un fuerte déficit tarifario que
requiere tomar medidas rdpidamente.

b. Siguiendo el modelo propuesto en la siguiente tesis, queda demostrado que el Estado no
pierde dinero por el no ingreso por impuestos de hidrocarburos. Este estudio muestra que
es posible rentabilizar este proyecto para los usuarios de EVs, el Gobierno,
comercializadoras y empresas eléctricas, mediante el uso de politicas regulatorias
adecuadas. Como resultado, se recuperarian las pérdidas por impuestos sobre la gasolina.

c. Esta investigacion muestra que el déficit tarifario de Ledn se puede reducir en un 43,5%
- 47,1%, consiguiendo a su vez una reduccién de la demanda de gasolina Este beneficio
obtenido por el Estado gracias a la aplicacion de este modelo, podria utilizarse para
reactivar la ayuda financiera para instalaciones de RE. Este hecho mejora la
competitividad de las empresas espafiolas y disminuye los costes operativos de los EVs.
Como resultado, la economia espafiola disfrutara de una mayor proteccién frente a las

fluctuaciones del precio de la gasolina.

d. Esta investigacion va en linea con las politicas actuales de la Unién Europea, como el
EGD vy la prohibicion de vehiculos de combustion, pues demuestra que la promocion del

EV es econdmicamente viable.

8.3 Aportaciones de los modelos de transporte sostenible

Esta tesis no sélo se ha centrado en la proposicion de modelos de transporte sostenible
sino también en las aportaciones colaterales que los citados modelos tienen en la sociedad, asi
como en la proposicion de mejoras a tener en cuenta en las politicas europeas actualmente en

discusion.
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1. Aportaciones a las politicas europeas

Las siguientes conclusiones se pueden extraer:

a. EIEDR, el ERy el EC deben ser factores a considerar en el actual EGD, por su
importante contribucion a la disminucion de consumo energético de vehiculos,
de edificios y mejora de la integracion de las REs.

b. Necesidad de investigar y promover nuevos algoritmos, tal como el expuesto en
esta tesis, que permiten mejorar los citados tres parametros: EDR, ER y EC.

c. Tal como laldgica indica, es necesario promover el uso de EVs para la reduccion
de emisiones locales. La aportacién de estos vehiculos a técnicas como V2G o
V2H esta fuertemente influenciada por el uso estocastico del EV. Esta tesis
demuestra la importancia de tener en cuenta los sectores sociales existentes en
la poblacién activa (autbnomos, trabajadores que trabajan fuera de la ciudad o
en la propia ciudad) puesto que el uso del EV es distinto.

d. Tal como se ha descrito en esta tesis, los ahorros energéticos de los diferentes
sociales usando el algoritmo empleado en esta tesis difieren fuertemente. Los
resultados muestran que la eficiencia energética por vehiculo podria alcanzar 1,5
kWh por dia para los trabajadores que ejercen su actividad fuera de la ciudad
objeto de estudio, 0,6 kWh por dia para los trabajadores locales y 2,2 kWh por
dia para los autdbnomos cuando se utiliza nuestro algoritmo.

e. El uso del algoritmo propuesto en esta tesis permite mejoras sustanciales en
cuanto a energia disponible para ser usada para V2H. Esta energia ha sido
calculada teniendo en cuenta los grupos sociales anteriormente mencionados.

f. Resulta esencial que el propietario del EV disponga de un elemento que le
indigue en qué momento del dia es mejor que realice el proceso de carga teniendo
en cuenta la contribucion de las REs. El concepto de carga ecoldgica utilizado
en esta investigacion permite a los conductores cargar los EVs cuando la
contribucion de las REs es alta. De esta manera, las REs pueden integrarse mejor
para descarbonizar el sector eléctrico.

g. Las politicas no pueden cambiar si no se aumenta la potencia actualmente

disponible de energias renovables en Espafia.
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h. Las politicas actuales para fijar el coste de carga de los EVs en Espafia no son
compatibles con una alta contribucion a V2H y V2G de los diferentes grupos de
la sociedad tal como se ha demostrado en esta tesis.

i. Esta investigacion va en linea con las politicas actuales de la Union Europea,
como el EGD y la prohibicion de vehiculos de combustion, pues demuestra que
la promocion del EV implica aplicaciones novedosas que repercuten en la
disminucion de emisiones gracias al uso de EDR, ER 'y EC.

Aportaciones al ecodisefio

Tal como se ha analizado en esta tesis, las actuales normativas de ecodisefio no tienen

en cuenta los aspectos de eficiencia energética durante el disefio del producto. En otras palabras,

la eficiencia energética no solo debe ocuparse de la fabricacion sino también de la fase de disefio

del producto. Gracias al ahorro de eficiencia eléctrica del EV gracias al algoritmo propuesto en

esta tesis basado en ER, EC y EDR, se consiguen contribuciones importantes al ecodisefio gracias

a la reduccién de consumos energéticos de los edificios donde se encuentra el equipo disefio de

un producto considerado en esta parte de la investigacion. Las conclusiones que se pueden extraer

son:

a.

Algoritmos basados en ER, EC y EDR, como el propuesto en esta tesis doctoral, permite
reducir el consumo del EV. A su vez, las redes neuronales proporcionan a los conductores
informacion atil sobre cuando es el momento dptimo para cargar la bateria, teniendo en
cuenta el aporte de RE.

Este ahorro energético descrito en el apartado anterior permite reducir las emisiones de
los edificios que integran el centro de estudio considerado en esta investigacion. Gracias
al algoritmo propuesto se pueden conseguir reducciones de emisiones de hasta 23.55 kg
por dia mas que sin utilizar el citado algoritmo.

Un punto esencial demostrado en esta tesis es que no solo es importante el uso de EVs
durante el desarrollo de un producto para reducir emisiones durante el disefio del mismo,
sino que es esencial elegir las ubicaciones de los ingenieros participantes en el desarrollo
del producto.

La contribucion de V2G a la demanda energética del edificio varia entre 0.5% y 1.3%

cuando se utiliza el algoritmo propuesto en este estudio en un pequefio centro de disefio.
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Esta investigacion va en linea con las politicas actuales de la Union Europea, como el
EGD vy la prohibicion de vehiculos de combustion, pues demuestra que la promocion del
EV implica aplicaciones novedosas que repercuten en la disminucion de emisiones
gracias al uso de EDR, ER 'y EC.

. Aportaciones a la técnica V2B

En este eje de la tesis doctoral y usando el mismo algoritmo descrito en el apartado anterior,

se pueden deducir las siguientes conclusiones:

a.

Los resultados muestran lo importante de tener en cuenta el uso estocastico del EV a la
hora de evaluar la técnica V2B pues el rango puede variar entre 112 kWh y 144 kWh
dependiendo del mix de ocupantes del edificio (autdnomos, trabajadores locales o
trabajadores de fuera de la ciudad objeto de estudio).

En el caso de Esparia, a partir de las dos ciudades tenidas en cuenta en este estudio, no se
observan diferencias significativas entre los consumos debido a los efectos de la
temperatura.

Las politicas actuales relativas a la carga hacen del todo inviable la participacién en las
técnicas actualmente bajo estudio como son la V2G, V2B o V2H. Consecuentemente, se
muestra en esta tesis doctoral posibles variaciones de la actual tarifa aplicada al EV a la
hora de efectuar la carga de la bateria.

Si bien las administraciones se estan centrando actualmente en la promocion del EV, en
esta tesis se muestra que igual o mas importante es promover las instalaciones de RE para
poder obtener una integracion 6ptima de las técnicas V2G, V2H o V2B.

Esta investigacion va en linea con las politicas actuales de la Union Europea, como el
EGD vy la prohibicién de vehiculos de combustion, pues demuestra que la promocion del
EV implica la disminucion de las emisiones de edificios en un mayor grado cuando se
combinan con EDR, ER y EC.
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ANEXO 1. Copia de la publicacion: “Macro-economic
impact, reduction of fee deficit and profitability of a
sustainable transport model based on electric mobility.
Case-study: City of Leon (Spain)”
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The Spanish economy faces two key issues. The first of these is the significant reliance on non-renewable
energy, which reached 76.4% and was 22 points over the European Union average. Secondly, the threat
that the fee deficit poses to the sustainability of the National Grid. This fact is forcing the Spanish
Government to implement measures focused on tax increases. However, these decisions have done little
to contain the situation. This paper proposes the use of sustainable transport models based on electric
mobility: smart grids, buses, taxis and electric vehicles, in the city of Ledn, Spain (135,059 inhabitants) as
an important means for controlling and reducing the fee deficit. Through exhaustive analysis of EV
(electric vehicle) market penetration against current Government forecasts, a rigorous profitability study
has been conducted for the period 2020-2030 (when smart grids will be ready). By introducing policy
modifications, the Net Actual Value internal rate of return and payback figures justify its implementation.
Thus, the fee deficit of Ledn could be reduced by up to 43%. Finally, an analysis of macroeconomic im-

pacts, such as competitive improvements in the economy, and environmental impact is conducted.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

According to a Eurostat report published in February 2013, EU
(European Union) energy dependency in 2011 — understood as the
relationship between net imports and gross energy consumption
reached 54%. Between 2008 and 2011, consumption fell in 23 of the
27 member states of the EU. The most significant reductions took
place in Lithuania (-245%), Ireland (-12.3%), Greece (-12.3%),
Romania (-10.2%), Spain (-9.9%) and the United Kingdom (-9.9%).
The Spanish energy dependency index is 76.4%; 22.6 points above
the EU average [1].

The breakdown of final energy consumption by source shows
the current energy dependency on non-renewable energies as well
as forecasts for 2020, where oil products and derivatives will
continue to play a predominant role in the economy (Fig. 1) |2).

The transport sector accounts for almost 40% of the total pri-
mary energy consumption. This figure can be broken down by

* Corresponding author. Tel.: +34 913 987 788.
E-mail oddress: acolmenar@icec uned es (A, Colmenar-Santos).
! Tel: +34 913 986 476; fax: +34 913 986 028.

0360-5442/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.

http; /Jdx.doi.org) 10,1016 /) energy. 201311077

transport mode as follows: 80% by road vehicle, 14% by air, 3% by
train and 3% by sea. Thus, the sector consumes 65% of the total
annual amount of petrol imported by Spain [2].

Considering the trend in terms of absolute variability of energy
consumption, the tendency has been dissimilar. It followed the
same pattern as GDP (gross domestic product) from 2005 until
2008, 2009 and 2010, when the energy intensity began to reduce
owing to high energy prices and reduction in economic activity. The
energy intensity in this area has had a downward tendency since
2004 as a result of lower activity levels in certain sectors and lower
mobility of freight and passenger transport in all transport modes
(Fig. 2) [2).

In Spain, 24% of greenhouse gases (namely CO;) come from the
transport sector. Therefore, significant efforts must be made to
achieve the goals established in the various international agree-
ments |2). According to data published by the EU, the quantified
emission limitation or reduction commitment as agreed in accor-
dance with article 4(1) of the Kyoto Protocol for Spain is 115%
(percentage of base year or period) |3 ).

Leon (42°35'59"N 5°34'18"0) is located in the region of Castillay
Ledn (Spain). Its energy consumption pattern does not differ from
the rest of Spain. This fact is demonstrated in the 2011 indicators
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Nomenclature Miren  EV mass [kg]
MIET  Ministry for Industry, Energy and Tourism
a acceleration [m/s?) MOVELE electric mobility plan
Ajroneay frontal area [m?) NPV net present value

Cim COp emitted per vehicle
Carag drag coefficient

CED chief executive officer

CME Mational Energy Commission

d number of EVs driven in the considered year
dry diameter [m)|

DGT traffic agency

EB electric bus

Eco, amount of CO;/day generated by electric vehicles [t

regional energy entity

ET electric taxi

EU European Union

EV electric vehicle

f factor of battery charge reduction after charging and
discharging cycles |%]

g gravity [m5?]

G transmission gear ratio

GDP gross domestic product

GPS global position system

h number of howrs an EV joins the grid in V2G
IDAE  Institute for Diversification and Energy Saving
IMF International Monetary Fund

INE National Statistics Institute

IPC consumer price index

IRPF personal income tax

TIR internal rate of return

n number of working days/year

Mgy number of EVs with maximum battery charge of 80% of
its nominal capacity

p estimated energy for supply to Grid [MWh]

P participation in V2G [85%)

acceleration losses W]

Paerg aerodynamic losses [W]

Pha power battery [W]|

P motor's electric power [W]

Pmowe  pOWEr necessary to move the EV [W)
Pres residual power [W)

Prall rolling losses W]

Py effective power [W]

Peomsumer & benefit to EV user from V2G transaction

Ppact MWh price in the pool during period of consideration
[&/Mwh]

Prac user payment from V26 transactions [€]

RD roval decree

RE renewable energy
REE spanish electricity grid
SEE spanish electric system

SGs smart grids
T50 Transport system operator
VAT value added tax

VG vehicle to grid

recently published by the EREN (Regional Energy Entity), of the
Castilla y Ledn Government, as depicted by Table 1 [4).

Due to the implementation of energy efficency measures,
combined with the slowing down of economic activity in the main
Spanish sectors, a reduction in consumption took place in 2011, This
is in line with the rest of the country.

Spain occupies a privileged position in the field of RE {renewable
energy) and consequently if their use were encouraged, a signifi-
cant reduction in Spanish energy dependency would occur. Castilla
y Ledn stands out when it comes to wind power and solar energy.
Photovoltaic energy has increased from 13 MW installed in 1998 to
5,252 MW in 2010. Wind power in this region produces more than
20% of the total generated in Spain, with an installed power of
398 MW. This places Castilla y Ledn in fourth position in relation to
the other Spanish regions [5].

Evolution of primary energy consumption by source

BL000
501000
a0
# a0
2000
10000
0

W04 07 08 W09 Mo e 1m0
Weodl  WOWpeodets  WNatoslgs WEWowicly W Renewableencrgies

Fig. 1. Breakedown of primary energy consumption by sowrce.
Source: IDAE {Institute for Diversification and Energy Saving).

When implementing and developing sustainable urban trans-
port models, different types of factors should be considered; for
example, technological, environmental, economic, social, etc.
depending on the case-study city. As a result, a generalist model
seems unlikely to be proposed, as shown in the conclusions of
SUTRA {sustainable urban transportation) [5].

Among the technologies available to implement this model, one
can currently find three options: hybrid vehicles, EVs (electric ve-
hicles) and fuel cell vehicles [7-9).

» Hybrids are an intermediate case between the other two; they
still generate greenhouse gases, but in smaller quantities | 10],

Evolution of energy intensity
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- o = = |

2000

EEE

Fig. 2. Growth af energy intensity [2004-2010).
Source: [nstitute for Diversification and Energy Saving.
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Tabde 1
Annual energy demand varistion
Comwersion faoors iep 2008 2009 2o zmn
D.0BE cep/MWh-FO Marural gas 1,546,104 1,821,527 1. 782444 1,763,711
D.0BE tep/MWh [El=ctricicy 1,121 5E0 1091857 1083168 1,062,349
1.13 Leplt Liguefied petrokesm gas 131251 113446 122359 EXI5T
.07 LEpit asiolins 417268 403036 181558 349531
1035 teplt Diesel 3,382 00 IIEEIT 3 258 957 3,035,979
D96 Lepit Fuel oil 149,156 10 =72 6B 953 a7.520
Coal 46,150 23070 30,395 13,505
Renwwable Energy Thermnal solar 3611 ra4 3932 TS
Biomass 42,130 43581 47,703 45,523
Final Ceothermal o 541 T26 101&
TOTAL 6940250 BE1E531 6,791,256 6.434,571
Annisal varation 4,66 IEIT 5251

Source: Covermment of Castilla v Ledn.

» As for fuel cell vehicles, they are completely emission-free when
operating. As proven by research from the Mational Renewahle
Energy Laboratory [11], their performance regarding autonormy
and battery life is good. However, hydrogen generation is still a
key isswe facing problems such as production processes, econo-
mies of scale and technological development [ 12]. Even though
this technodogy is stillindevelopment, the passibility ofit playing
an important role in the future must not be neglected [ 13,14).
As for EVs, their main disadvantage is their low autonomy and
the insecurity this causes for potential EV [electric vehicle) users
|13]. Howeever, this fact should not be considered a major
sethack for their potential expansion since one of the biggest
battery manufacturers in Europe (Axeon) forecasts autonomies
higher than 500 lam by 2020 [15].

Both EVs and fuel cell wehicles generate well-to-wheel emis-
sions that include the ones related to fuel production, processing,
distribution and use. As a result, even though when driving, they
are completely emission-free, other essential factors linked to their
operation, such as electricity generation or fuel cell production,
cause pollution.

Energy efficiency in the mwansport sector = a key issue in
improving this factor, and many soudies are being conducted on
this subject. Some of these have aimed to predict energy con-
sumnption in this sector on a long-term basis [16,17]. In additon,
some papers have assessed the influence of current European
Union policies on private wehicles, especially on the subject of
sustainability [15]. Others have focused on the use of electric
transport to measure its impact on sustainability [19,20] as well
a5 a better integration of RE |21,22]. Further research has
centered strongly on the use of quantitative indicators [23).
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Fig. 3. Incomnee and average oot ewolubion.
Source CHE

Implementing these sustainable models brings significant costs
as well as income loses for the Government. As a result, their
profitability is in doubt.

Previous research [16,17.23) has not included specific case
studies on sustainable models and their potential uses and
economic profitability; instead, they have been limited to envi-
ronmental aspects and energy dependency. This study has used
a traditional model based on electric mobility: SGs (smart grids)
| 24.25], EVs (electric vehicles), EBs (electric buses) [26] and ETs
(electric taxis). Through a reasoned proposal of adegquate
remuneration policies, it reconciles the interests of the Gow-
ernment, EV users and generation and distribution companies,
for it is only if each of these parties is involved that the swccess
of the proposed plan for a sustainable transport model will be
assured. Furthermore, it will allow Spain to not only reduce its
energy dependency and environmental impact, but also reduce
the current tariff deficit (26,062 M« in March 2013 |27]) without
the need to impose high taxes, a3 has been the case in recent
Ve ars.

2. Liberalization of the electricity market. Situation in Spain

Al countries where a liberalization of the electricity market has
taken place have dealt with imbalances between real costs and
regulated fees. The United Kingdom and Eastern European coun-
tries have chosen to eliminate the larter, whilst others, such as the
LISA, have created an exira fee which is added to the regulated ane,
taking imto account generation, transport, distribution and sales
costs [2E].

Howeever, the Spanish electricity system has not restrained the
growth of the fee deficit,” with a major increase in costs from
19498 po 2009, Unil 2002 this increase was moderate, owing to
lower financial costs and greater demand for electricity. Since
2003, the trend has strengthened due to renewable energy
production and higher Brent prices [29]. Consequently, the
Spanish market suffers from a structural income deficit on
regulated activities. This is confirmed by the existing difference
between average toll incomes and real system costs according to
data published by the CNE (Mational Energy Commission) [Fig. 3)
[30]-

The Spanish Government has driven several legislative reforms
to restrain the fee deficit since 2012 After the approval of RD 1/
2012 of 27th January, financial aid ve RE facilities for feeding

 Thee fee deficit i the difference between the mtal incomes coming from access
tariffs and real costs. Whereas the former are regulaied by the Govermment, the
latter are made up by costs of transpon, distribution, subsidies o renewable en-
ergles as well as other activities. In May 2013 the Spanish fee deficit reached
ZEADGZ M.
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electricity into the grid was suspended. Law 15/20012 of ZTth
Decernber was passed to impase a fiscal change in the electricity
system by introducing three new taxes: one on electricity pro-
duction value, one on nuclear fuel production and finally one on
nuclear radioactive waste. In 2013, RD Law 92013 procesded to
suspeend fimancial aid to all RE facilities, even those built before the
approval of this RD. Finally, it must be pointed out that tolls have
continued to increase in recent years ( Table 2 [30].

If the current fee deficit were constrained at its current value,
the only way to reduce it would be to increase taxes. As a result,
Spanish competitiveness would be strongly affected. Spain
cumently has the third highest electricity price in the EU [31).
Therefare, this paper propases a sustainable transport model for
Ledin by 2020 to contribute to reducing the fee defiat as well as
achieving environmental targets, a reduction in petrol consumg-
tion and better integration of REs on a large scale.

3. Initiatives to encourage sustalnable transport

Among the main actons aken to reduce energy dependency in
Spain, one can find policies dedicated to encouraging the use of EVs
as well as pilot schemes fooused on public transport EBs and ETs,
which are currently carried out in various Spanish and European
cities.

EV's are essential to a sustainable manspon madel] for reducing
local OO0 emissions, due to their performance (85%—90%) against
traditional vehicles (%0%) (32| and their potential for recharging
with RE.

The MOVELE Plan{eleciric mobility plan) is outlined in the
Integral Strategy as a means to promote EVs in Spain, bebween
2010 and 2014 A series of initiatives are being undertaken to
stimulate penetration: financial aid for purchasing EVs, the
introduction of Charging Manager roles (responsible for selling
the necessary electricity to recharge EVs, pushing for the instal-
lation of new charge points in public spaces, car parks or shop-
ping centers), and the introduction of the peak charge with a
view o increasing overnight charging [33).

The final goal is achieving a votal of 250,000 EVs in Spain by
the end of 2004 |33]. This plan has been brought forward due 1o
cooperation from Movistar [34], who will be in charge of
communicating the charge point locations to EV owners through
S (global position system) and Smartphone applications. As a
result owners will always have information about the nearest
charge point. This will help alleviate any concems about the wse
of EVs, such as running out of energy mid-journey. Alongside this
plan, the regional strategy strongly adwvocates EVs in Castilla y
Ledn, as led by the regional government. Its main target is
achieving 15,000 EVs in Castilla y Ledin [35].

EBs significantly reduce emissions from public transport. There
are two factors impeding their widespread use: price and battery
life. On the issue of barery life, different pilot schemes were
conduwcted im 2011 and 20012, with significant results. In Madrid,
from Blarch 2012, an EB (electric bus) called FOTOM was in
operation, in order to test performance. The initial data obtained
show a saving of 150 < /day/bus in petrol and maintenance [36).
Addirionally, from January 2011, the first stage of the PILAVESA
praoject started, in Pamplona (Navarra — Spain). The results ob-
tained after 1149 days of operation were: total energy consumption
of 142,233 kWh and average daily consumption of 119 kwh. The
second stage took place in April 2002; placing solar panels on the
roof of the bus with the aim of increasing wotal battery life over
20-30 km [37]. In June 20012 an EB (model BYD K9), started
operating in Barcelona (without passengers). The provisional re-
sults are acceptable considering the high traffic intensity in

Table 2
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Barcelona. The EB was able to travel 210 km (compared to 250 km
indicated by the manufacourer) |3E].

Finally, the model considers ETs. In Spain, there is only one type
[Missan Leaf), registered in 2011, The most important results are:
ATE00 km traveled, with a daily average of 140 km at 80% capacity,
and a standard working day consumption of 13 k\Wh per 100 km | 39).

4. Sustainable transport model profitabllity study. Case-
study: city of Ledn (Castilla y Ledn—Spain)

‘When evaluating the profitability of a sustainable ranspont
maodel, it is necessary to analyze a number of subjects such as the
specifics of Ledn, the model itself, the most realistic EV market
penetration against Government forecasts, and future energy con-
surmption to assess the share of V26 technology. Finally, a study is
carried out on factors such as inflation, costs and energy con-
surnption to establish the impact of this model from an econamic,
environmental and energy point of view.

4.1, Specifics of Ledn

Ledin is a city of 135,059 inhabitants located in the region of
Castilla y Ledn (Spain) where considerable investment is being
made in the development of SGs. This involves the potential for use
of this kind of network together with electric mobility and V26
technology. Ledin is ideal for carrying out this case-study for several
TEA5005.

‘When studying the current situation of Ledn, it is essential to
analyze the wse of public and private transport. The first mode to
consider is buses, The average age of the fleet is roughly 4 years and
incorporates technologies such as Euro IV and biodiesel engines.
When it comes to coverage, not all zones of the dry are equally
covered as not all areas are well connected by bus rowtes, Taxis are
another significant element, with a toral of 200 licenses [ 1.04 taxis/
1000 inhabitants). In relation to private ransport, it has been
estimated using data published in Ledn's urban mobility plan that
100,166 journeys a day are made, with an ocoupation rate per
vehicle of 126 people, an average of 3.18 kmfjourney and an
average speed of 1162 km/h [40].

Tourist attractions and areas for eating out are lecated in the city
center (Fig. 4). Because of this, several local by-laws prohibir traffic
in certain zones. The rest of the zones are subject to restrictions for
twio reasons: improvements in inhabitants’ quality of life and
encouraging tourism. Downtown Ledn has large parking areas
which could be used to install charge points. Above all, the objec-
tive is to decrease the energy necessary for the operation of the
City's (ranspore.

d: Historical ansa

Bihi! Saimi-pedesirian canta arda
Grasian: Padistrian &k under
FRELDRALN

Flg. 4. Map: Ledin city center.
Source: Google Maps and Ledn Town Hall.

4.2 Sustaineie transpart madef

In 2007, Ledn had a total of 14 bus lines. Following approval in
2009 of the ‘Integral Plan for sustainable mobility in Ledn’ this was
reduced to 10, in order to reduce petrol. The number of buses
necessary to operate public transport will remain constant in the
years to come [40]. This study has allowed for 35 EBs to guarantee
service.

Considering these figures, the average consumption was 41.5 If
1040 km, with a total of 1,817,312 kmyear [40].

The transport model described here consists of replacing the
current conventional buses with an equivalent number of electric
ones [ BYD brand equipped with a 324 k\Wh battery) [41], at a cost of
400,000 &/unit [42]. Despite this, leasing has been chosen instead
of buying, following Barcelona's example, with a total cost of
11,580 & /month/bus, maintenance included |43 ], with the option to
buy for €125,750 each in the third year. Annual maintenance is
estimated at 0.021 €/kmybus [44). As a result, this concept will
incur a cost of approximately 41,000 €year, updated annually us-
ing the IPC [consumer price index ). This amount will be paid from
the third year.

The model is completed by 200 ETs operating in the dry by
2020. This number has been chosen by the authors since the
number of licenses has changed slightly over the last few years
and the mobility plan lacks a clear objective on this subject. A
slow daily re-charge, overnight charge, and quick charge between
1 pm and 3 pm have been assumed in order to guarantee the
bartery life required for a full working day. The cost of ETs (Missan
Leaf), which goes up to 24,000 € funit, has not been considered in
the profitability study (Excel file enclosed with this paper). This is
Jjustified by the cost of its diesel counterpart |approximately
23300 </unit in Spain [45]), an assumed 10-year lifespan of
300,000 km, an average consumption of 8.5 11100 km and a diesel
price of 1.4 </I. all these factors lead to a profit of 35,700 <,
without considering income from taxi services, and so the slight
original overprice of ETs will dearly be paid off. In addition,
savings will be even higher as diesel prices will increase between
2020 and 2030,

Finally, the ranspont model will include 900 charge points at a
cost of 2000 € each [45].

The use of this model implies benefits for all parties involved in
the electricity sector as well as Ledn's inhabitants:

a) Electricity companies and ageregators

Addirional income and new business opporunities as a result of
electricity sales from V26, as well as eleciricity generation for the
charging of EBs, ETs and EVs.

b) Ledn inhabitants

Ledin's inhabitants benefit from the sustainable transport model
as the reduction of greenhouse gases such as NOy, C0g, and 50, will
contribute to environmental and well-being improvements.

c) BV owners and the Government

EV users receive a reduction in maintenance and journey costs
compared to traditional vehicle users, in addition to the payment
received for joining the grid. However, the Government loses out
through decreased income from hydrocarbon and VAT (value

1 Index that measures the price development of gods and services consumed by
families in & cowniny.
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Population growth: Ledn Table 4
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Fig. 5. Population groweh: Ledn. Estimate
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made using data from the Covemment al

added tax) taxes, which reduces the model's economic wiability.
Despite these considerations, after implementing this model
together with retributive and tax policies, the Government is able
to collect sufficient revenue to balance the aforementioned losses.
As a result, energy dependency, as well as the fee deficit, is
reduced, assuring the economic sustainability and competitive-
ness of the Spanish electricity sector. This paper presents a solu-
tion which assures profitability for all players involved in the
electricity sector.

4.3, Sifuarion of smart grids in Castifla y Ledn

Currently, different initiatives are being conducted in Castilla y
Ledn to implement SGs based on smart counters and distribution
networks. IBERDROLA is renewing its distribution network through
development of the STAR project. The action plan consists of
madernizing all the facilities by 2008, with an investment of
180 M. This project starts in 5alamanca, with an initial budget of
49 M€, replacing all traditional counters with smart ones and
medifying a total of 315 power station buildings to adapt them o
§Gs. In the second stage, from 2013 to 2007, the project will
continue in Burgos and Ledn. Upon completion, IBERDROLA will
reach a total of 1.6 million supply points with smart counters and
15,200 power station buildings will be adapted to 56 technology
[47].

dd. EV penetration forecast for Ledn

‘When estimating EY market penetration by 2020, an analysis
of population and vehide fleer growth in Ledn is required.
Regarding the former, the figures provided by the INE (MNational
Statistics Imstitute) imply a decrease from 2006 to 2011, The
average population during 2006—2011 was 135236 inhabitants
|48]. Despite the slight rise in 2012, the estimates from the
Castilla y Ledn Government for the period 2013—2020 show a
population decrease, reaching —4.9% in 2020, as compared to
202 [49). Due to the lack of data for Ledn, the authors have

Tabde 3
Spanish populatien growth

Year Populaticn Population variation

Absoluste Relative [X]
212 4E,195278
2022 45058 581 -1,137.596 -245
2032 43819837 -1138,745 -275
2042 42,771,150 -1,/048 587 -39
2052 A1 558 195 1,213,053 -2184

Source: INE.

magraphic projections made for Spain by the INE |50], showing a
progressive decline in inhabitants in the coming decades (Table 3).

Considering these figures, a decrease of 2.6% in the decade
2000-2030 has been assumed (Table 4).

In relation to the growth of Ledn’s vehicle fleet, the most recent
data published in 2010 by the DET (raffic agency) show an average
growth of 2.46% |51]. Due o the lack of data from this date, the
authors have assumed possible growth linked to demographic
variability, owing to direct correlation between the use of vehicles
and the population (Fig. 6L

Varipus departments and managers directly linked to the
automotive sector disagree on the contribution of EVs to Spain’s
total vehicle fleet by 2020. On the one hand, the Government of the
Basque Country estimates it to be 106 |52, whereas the CEO {chief
executive officer] of Peugeot Spain sets the figure at 20% (EVs plus
hybrids) [53]. In 2030, 2,500,000 EVs are predicted to be driven in
Spain, based on a population of roughly 43 million inhabitants [54).
As a resulr, the ratio that links the number of vehicles to inhabitants
is 0582 Thus, Lebn's contribution is dose to 7270 EVs, based on a
population of 125,028 inhabitants |458]).

The Spanish Government estimates a total of 600,000 EVs by
2020, Based on a figure of 131,556 inhabitants in Ledn and
approximately 45,000,000 in Spain, Ledn should contribute 1754
EVs to this ohjective.

Only one EV was sold up until 2011 [55). Howewer, the Castilla y
Ledn Government predicts this number to reach 15,000 by 2015
Based on a population for Castilla y Ledn of 2,518,683, and 132,913
for the city of Ledn |48 ), the contribution of the latter should be 790
EVs, a huge increase on the current situation. Hence the authors
have assumed, for the proficability calculation, thar vehicle fleet
penetration (Fig. 7) will be as follows: from current bow values,
penetration will increase progressively until it reaches 7.270. This
figure corresponds to the Government's objecive and will be
achieved through technological maturity and new models on the
market. These estimates are far from the current situation. This

Vehicle flaet prowth: Ledn
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EV market penetration: 2020-2030
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Fig. 7 EV market penetration: 2020-2030.

disparity of figures could lead this project to be loss-making in the
early years and it is therefore necessary to set a worst-case scenario
(Fig. 7). Despite this, profitability is assured as proven in the Results
section.

4.5. Energy consumption for Ledn in 2020-2030

The Spanish Government has set three scenarios linked to en-
ergy consumption: low, reference and high |56):

a) Reference (or central) scenario

This is the most likely scenario as established by the Spanish
Government and considers factors such as retaining current energy
policies and associated programs for guaranteeing the security and
sustainability of supply, a 2% growth in energy demand, the
continuation of dependency on fossil fuels, and finally, an increase
In the generation and consumption of electrical energy at a rate of
2.4% until 2030.

b) Low and high scenario

The forecasts for both scenarios are influenced by several factors
such as international market growth, demographics, economic

development and the environment. Electricity demand will in-
crease at a rate of 3.4%/year (high scenario) and 1.5%/year (low
scenario). The Spanish Government is still working with these
scenarios. However, taking into account the economic situation and
current energy consumption, the low scenario would be the most
likely one.

AnEV, equipped with a24 kWh battery {Nissan Leaf [57]), drove a
32 km circuit in downtown Ledn at rush hour, registering accelera-
tions and speeds using a data logger. The aim of this exercise was to
estimate the total amount of electricity for supply to the grid (Fig. 8).
The distance reflects the average daily km driven according to data
published by the MIET (Ministry for industry, energy and tourism).

Stops and accelerations due to traffic intensity increase the
consumption of EVs in Wh/km. Hence the final battery capacity is
reduced after completion of the journey. The available value was
19.1 kwh for supply to the grid, as shown in the detailed analysis in
Appendix A.

The battery charging and discharging processes cause a decrease
in battery capacity and, as a result, in potential energy for supply to
the grid, as every 1,500 cycles cause a nominal capacity reduction of
20% [58]. Considering that an EV is expected to link to the grid for
220 days a year, after 6 years, the maximum available capacity will
reach 80% of its nominal value. As the vehicle fleet gets older, the
forecasted daily contnbution to the V2G evolves as follows (1):

Pvac = Ngox-f-p+ (d — nggy)-p (1)

where ngg, represents the number of EVs with maximum battery
capacity after recharging of 80% of its nominal value, n is the
number of EVs in the considered year, f is the decreasing factor of
the battery capacity due to discharging and charging cycles (20%
considered) and p is the estimated energy to be fed into the grid
(considered to be 0.0191 MWh).

The results are shown in Table 5.

In relation to ETs and EBs, no contribution will be made at any
time. In fact, fast charges should be made to assure battery capacity
lasts a working day.

The average daily consumption (MWh) estimated in 2020 for
Leén would be 159 MWh. The Spanish TSO (transport system
operator) does not provide data at a local level. Its minimum unit is

Working driving cycle

25

o — T— ——
CRISBERSIBRRIRRANRAING

333023388808 082 00000808

Time (s}

~==Speed

Fig. 8. Speeds and accelerations registered during working day. (Empurical data obtained using 3 data logger and an electric wehicle carrying out 3 32 km journey i Ledn This
number of km will not change for two reasons: Lean's population trend (analyzed In Section 4.4) and the fact that expansion of the dity has already been complesed. As a result, the

size of Ledn will renagin the same)
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Table 5

Worst case scenario and the Government's position oo the contribution of EWs to V2G.°
Year MO0 A1 2023 23 D34 2025 2 BIRG 2027 IR el ] 2030
Mumiber of EVS in Wirst-Case seemanio e 1518 21589 2804 3441 4082 4Tak 5404 G045 BEIE 7270
Mumiber of EVS in Govermment 1754 X307 1861 3415 399 4523 SOTT 5621 6lTs el ] 7270
SCENErio
Mumiber of EVs in worst-case soemario [with reduced batrery| o a o o o o -1 1518 2159 2800 3441
Mumiber of EVs in Govermment scenank (with reduced bartery] 0 a o o o o 1754 2307 IEal M5 3969
L banery redisction o a o o o o rs 20% r 0% 20
Energy injected in the grid (MW | @oret-rase soenan 16751 BS54 41.237 53480 B5913 77966 ETEI3 97418 107212 WITOOT 125702
Energy injected in the grid (MWh] in Covernment scenario 33.501 44064 54645 G537 T5.H08 BARIES S0ITD 98548 107013 115479 123695

* Government data have been analyzed and set out in Section 4.4

b & residual presemce of EV's is assumed in 2020, Thues the poacible impact on the maods due v changing and discharging processes & negleoed.

regional. As a result, this figure was obtained by linking Ledn's
projected inhabitants in 2020 (131,556) [48.449) with those of Cas-
tilla y Ledin (2,469,826 [48.49], toweight the data provided by the
TS0,

4.6, Income from the EV charging process. Losses for hydrocarbon
i

The same circuit shown in Fig. B was conducted at rush hour,
measuring consumpiion with a debimeter, in order to estimate
losses due to hydrocarbon tax The obtained result was 2048 L In
relation to taxis, the previous result (2.043 1) was extrapolated. The
result was 8.704 |, which takes into consideration 136 km/day from
the data published by Ledn Town Hall. Ledn’s conventional diesel
buses consume 2065 | after driving 4978 km/day in 2020, once the
reorganization of bus lines indicated in the Leon Mobility Plan [40]
has been taken into account.

Estimating these consumptions in euros requires a prediction of
the price of oil in 20240. From a euro/dollar parity of 1.2 5/ and the
worsi-case scenarie set by the IDAE (Institute for diversification
and energy saving), the barrel price will reach 10557 € in the
reference scenanio established by the US DOE (US Department of
Energy] |59]. Because its price in May 20013 was 8085 €/bamel, an
increment of 5% a year is assumed from 2013 to 2020, Currently the
cost of diesel is 1348 €1, and thus, in 2020, 1.82 &L

The Government will earn income from EV charging de-
pending on the price of k'Wh in 2020—2030. Determining this date
requires assessment of future inflafion and the current forecast of
the kWh price in 2020. IDAE assumpiions forecast 0.0732 <kWh
|2]. Regarding inflation, the IMF (International Monetary Fund's)
forecasts have been used |60]. Because this organization makes
forecasts until 2017, the authors, considering the data published
by the IMF until 2017, have established a possible growth between

o Inflation comparison
4
did
)
2.5
rJ
1.5
1
0.5
a
5 JOOR 2010 i i
-1
o Talal Wllation o Inllition
Fig- 5. Comaparison between cove Inflation and inflation.
Source INE

2020 and 2030 as depicted by the profitability soudy (Excel file
enclosed with this paper] Howewver the Spanish Government has
linked electricity with core inflation. This index connects the
evolution of prices, removing the effect of energy products and
raw commadities. In spite of the fact that there are no forecasts for
its trend, its value has been lower than inflation so far [61 ), except
in 2009 when the oil price changed exceptionally (Fig. 9L A
decrease of 0.8% according to inflation is assumed for this prof-
itability study. Regarding the EV recharging process, this study
proposes the EV owner buys the energy at pool price.

Losses due to hydrocarbon tax (42.8%) and its VAT (21%) are
growing in ling with current policies as EVs increase their pene-
tration in the market. As a resulr fiscal modifications are necessary
[Fig. 10).

4.7 Polfution

The diesel vehicle® used on the circuit (Fig. &) emits 100 £ C0q)
km. Therefore, private cars generate 32 g/km/day and taxis 136 g/
km/day.

According o figures published in Ledn's mobility plan, buses
will cover 4,978 kmjday in 2020 once the reorganization of bus
lines has been taken into account [40). The 00 emitted is 0.039 kg
C0;/passenger/km [G62]. An average ocoupancy of 13 people and a
30-strong fleet are assumed in this paper.

The forecasted price in 2020 is 14 €/t of €Oz |63, withour any
expected increase, unless annual C0g emissions are reduced. In this
case the price could reach 32 )t of €Oy In this paper, a price of
17 €]t is assumed.

lahble 6 depicts the results.

4.8 Tax and reiributory policies

Modifications to tax and retributory policies are reguired to
recover the losses of hydrocarbon taxes estimated in Section 4.6

This paper proposes:
a) Electricity tax

When implementing a sustainable transport model, all citizens
benefit from environmental improvement, whether or not they
own EVs. Therefore, a 0.25% increase on elecricity tax is proposed,
i.e. from the current value of 468, to 4 93% This charge is paid by
all consumers (even companies). As a result the increment must be
maderate.

* Ini this paper the wehicles which will be replaced by EVs are assumed 1o be

diesel. This is supported by the fact that European legislition is increasingly
wercharging more polluting vehicles
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Fig- M. Losses due to hydmcarbon and VAT taxes considering EV penefration.

b) V2G transaction tas

All incomes from V26 technolegy must be shared among the
different players in the electricity system. When EV owners feed
energy into the grid using their hartery, they will get paid 67% of the
price pool. Aggregators will receive 33% |64 The incomes are
shown in formula (2] [64):

B
e = JEI:]—uI'h'Pcnnm: (2)

wihere P is the price in € of MWh in the electricity pool, b (taken
a5 4 h} is the number of hours that users join the grid and peoscamer
(taken as G7E) is the consumers' benefit percentage. With such
shares all parties in the system receive a refurn on their investment,
as proven in the profitabilicy smudy (Excel file enclosed with this
paper).

Users” and aggregates incomes must be subject to deductions
by the Government. Aggregators and electricity companies take
advantage of these models for several reasons: their business
activities grow because of the charging process for V2G tech-
nidogy and their operational costs are reduced as energy is, in
certain sitwations, obtained directly from EVs. This paper does not
propose to change the current value of corporate incomes and
generation taxes, 35% and T respectively, since an increase could
affect consumers. For users, there are two options. Firstly, the
V25 payment can be considered as an additional annual income
with the corresponding IRFF (personal income tax) increase,
along with the risk of not paying off the battery. Thus, partic-
pation in V25 would be viewed negatively. Another option con-
siders incomes arising from V26 being subject to the IRPF but at
the same rime exempt (e at 0%). This face will help the Gov-
ermment gather sufficient information about the transactions.

Therefore, this paper proposes to create a fee on users’ annual
incomes for joining the grid. Its valwe has been set at 5% to assure
the Government's return without affecting the battery pay-off by
the users.

) Maotor wehicle tax

In Spain, vehicles are levied with an annual tax. Evs, however,
are exempt. Therefore, as their market penetration increases,
Government losses also increase; and so a balance must be
reached [65]. The level of taxation must take three factors into
account: consumption-effidency (kWhjkm), power (kW) and
size. The Government must establish the weighting of each
parameter o guarantes the Necessary revenues. An average in-
crease of 10 €/vehicle against current incomes is assumed in this

paper.
d) Registration rax

This tax is paid only once at the time of purchasing an EV. Its
level is influenced by the same factors as mentioned previoushy. A
slightly higher increase than that levied on traditional vehicles
should be considered. In this paper, the increment is set at 50 €/
viehicle.

Vehicle and registration taxes aim to finance the infrastructure
necessary to implement this model, bearing in mind the potential
profit for EV owners.

e) Tolls
An increment of 1% is considered to assure profitabiliny.
5. Results

This model will be profitable as long as profitability is guaran-
teed for the Government, EV users, electricity companies and
aggregators.,

5.1, Goverrment

This sustainable transport model based on electric mobility
significantly reduces Government income from hydrocarbon tas
and VAT (value added tax). Potential levies such as tolls, regis-
tration and motor vehicle taxes are supposed to balance the loss
of income. However, the profitability associated with this model
is achieved by assuring profits for EV owners from V26 and good
EV market penetration. Regarding the former, as already exposed,
the final owner's profitis close to 7,800 € after the battery is paid
off. Inarguably these results encourage all EV owners to feed into
the grid. Regarding the latter point, there is a key discrepancy

Takde &
Total emnissions and associaed taxes.
Wear 200 2021 2022 i) 2024 2025 026 T 2028 2029 00
COky SmMESIONS per year SER2TD BOO7.11 BI51.51 aras e 44032 6584.73 BFIE14  BEEZSS M2695 TITL3G THOE 52
(220 days comsidered)
N wWorst-Cake soerano [t)
Incomes from sakes (17 €/1) 9966598 10213085 10457573 107000060 10945543 11194035 11454842 11700230 119458.18 121,913.05 124145963
in wWorsE-Cae SOETArie
Emitssions of C0; a year 606028 GE1B4.85 E309.66 AT B55927 GE34.08 BEDEEE 693143 5624 Tig04 THOE 52

(220 days considered)
in GoveEmment stenans (b

Incomes Eromn sales (17 €T) in 10302468 10514253 10726432 10838591 11150755 11362928 11575097 11783436 11995604 122,007.73 124 149,63

COVErMMEnT seeTanio
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Fg. 11. Comparison: taxes against losses i hydrocarbon tax and assodased VAT (Covernment scenanio)

between the different Governments' forecasts. After analyzing
the growth of Le6n's vehicle fleet and its demographics, a com-
parison has been made between the situation described by the
Government and a more pessimistic scenario, considering the
number of EVs sold to date in Castilla y Lebn. In both cases,
profitability is assured. In the first scenario, payback is 6 years,
TIR (internal rate of return) 20.14%, NPV (net present value)
34,252,068 € and net profits are close to 36,052,068 € between
2020 and 2030. In the second case, payback is 5 years, TIR 14.44%,
NPV 31,490,628 € and net profits are close to 33,290,628 €. These
figures could be used to decrease the fee deficit of 26,062 M€.
Conssdering that the Spanish population will reach 44,836,892 by
2020 [50], Leén's fee deficit is 76,468,558 €. In the worst-case
scenario, there is a 43.5% reduction compared to 47.1% in the
Government scenario.
Profitability is ensured by two taxes:

a) Corporate Income Tax set at 35% of the aggregator and generator
companies’ profits.

b) 5% V2G Tax, proposed by the authors, on the total income
earned by EV owners through the sale of energy to companies.

Increases in road, registration and electricity taxes are very low
compared to previous levels and, consequently, their contribution
to the final profitability is minor (Figs. 11 and 12)

Even though these results show significant profitability for the
Government, they can fluctuate due to estimation errors regarding
tolls, the MWh cost in 2020 and EV market penetration. In fact,
tolls are a key issue. As depicted in Fig. 13, either they are
increased or the model would tun out loss-making. Nonetheless,
with increases of 1% a 20.14% TIR would be obtained in the
Government scenario.

MWh price is not a key issue for this model. From a 30% esti-
mation error regarding the value established by the [DAE
(732 MWh) this project becomes loss-making. This inaccuracy
implies the electricity price will not increase in 8 years. This fact is
unlikely considering the current fee deficit (Fig. 14).

TAX COMPARISON

o an KLn xu aue A aan 20 M e 20
— U AR B AT LIS G LECTRICITY TAX —— ASGAFGATCRS (ORACILIS Tax
e ELECTIVE COMPRIVES CORPORATE AKX w—— A e WRE RECOVERLD BY Omatens
FECISTRARON TAX PACTCR VEMCLE T —TOTAL IMCOVES
~ INCOMES HIOM SELLING FVrsoes RauTy SR OV Tax

Ag 12 Comparison: taxes against losses in hydrocarbon tax and assoclated VAT (worst-case scenario)




Tesis Doctoral

EIDUNED

Programa de Doctorado en Tecnologias Industriales

Titulo: Validacion electrdnica de vehiculos. Nuevas metodologias y posibles aportaciones al
transporte sostenible.

Autor: Pedro Miguel Ortega Cabezas | 30/08/2021 | Pagina 133 de 292
A Colmengr-Sasdos of al [ Esergy 65 (2004) 303-318 3
a0 £
m
an
a5
0 an
' 15
E 10+ )
N m
F g4 § | |
-10 o
9 DEE DN SOW DON BEM ESN B
BV pasalratlon eivor lamegasn
— == LT i e il SOENAND e KT i Geot TR SCETIATD
=30 - Fig. 15. TIR ploited according to the Govennmendt's forecast on B penetraison
il estimstion errar [3%)
——GOVERMMENT SCEMARII B~ WORST CASE SCENARID % -
Flg. 11 TIR agains olls
m +
This model relies strongly on the level of EV market penetration. = 15 ¢
If this level is lower than the Government's forecast, the TIR de- E‘
clines {Fig. 15). However, even if it reaches 15% and a 5% V20 tax is TR
applied, positive TIRs are still obtained. This estimation error can be
put on the same level as V26 user participation. £l
It is important o point out that the Govemnmment's decision to
carry out this type of project must also take social benefit into 0

consideration, rather than fecus solely on TIR, payback and NFY. In
this case both views are positive.

This model does not affect the other taxes mentioned in this
paper. However, it is important to increase them to implement and
maintain new charging points. As examples, Figs. 16 and 17 show
TIR evolution against V26 and motor vehicle taxes.

52 Agmregators and electricity companies

Aggregators will not incur any economic risks as their main
function will be selling electricity coming from batteries in the pool
and paying users for it.

As for electridiy companies, taking into account the current
overcapacity of the Spanish electricity system, they will not be
forced to build new RE facilities (wind power or solar energy).

m-.h__‘_‘\“
B—

o 5 10 15 n 1% ]

TWh estimation error in 20020 [3%)
e WORST CASE SCEMARIC e G ERMMIEINT SCERARD

Fig. 14. TIR against MWh esoimation emor.

i 5 1 15 20 25 30 EL]
TAX INCREASING(E)
——BOTOR VEHICLE Tax [GOVERMMENT SCEMARID)

—— TR VEHICLE TAX [WORST CASE SCENARIG)

Fig. ¥6. TIE agairet nector vehicle tax

However, their mumover will be increased due o the charging
processes of EV's, ETs and EBs.

53 BV users

This model will be profitable as long as users get profits. They
make money by selling electricity using V26 and through signifi-
cant diesel savings. On the other hand, their main expenses are:

%
1

15

IR (54

10 4
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Fig. TZ. TIR against Y20 tax.
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= 2 motor vehicle tax, registration tax, battery pay-off and charging
ek P costs. As proven in the profitability study (Excel file enclosed with

o & ﬁ E_ 4 this paper), a user will get 7,800 € once the battery is paid off. This
& b E =G E conclusion is supported by various consultants wheo forecast a cost
B2~ &+ = of 130-200 & /kwh for lon-lithium batteries in 2020-2025. Ac-

o o cording to the report by McKinsey % Company, EVs will be

bag=3 - competitive if battery prices reach 205 €/kWh or less, and as a

22 i result EV users will not suffer from higher purchase costs in the
e
Fle2 25 ¢ future [66].

Finally, Table 7 shows the petrol savings obtained using this
E A transport model, considering American refineries get roughly 38 |
g = E " off diesel from one barrel [57].
" Eg % g - This paper focuses mainly on the use of diesel as this will be
27 =8 = more relevant than gasoline by 20202030,
-
@ e 6. Conclusions
et 2 a
: = &
% E% E E E Spain is affected by two key issues: high energy dependency
and a significant fee deficit, which are both at worrying levels.
-] B A single solution can be applied based on a sustainable

?ﬁ ﬁ transport model composed of electric cars, buses and taxds,
& ﬁsg %g é smart grids and vehicle-to-grid technologies. lts implementa-
2l=z4 = >3 tion faces several problems, one of which is the commonly

- held view that reducing petrol consumption will reduce income

-2 ] for the Government. Likewise, the investment to conduct this

%f ﬁ a ﬁ type of project is considerable. As a result there is doubt sur-
g prt= I E rounding its profitability. This case study, which takes into
B|8~ &= B consideration the scenario proposed by the Spanish Gowern-

) ¥ ment and the forecasts made by the Spanish TS0, shows that it

- is possible to make this project profitable for EV users, the
- G‘LE 2 E E Government, aggregators and electricity companies, through
g &5 =L B the use of adequate regulatory policies. As a result, losses from

petrol taxes will be recovered.
2 g On the other hand, the fee deficit generated in the last

Ei ﬁg 10 years as a result of imbalances between the incomes and costs of
by -P}i o 5 E regulated activities reached 26,062 ME in May 2013, The Results
BlEs &n 2 Section shows that Ledn's fee deficit can be reduced by 43.5%—

z 1 471% In addition, implementation of the model leads to a reduc-
i = tion in petrol demand and, thus, a potential reduction in price.
J|EE 2 % g Furthermore, this profit could be used to reactivate financial aid for
1 H e renewable energy facilies. This fact improves Spanish companies®
o= e e competitiveness and decreases operational costs for electric

] ] vehicles,

g E E As a result, the Spanish economy will enjoy increased protection
= g _% g E against petrol price fluctuations. Expected TIR, NAY, payback and
=1 i 2 me g profitabilities are sufficient to assure that implementation of these

u misdels is considered, as well a5 providing the means to reduce the
o = fee deficit. The authors are working on preparing future studies
g ﬁ | E focused on rolling out these medels to bigger cities such as Madrid
BlEs =Q and Barcelona.
5 2f‘? BE- ¥
; .E Appendix A. Potential energy avallable for V2G
E3
LY ] E § Estimating the available energy for joining in V2G is essential
i ~§'§ E % when analyzing the viability of this sustainable transport model
£ r E 5 o based on 5Gs and electric technologies for Ledn. Many factors in-
% PES £ ;\ T fluence the gathering of these data. Thus, this section will discuss
] B EE % a‘ﬁ' i which factors should be taken into consideration in this model and
- =
P F Fp which ones could be neglected.
E %;‘-’ E B 3 g E Acs a general rule, an EV has a 330 V traction battery. This direct
X EECF ] 4 current must be transformed into alternating current using a DCJAC
£ i
L] == a3 e a8 transfurmer to feed the air conditioner, the reducer, and the electric
= EETE —
. ] aﬁ E*!' ﬁ £ mator. Likewise, an AC/DC converter is used vo feed the battery and
i E E E"J i "’i power caloulators, the cooling system, and the vacuum pump
2l I R [Fig. A1),
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Aerodynamic losses when driving are affected by the wehicle
design |GE]. These losses depend on the frontal area, drag coeffi-
cient, air density, and speed, some of which are fully linked to the
design. They can be estimated using expression Eq. (A1)

3 fair
¥ 5 (A1)

Paero = Afrantal “Citrag

Although not explicitly specified in expression Eq. (A1), aero-
dynamic losses depend on temperature due to the temperature
dependence of air density. In Ledn's case, temperature is not
considered a significant factor As a result, it will not be
considered.

Driver habits, such as abrupt acceleration, incorrect use of the
pearbaox, excessive speed, and extreme temperatures inside the car,
can reduce battery awtonomy from 10% to 30%, causing premature
aging. In turn, smooth acceleration, moderate speed, and appro-
priate use of the gearbox, among other behaviors, could improve
autonormy. Acceleration losses can be obtained by expression Eg.
[4.2) [68]:

Pocer = Vave Mg o0 (AZ])
Running conditiens are influenced by the inclination of the road
and rolling resistance |GE). First, a very important energy demand
occurs when the slope is more significant and as a result its au-
tonomy is reduced. Inclination losses are given by Eq. (A3

Pact = Mosyen £-V- sin( 98 E (A3)

As a general rule, Ledn is a very level diy. However, 17 will be
considered as the angle of incline.

Regarding the rolling resistance, the lower the temperature, the
higher the losses are because of this factor. These losses can be
estimated using expression Bg. (A4 [6E]:

Pran = M:mn's'{kn—ﬂl'“—ﬂz""']+Ra'l’g}'v (Ad)

Transmission inefficiencies are expressed as the ratio of the
addirion of power losses because of aerodynamic drag, rolling
resistance, road inclination, and acceleration by the EV trans-
mission efficiency. The transmission efficiency is given from the
drive train efficency data and the torque data The torgue con-
verter speed ourpur is expressed by equations Eq. (A5) and Eq.
(A.B) [6B]:

G
Torque converter speed = V—F-dm (AS])
PITWE‘
Torque converter = - (AB)

The charging process is influenced by several factors, including
temperature and charging time, which will affect the final capacity.
Depending on the battery type, the charging and discharging
temperarure condirions will be different. In the early mornings and
early evenings, charging processes are performed at home; thus,
temperarures below zero will not be reached. Charging at home
also ocours for the rest of the day, even though the weather is cold.
As a result, the temperature’s effect during charging can be
neglected

The final motal available power depends on various factors,
including transmission performance (close to 1) and the con-
sumption of different car components during the journey regard-
less of whether the EV is running, such as heated rear windows,
headlight consumption and wsing a direct measure on an EV
(Figs. A2 and A3).
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Battery power s given by equation Eq. (A7) |68| (Fig. Ad,
Fig. AS):

Battery power during holdays
S0000
0000
30000
£ 000
1
! 10000 -
0
20000
20000
30000 T G
s (atiery porwer i hobdiopn

Fig. A4. Battery power during holidays

Baltery power on warking days

s Maflery porwer b worbing sy

Fig. AS. Battery power on working days

Pox = Pm + Pres

where Py, Is an estimate that depends on whether the vehicle is
being driven or whether the regenerative braking is active. In the
former case, the motor's performance is not constant throughout
the whole operation regime. Thus, it must be obtained using
expression Eq. (A8) [69]:

(A7)

= 1w,
C Tiw s ke T2+ kewy + kw3 +C

m (A8)

where k., k,, k., and C are constants with values of 0.3, 0.01, 5E-06,

and 600, respectively. Thus, the motor power s given by Eq. (A9)
[69]:

Py

w (A9)
where P, Is the effective power. In the case of regenerative
breaking, the motor's power will be decreased due to regenerative
performance {considered to be 0.9 for the simulation).

The rate of discharging depends on the current value: the higher
the current, the more rapid the discharge. This fact confirms that

Eivg

battery autonomy will be affected by driving habits, such as abrupt
accelerations.

The average consumption used to traverse the established
driving cycle is 1.0299 kWh for weekends and 1.2109 kWh for
working days. Based on the data published by the Ministry of In-
dustry in Spain, an average of 32 km is traveled by a vehicle daily.
This value corresponds to 4 cycles and will cause a decrease of
4.1196 kWh during holidays and 4.8436 kWh on working days. The
decreased voltage trend will not be considered, as these calcula-
tions are only intended to approximate the total amount of avail-
able energy to use in V2G. This estimation error is tolerable because
the battery capacity will likely be higher by 2020. As a result, this
rounding of 19.88 kWh on weekends and 19.1564 kWh on working
days available for V2G is sufficlent for the purposes of this paper.

Finally, a participation rate lower than 100% is considered to
establish the energy available to be fed into the grid as certain users
will not be willing to do this. As result, 220 days per year is taken as
a basis for assessing the profitability of the project.

Appendix B. Supplementary data

Supplementary data related to this article can be found online at
hrtp://dx.doi.org/10.1016(}.energy.2013.11.077
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ANEXO III. Copia de la publicacion: “Application of rule-
based expert systems in hardware-in-the loop simulation
case study: Software and performance validation of an
engine electronic control unit”.
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RESEARCH ARTICLE - EMPIRICAL WILEY B R

Application of rule-based expert systems in hardware-in-the-
loop simulation case study: Software and performance
validation of an engine electronic control unit

Pedro Miguel Ortega-Cabezas ©© | Antonio Colmenar-Santos® | David Borge-Diez” |

Jorge Juan Blanes-Peiré?

! Department of Electric, Electronic and

Control Enginesring, UNED_ Juon del Resal, 12, Abstract

Cudad Universitaria, Madrid Spain Innovative techniques to validate software are needed to reduce cost and increase
* Depariment of Electrical and Corntrol software quality

Enginesring, Universidad de Ledn, Camgus de )

Viagamna o/n Esvels de Ingsnienizs, Leén, This research aims to check if two rule-based expert systems (EXs) combined with
Spain dynamic-link librares {dlls) perform better than other techniques widely employed
Comespondence in the automotive sector when validating the engine electronic contrel unit [ECU)

Pedm: Miguel Ortega-Cabers. Department of softwane by using 2 hardwaredn-theloop HIL) simulzafon
Eleciric, Bactronic and Contral BEnginssring,
LNED, Juan ded Resal, 12, Gucsd To perform this research, 15 software modules (SMs) of different complexities wene
Uriv ersitaria, 28040 Madrid, Syain. chosen to be validated in an HIL simulation by wsing different techniques such as
Email: pedroontegacaheras@mmailcom

the manual execution, the tester-in-the-loop, the model-based testing, a rule-based
EX, and the combination of two EXs to establish the code and functional coverage,
the productivity gain, the number of bugs found, potental limitatons of each tech-
nique, and the success rate of the HIL simulation. The test cases used are described
in-depth in Section 2.
The enhancement, which dlls and EXs offer, depends on the number of states in the
functional model used in the EXs and the number of subintervals in which the SM
inpits can be divided. A range between & and 16 more bugs can be detected when
weing two EXs. The HIL enhancement can reach 6%, 16 8%, and 18% depending on

the 5M complexity.

KEYWORDS
dynamiclink library, embedded software, expert system, mod d-based testing, software validation

1 | INTRODUCTION

11 | Engine electronic control unit software

The electronic architecture of today's vehides is extremely complesc As a result, the number of electronic control units (ECLUs) present in vehides
is increasinghy high.™* This trend will continue in the next years, thanks to diving assistance systems, which are essential for autonomous cars.
ECUs are composed of hardware and software whose complesity depends on the function carried out in the network. Therefore, there are

AbbeeyhBoad I dpnamic- ok ey, BOU, alacinanic Contnd wnit, EX, sqert sysiem HIL, Fa e - ine S doon M, software module

J Softw Evol Proc. 20192223 willeyoniineitrary comjourmalsmr © 2019 John Wiley & Sans, Lid 1 of 35
https//doiong 101002 /smr2223
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multiple software running simultaneously and coesdsting in a commerdial car.** This fact forces manufacturers to improve the software quality and
the validation processes.® In addition, it is notdifficult to find estimates that indicate that the total number of lines of code present in the software
ECUs of a vehicle can reach up to more than 100 million. In the future, these figures will even grow significantly up to 200 or 300 million in auton-
omous vehides*

Powertrain® control is a system in charge of transforming the driver's will into an operating point of the powertrain according to the perfor-
mance established for the product feg, consumption and emizsions)” The key element of the control system is the engine ECU composed of com-
plex hardware and software. The hardware is responsible for getting infomation from sensors after a filtering process to reduce noise in signals.
The software processes all data received and handles actuators to reach the operating point In addition, when a vehide is in motion, the engine
ECU (hardware and software] interacts with ather ECUs to ensure the proper functioning of the car. This implies that each ECU should receive the
information at a spedfic ime. Therefore, the engine ECU thardware and software] must be validated to assure that engine is property contralled,
the interaction with the rest of the ECUs is rightly performed, and the passengers’ safety is insured. Otherwize, some failures could ocour and lead
to the situation in which the vehicle stalls This fact makes the most safety oritical parts of the software a hard-real-time (HRT) sy*stem.? In other
wards, the system is subjected to real-time constraints in which every oritical task must be executed at a specific deadline to ensure the comect
operation of the system. Thus, one can deduce that the software validation process is complex and needs improvements with the aim of redudng
costs, increasing productivity and reliability in the automotive sector (see Garousi and Méntyld® and Kascju, Petersen, Mantyld®).

This research is focused on the engine EC U software valid ation (one of the most complex sof tware presentin a vehide) and shows solutions to
the main difficulties assocdated with traditional software validation technigues as exposed in Section 1 The solution proposed in this paper is
showing that two expert systems (EXs) working in cooperation and combined with dynamiclink libranies (dlls) perform better than traditional tech-
nigues such as the model-hased testing or tester-in-the-loop among others.

12 | Technigues currently used

The engine ECU software validation is based on hardware-in-thedoop (HIL) simulation, combined with different technigues for generating test
cases (see Appendix BL Three key stages must be considered when performing an HIL simulation: testcase peneration, test-case execution,
and validation of the execution results 134

One can find different definitions for the black-boo concept such as "the black-box testing is a method of software testing that examines the
functionality of an application without peering into its intemal struchures or workings**5** Among others, there are three types of technigues
used when applying the black: box one™:

a Eguivalence portioning

The inputs of the software module (5M) under validation are divided into partitions, and after having sdected representative values for each par-
tition, the test case is conducted. Then the software behavior is analyzed. The model-based testing can be defined as the automatic generation of
software test procedures, using modeks of system requirements and behavior. To do this, a functional model must be implemented. This technique
may be considered in this research as an equivalence portioning technigue in the black-box testing. Because test cases are derived from functional
models and not from the source code, the model- based testing is usually seen as one form of the bladk-box testing. The main advantage of this
functional moded is that all functional states and the fransition from one state to another are indicated. Thanks to this, it is easier to assess the
functional coverage as the number of states covered when validating an 5M is known

The EX combined with dils consists of using an EX to assess if the software behaves as expected. The EX is built by using rules coming from the
spedifications and software requirements. The dils are the Simulink modd of the SM under validation that allows caloulating the software outputs
when performing the HIL simulation despite the 5M interactions. This topic is analyzed in-depth in this research. The authors have considered this
technigue as an equivalence portioning one as it is exposed in this reseanch.

b. Boundary value anabysis
Bound ary values for the S5M inputs are determined, and the test case obtained is performed. Then the software behavior is analyzed.
¢ Cause-effect technigue

In the automotive sector, the test engineer usually has to validate cause-effect test cases that come from the software requirements. As a
result, g@iven a series of specific causes |conditions related to inputs), the validation process has to dheck the effect [software behavior. An
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example of a possible test case could be: "In case of an ESP frame is absent, the stop and start function must be inhibited” The tester- in-theloop,
the manual execution, or automated can be considered as cause-effect technigues in this research.

All technigues that may be used to walidate the engine ECU software have to face several izsues such & the SM interactions that prevent
reaching the values established in the test case, the type of bugs that can be found, and the problem of enhancing the code and functional cov-
erape. Considering that the engine ECU software has up to 70 complex SMs, the interaction between SMs ks continuously present and disturbs the
walidation process such as electronic noise. Consequently, given a test case, it is almost impossible to make the inputs reach the desired value. The
main consequence is that the expected output set in the test case could be no longer available.

Some types of bugs are extremay difficult to detect by wsing HIL simulation unless a technician uses a significant amount of time to analyze
the data acquisition. Figure 1 shows an example, the obtained result for an output for a variable of an SM when running the software in an HIL
simulation {in red) and its expected value in blud. As one can see, the results are different. This emor represents an inaccuracy when it comes to
caloulating the gas speed in the exhaust pipe. This emor could impact the amount of urea injected to treat MO, Because this bug is not linked to a
functional bug, it is impossible to detect it by wsing the black-box technigue. The detection of this type of bug involves checking and detailed anal-
ysis of the software code by running addiional software.

Considering all aforementioned, the main limitations associated with these technigues currently used in the automotive sector when wsing the
HIL simulation are depicted inTable 1. The aim of this research is to sobe all these limitations by using two EXs working in cooperation combined
with dils. The fact of using two Exs allows improving the code and functional coverage and gaining a better contral of the automation process,
thanks to dils. it also provides an opportunity to detect any type of bugs a exposed in-depth in Section 3.

This paper is organized as follows. Section 2 desoribes the method used in this research. Section 3 presents the results. Section 4 analyses the
sensitivity of the results obtained in this research. Finally, Section 5 draws the main condusions. The reader can find different appendices desorib-
ing how the powertrain of a vehicle works (Appendix A) and the HIL simulation process (Appendix BL

13 | Related works

The engine ECU software validation is based on HIL simulation. Several stages must be considered when performing an HIL simulation such as
test-case generation and fest-case execution ™™

A test case consists of a set of inputs and their expected outputs that the software should provide when working properdy. In an HIL simula-
tion, a test case is run, and the obtained result is compared with the expected one to chedk whether the software has operated propedy for this
spedific test case. **#* There are many different ways to generate a test case, such as assigning specific values to all inputs of the Shs under val-
idation to cover a functional model, as esposed later in this research, or assessing the software performance when checking each software require-

ment**** The former is very difficult to implement owing to SM interactions, as it will be discussed in this paper. The aim of this method isto
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TABLE1 Problems analyzed in this research

L ikt oones Remon B P

Defficult to validate the W the valses set in the test case for the inpuls are not
soltware automatically reached then the owtpat valhes set in the test case may be
no longer available Comsequently, no automatic validation
can be performed
Posible bug performance I input valses are different from the ones established in the

detection improvement test case then the software perfonmance behavior i
unkniown.

Functional coverage
unknown

A functional code coverape could be astablished by analyzing
the black-bex test eases bafore the HIL simulation.
Hewever, when reaching differ ent valses for the inputs
alftes HIL simulations, then the use cases [aled are
different Trem the anes planned

Difficult to detect bugs Thee caleulations may be perfommed wrongly, but they do not

linked to SMs that imipdy that the vehicle behaves in such away that the dient
perform many oould detect any abnonmal ity.
caboulations.

Difficult to ases the code  There ks no code model o something similar o we it for
coverage scarately caleulating the code coverage when using the Hack-box or

Similar technigues. It must be considered that there are

many if-then struchures in the software, which makes it

Dils can perform this task 2 shown in this reseanch as they
recaloulate the cutput vakes that the SM under
validation shoud provide for the specific input values
reached after the HIL simulation Thenefore, an sutomatic
validation process can be carried out.

A perfommance e bmsed EX can assess the functional
coverage a5 exposed in this research An EX can ases
wivet her the SM under validation performances a
axper bed or not, thanks to the rules sead for its
implement ation. Thus, performance bugs could be
detected. Considering the number of performance rules
ageged the lunctional coverage could be established.

Dils can perform this task a2 shown in this research 25 they
can be sed for checking whether the SM under
validation ealoulates all SM oulputs properdy.

A software and a perlormance rule-based Ex¥s can assess
the functional and code coverape x5 eposed in this
research. It can be employed to establish the code and
perfonmance coverags.

extremaly difficult to test all possible paths. However, the
question is if the whole performance rules have been
tested with a considerable number of software riles.

make the inputs reach specific values and check the outputs. The latter is widdy used because the inputs of SMs do not need to reach exact
walues but approotimate ones to check the software performance. As a result, it is more flexible.

The black: box technique has been used for a long time in the artomotive sector, 5 discussed by Conrad > Despite its widespread use, it is
true that it has some weak points, as discussed by Chundur ** In their dissertation, they consider that test cases based on the enginesrs’ expe-
rience usually imply gaps and test redundancies. Thus, they proposed a method ology to improve the bladk-box technigue and the testcase gen-
eration. To do this, they proposed to work on three factorz enhanding function requirements specification, establizhing traceability across test
levels, and obtaining comprehensive function test-coverage information. In addition, it is essential to remark that the test-case execution must
not be too time-consuming. Conseguently, more test cases can be run, and the code/functional coverage is improved. Some research has also
been focused on this topic. Zhow et al proposed the optimized use of symbolic simulation with the aim of reduding the time required to generate
a test case at the |EEE Conference ¥ As a result, given a model of a software function under validation, the time needed to cover the mode! will be
reduced. Sopan- Barhate presented their theory about how to make the sof tware validation process in the automotive sectormaore effective at the
Intemational Congress of Electronic Instrumentation and Control*® In their opinion, the main concems linked to the software validation process
are how to design represen tative test cases as well as how to priaritize the test- case execution based on priority levels, ensuring, at the same time,
high code coverage rates. The solution proposed in their research i the use of orthogonal amay testing.!

Model-based testing is a good technigue to test SMs, and it allows the assessment of the code/functional coverage in an easy manner. Raffaéli
et al, at the Embedded Real Time Software and Systems Conference.* presented research focused on the usage of a functional mode by running
Matelo software™ Theaim of thisresearch was to accurately assess the code coverage, asall branches of the model could be tested. The application
in an HIL simulation for amorecomplex ECU, such as an engine ECU, was not shown. Perez et al conducted a review on the cumrent state-o f-the-art
techniques used for the verification and validation of embedded systems, induding software developed in the automotive sector. Theirmain con-
dusion shows the need of further research concemingautomatic validation, sfety tests, and model validations. In short. these concepts are deardy
linked to the testcase generation and improvement in automation processes The aforementioned aspects are analyzed in-depth in this research.

There are many ways for automating HIL simulation in the market > The automation process is mainly hased on black-box technigues such
& those reported by Kahl etal: "As a rule, the tests specified by the ECU departments are first performed as black box tests an the network sys-
tem (know-how on software structures is nat taken)™™ At the 52nd Congress of the ACM/IEEE Design Automation Conference, Petrenka and
Mguena-Timo reported the main problems and soltions asodated with software validation in the automaotive sector, on the basis of the expe-
rience of General Motor Research and Development staff, powertrain sof tware validation team of General Motors, and the Centre of Montreal

Otrthegonal anay teslng i a blad bo testing tedhnigue thatis 3 stematic, statktical way of softwane testng Itis used wihen e rumber of Pputsto S Systemis ity sml, bt oo
lage io o for echastive esling of ey podcbie ingad to e sysiems. it & patioibly aiedtive in finding anmes asodated il faulty hoght within comguter softvam: oysiema’



Tesis Doctoral

EIDUNED Programa de Doctorado en Tecnologias Industriales

Titulo: Validacion electrdnica de vehiculos. Nuevas metodologias y posibles aportaciones al
transporte sostenible.

Autor: Pedro Miguel Ortega Cabezas | 30/08/2021 | Pagina 158 de 292

ORTEGA-CABEZAS et a g 5 of 35
wiLe - | ==

Research Informatics.™® Their main conclusion was fooused on the methodology known as the “tester-in-thedoop,” in which the test engineer
leads the system to a desired operation point, considered as a crudal one, with the aim of assuring the correct execution of the test case insuch
away that the software behavior can be assessed. Once the crudal point is reached, a serfies of automated actions are executed to reach the goals
previously established in the test case. Tatar and Mauss proposed at the ERTS Congress: Embedded Real Time Software and Systems the possi-
bility of not wsing HIL simulation. Instead, by wsing a virtual platform, engine ECU software could be validated, thanks to the interaction with a car
model ™ As a result, marvy points could be tested. All the possible issues or bugs linked to the software integration on the hardware would not be
detected. Koopman and Wagner exposed the main future issues when it comes to software validation in the Sodety of Automative Engineers
Congress*® One of the most important concepts introduced in their dissertation was the “driver-out-of-the-loop” concept. Cumently, the ECUs
are validated by considering the driver's actions on the wehide |accelerations, braking, etc] If the vehide is autonomous, these driver's actions
arenot relevant, and some external factors such as traffic and pedestrians must be considered tovalidate the software. As a result, they consider
machire learning technigues asa key aspect in the future.

2 | METHOD

21 | Description

The aim of this research is to validate the following hypothesis:

Two EXs working in cooper ation perform better than traditional techaigues when validating an engine ECU software. In addition, tweo EXs
can overcome the difficulties depicted in Table 1.

To do this, a series of test cases are run by using the following techniques: the cause-effect one,* the model: hased testing one, one EX combined
with diks, and finally, two EXs combined with dlks by using the HIL simulation. Then the following parameters are measured for each technigue to
walidate the hypothesis: code and functional coverage, productivity, bugs found, and automation process success.

21.1 | Dataused in this research

The methodology proposed in this study has been tested in three types of functions or SMs chosen according to the number of calculations to be
done as well as their complesdty, number of inputs and outputs of the SM, and the accuracy required for the output results They have been con-
sidered as representative for this case study by the authors and the company subjected to this research. Considering the experience of the com-
pany that is the subject of this case study, three types of SMs or functions can be distinguished as shown in Table 2

It is important to establish this dassification because the validation requirements as well as the characteristics of the 5M cleady influence the
time required to camy out the validation process, as well as the additional difficulties that may arise. For instance, some complex SMs imply that
many kilometers must be covered. However, other SMs are quicly validated a they only require a few manipulations to make the engine ECU
reach the desired operating point. Subsequently, five SMs of each type were selected, on the basis of different criteria such as test engineers’
experience, the most problematic 5Ms in other projects, SMs that require systematic validations to ensure the vehide safety, SMs that reguire
frequent regresdon validations as well as those SMs that have never been implemented in previous projects and, in short, they are a novelty [see
Table 2] Test engineers of the company subjected to this case study considered that the analysis of 15 5Ms is suffident to evaluate different
methodologies according to their experience.

‘When penerating test cases, three strategies were followed in this research:

1 Genemating pseudorandom values for the SM inputs under validation in such a way that all paths of the models that belong to Exs are covered.
Far each combination of the inputs, the perfarmance EX must assess the expected behavior of the vehicle irepresented by an HIL bendh) in
cooperation with a software EX that will cover a software model to assure a high code coverage. The right outputs for all inputs generated
inthe test case are known by wsing the dils. All aforementioned statements are exposed inSection 2 1 In this research, a5 exposed later, man-
ual test cases were also generated in order to cover the functional and software modets.

2 The company under this case study has a database in which the staff document different bugs found throughout the engine project The main
advantage of this process is to guarantee easy mainstreaming between projects. All data stored in this database are handled in meetings with
the supplier responsible for coding the software and designing the hardware on a weeldy basis. Test engineers design test cases on the basis of
different inputs such as this databasze, functional defects found during driving tests, specifications requirements, as well as the defects found
when the engine has been marketed. The goal is to keep the test-case libraries 2 complete as possible over ime. When the test engineer has
designed the tes-case library for a spedific 5M, a validation process is caried out The test engineer and the designer of the SM verify whether

s e is wsed by nuneing Te st cses manaly hilyauvomated o by usng the tesher i Se-loop iedhnigue.
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TABLE2 Types of SM presented in the ECU software

Type of SM or
[Fune tion ursder
Validation Charac teristics Walidation Reguirements 5M
Simpe {4l A reduced number of input and Shis require 3 few rmanipulations to Suchas
outpat variables present in the SML rrukie: the: engine ECU reach the Temperaure egdimators
) Small nurriber of caloulations to desired operating point. Brake pedal monitoring
be done. Furthermore, they are For instance, the SM in charge of
nal comple. detecting whether the accderalor
) High acouracy needed for pedal is blocked The engine ECU
caloulations in some cases. st check a few parameters
() Easy ter identify the main (beake and accelerator pedal state
Tunctional charactenstics of the and the vehicle speed]
SML They are also easy (o test by
wsing an HIL bench
Fairly complex fa) High numbser of input and output S require more mani pulations to Such az
wariables present in the module make the engine ECU reach the Treatment of exhaust gases sydems
(b Mesdher ste number of caloulations desired operating point. Torgue engine limitation owing to
ey e perfiormed. For instance, Shs relabed with the temperature of an engine
) Maoderate acowracy needed for treatment of exhaust grses O ponent
caloulstions
() Difficult to identify the main
Tunctional charactes dics of the
M
Highily cormples {a] High numbses of input and output Sk need weeks to reach the Suchax

wariables.

(b High numbser of caloulations.

) Calcudation not necessarity
comples.

{d) High numiber of func tional
caloulations.

&) Moderate/low caloulation
BCCURCY.

desired operating point.

For instance, the SM in charpe of
maesssing the diesel dilution rate
in the engine oil. If the dilution
rate exoeeds a threshold st by
e rruanarlacburer, the oil
properties can be degraded and,
thass, the engine may be damaged
The engine control unit decides
how many Klameters the vehicle
can cover depending on the
diilution rate parameler. This
decision could be made after the
car has driven 20 000 km

The SM in charge of controlling the
oil rate diluted into diesel
Tongue stnuciune

the wse cases presented in the test-case library are representative enough. For each of the test cases presented in the database, itis possible to
assign values to the SM inputs with the aim of chedking the software rules.

3. Pseudorandom values are generated by Matelo software with the aim of covering the whaole functionalmodel. 1t mu st be reminded that this tech-
nigue is an equivalence portioning one. As test cases are generated by Matelo, the functional model is covered. Matelo assesses the functional
coverage automatically. Matelo could also be used to implement a software model. However, authors have not camied it ouwt in this research.

Table 3 shows the number of tests considered in this reseanch according to the type of SM.
The difference between the number of test cases for each type of SMs i because the faidy complex SM invaolves a greater number of use

ases.

Table 4 indicates the methods followed to genemte test cases for each technigue.

TABLE 3 Mumber of tests used in this research

Type of SM
Siripe
Fairly complex

Higily eomgplex

Numiber of Test
250

1250

100
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WILEY Sﬂﬂh’u‘al‘& Evolution and Process
TABLE4 Methods to generate test cases

T hini e Method
Cause-affect technigue Al
Model-based testing A2
One EX combined with dils A3
Twor Exs ¢ombined v th dils A

Al A database in which the stalf trace diferent s found throughout a project In addition, several test cases come from the software requirements
AZ: Paspdorandom vahes generated by Matelo to cover a functional madel
AZ: Paspdorandom and manual values generated by Python soripts.

It is important to analyze what A2 and A3 mean. In A2, Matelo can generate off-line (before the HIL starts) all necessary test cases with the
aim of covering the functional model In A3, Python soripts also generate test cases trying to cover the software model The Python scripts gen-
erate pseudorandom values trying to reach software states not implemented in the model as exposed in Section 2.2. A software state not imple-
mented in the model involves a use case not considered by the design team, in other words, a design emor. In addition, a test engineer
generates manually offdine test cases by establishing the most likely combination of variables by wsing fuzzy wvalues to cover the functional
and software states. This process consists of avoiding illogical situations such as engaging the fifth shift when the wehide is at 5 lm/h. These
inconsistendes must also be taken into account when penerating automatically test cases by using Python scripts. The fact of wsing fuzzy var-
iables, as exposed later, allows increasing the combination of the inputs of the SM under validation. These test cases generated manwally are un
bry wsing Python scripts.

For confidentiality reasons, the list of test cases cannot be published. However, Table 5 shows esamples of test cases that could be used to
check some functionalities of the software by using different technigues. It is important to remark that furzy variables are used when using
Exs combined with dils by increasing the number of combinations of the inputs provided by the SM under validation.

21.2 | Eguipment

The following means used in this research are shown in Table 4.

21.3 | Methodology proposed

In this section, the key elements used in this technigue are presented (Exs and dllsl. Then, the process how they collaborate to run a test case i
described.

TABLES Examples of test cases

Feature to Be Checked Actions to Be Done Expected Results Technique
Body control unit. Cyclic Set a CRC invalid value of the frame BOM_AL Check the inhibition of adaptive cruise control  Case-sffect
redundancy ¢heck invalid and step and start funchion. Modd-based
testing
Dhesed particulate filter 1 Warl _veh started = TRUE =» Start the vehicle  When the RG is perfomming the vartable Moded- based
regeneration 2 Var temperabure_exhaust gas = 00C Do s varl oul is activated testing
driving cycle
3 Ward_ vehicle_speed = B0 km/h =¥ Press the brake
pedal to reach 40 km/h
4. ard_particulate_filter =40 g =% Do not ovenpass
2000 rpm
Dhesed particulate filter 1 Varl weh started = TRUE = Start the wehicle ‘When the RG is perfonming the variable Exs
regeneration 2 Va2 temperabure_exhaust gac - High=» Do a var |_eat is activated. corribined
driving cycle with dils

3 Ward_vehicle spesd = High = Pres the
accele ator pedal to reach low speed

4. ard_particulate filber = High g = Do not ovenpass
HVETARE T
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a Expert systems
Twao Exs are distinguished:
* Software ExX

lts aim is to establish the software nules that must be applied to assure the software operation, such as a sequence of updating variables to be
followed when a failure occurs. A software nule is a Simulink path to be followed to reach a spedfic operation point

» Performance BEX

The second EX is responsible for chedking whether the vehide responds as expected for a spedfic use case. It s important to establish the dif-
ference between the two systems. The first EX only verifies if the software nule is applied. The other one is abstracted from the software and onby
focuses on the fact of verifying the correct behavior from vehide performance point of view. Properly coded software may exhibit wrong behavior
owing to design emors as some use cases were not considered in the spedfications used for coding the software.

« D=

As exposed in Section 1, it is highly unlikely to reach the operation point set in the test case because of SM interactions*” This fact implies that
the automation process is not easy to be performed. Figure 2 depicts the process to automate a test case by wsing Python soipts. During the HIL
simulation, the scriptis in charge of performing all the necessary manipulations on the diver- ECU interface model (Figure B2% automati cally. Dur-
ing this process, a data acquisition is perfformed by employing the IMCA software. If these values are not reached aftertime out elapsed, the data
acquisition s stopped and the dll ks called. The dil represents the Simulink model of the 5M under validation, and it allows assessing and providing
the expected values of the SM for a specific state of the ECU. Thus, by using diks, it is always possible to obtain a result after an HIL simulation.
Thanks to this data acquisition and a C-file, it is possible to call the dil 25 shown in Section 2.3 where the reader can find some information about
the practical implementation of this technigue.

« EXs and dils working in collaboration
Figure 3 desoribes the process.

» Phase 1 The software EX establishes the test case to be run as described in Section 2 (Table 4). Itmust be reminded that a rule comresponds to
a Simulink path of the model of the M under validation. This rule = communicated to performance EX with the aim of establishing the per-
formance rule to be applied dwring the HIL simulation, in other words, the expected software behavior.

* Phase 2. The HIL simulation is performed trying to reach the aperation point established in the test case.

» Phase 3 A test case is composed of a seres of input values and the expected outputs. If the spedific operation point is not met after a spedific
time elapsed (time outl, then the expected output set in the test case may not be longer valid. The dil of the 5M under validation allows
assessing the rght output values for the current engine BCU state. The software EX collects this information and assesses the software nule
that was tested after the HIL 5mulation.

# Phase 4 The software EX sends a meszage to the performance EX about the software rule tested in such a way that the performance EX can
update (if needed) the expected software behavior.

» Phase 5. Both EXs checked the HIL simulation results and decide whether the software behavior is comect and meet the spedfications.

22 | Validation of the key elements: EXs and dils

This section describes the validity of the different key elements involved in this research,

% s secomemended o read Appendia B o wrderstand the HIL simulbfon peocess.
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Inca is perkaiming a data acquisilion
A filg & being genarated

ey paints 1o understand this method:

-

‘ 1. The soitware and hardwane rteraclion &
well 45 SM inesacions e considered in
the data acquisition fike

Interacton with the model bo make he 3

variatolus roach the vikass sel in [he listise by T ST el 6 bt

inpuls variables, ofhers coming from
diferent 5A%s. However, e Simubnk®
model sl peovide the oulpul vakees
wéapandly of the SM mleractions o
hardware  and  soltware  inbegration.
Otherwhisa, the funcional specifications
an not respached

3. It is not Importank to consider caly tha di
™ al e S\ under valdation &3 the dala
aoguisilion  contans  the  inlerclions
batwnen SMs and software and hardware,
The dll must geoside ha wght results o
mspect the functional specfications a5

Hawe inputs.
reachad the valwes
381 in the tesl casa?

empiaingd in 2.
Yes Ne
Timeout reached? =
| ey
¥
Inca _smpmhedaia A ofle preprocesses Dl refurns thig comect
acquisiion process I data aceuiskon fle | value for each sample
T and calls the dll

-
i

C-code

4

FIGURE 2 Use of dils in an HIL simulation when performing a test case

22.1 | Expert systems validations

Ini this research, the aim of the rule-based Exs is to chedk whether the software nuns properly, camying out an automatic analysis of the HIL sim-
ulation results. The EX design is shown in Figure 4. As shown, there is a knowledge base composed of rules coming from functional or software
requirements set by experts and designers at the beginning of the pfc-ject.‘aThes.E rules are the base of the expert knowledge. When it comes to
the inference engine, it is composed of 3 functional or software models describing diff erent states that the system can process when applying the
rules presented in the knowledge base. It must be reminded that two Exs are designed for each SM under validation

a Software expert system

The aim of this EXis to check whether the software meets software spedfications. To better understand this, Figure 5 must be analyzed. One can
see 3 software model of a gven SM, where 51 to 56 represent a state. In this case, the state represents a part of the Simulink mod&l. The con-
ditions to be met to pass from one state to another one come from the Simulink model used to code the software. As a result, depending on
the HIL simulation, the values of the software variables of a given 5M are analyzed in such a way that the final state is set. By chedking diff erent
states coverad after having executed a certain number of test cazes, it ks easy to have the first estimation of the code coverage. As esposed in the
performance section, a test case could be run and the inference engine may not know in which software state the system is. This fact can ooowr,
and it happens when a use case has not been considered by the design team. That is why all states in Figure 5 are linked to state 6 2= it represents
an unknown software state.
To obtain an accurate code coverage, two key actions have been performed in this reseanch:
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FIGURE 3 EXs workingin cooperation

Expert System

[ Testcomes | | Kwlikgn i Inkesce angine | Conclusions ol s

|- P

i
Composed of pules coming e funciional
and software speciicalions

changes, softeamfunctional states nol inmally considersd and coded, etc

FIGURE 4 Scheme of the Exs used in this research

1 Genemation of test cases in such a way that the range of possible values for a given variable is divided into intenals** In this way, the prob-
ability of covering all paths of the Simulink model is inoreased.

2 Usage of a many states as necessary to describe the system.
These topics will be analyzed in Section 3.
3 Performance expert system

The performance EX is built by using functional states in which the vehicle can operate. Therefore, the model i not focused on part of the
Simulink modd of the 5M under validation. The fact of covering the functional model allows assessing the functional coverage but not acourately
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& depicted in Figure &, when assesing the transition from 52 to 54; it is unknown if the value for Outl was obtained following the path 1 or the
path2.

'When a test case is analyzed by the performance EXs, after having applied different rules, the inference engine determines the state of the
system. Therefore, the Exs decde whether the outputs provided by the sof tware are coherent for the test case simulated. At this point, it is vital
to verify in-depth the inference engine (Figure 5). As shown, all functional states (51, 52, 53, %4, and 55) are related to a state called 56. 56 cor-
responds to an unexpected or unknown state, which represents a use case not considered by the ded gners. By using this state, test engineers can
improve the EXs if needed. The 56 state will be analyzed in Section 3. In this research, the EX code is not provided as it belongs to the company’s
know-how and is confidential.

The validation process of both types of Exs is stimulated following these two phases:

# The established rules, used by the EX, are checked following a procedure consisting of a meeting between designers and testing engineers to
assure the conformity of the EX. Then, the EX i implemented by using Python,

» The aim of the validation process is to check two key characteristics: firstly, to assure that the rules presented in the knowledge base are coher-
ent and secondly, to verify that the EXs can assess the software performance propery. To do this, 2 set of data acquisitions, already analyzed
by test engineers, is used for the aforementioned punposes. These data acquisitions came from the following:

1 HIL validation results that were performed manually by technidans and

P T
(51 o 56 e
O [+ . 2
It | 1 t
= Al ] (szw (;“;\:l
-, :'u...y.r_ W S —
I ] Outt ) s
Merge i "{I ; \'I
o Ml E’S-* =
in3 [ N I\\_/
Aos
Path 2

FIGURE & Scheme of asoftware EX used in this research
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2 testdriving results camried out in different parts of the word to chedk the ECU behavior when operating in altitude and extreme cold and hot
wieather &

22.2 | Dymamic-link library validity

Dils are a key element of this research. The reader may think that the fact of wsing dils could keep the validation process from checking the 5
interactions. This statement is not true for several reasons:

1 The effects due to inputs and outputs of SM interactions are collected in the data acquisition file as it is the result of the HIL simulation.

2 It & essential to distinguish some important points when it comes to designing the engine ECU software. Before integrating the
software into the hardware, there is a process of building prototypes with the aim of chedking whether the Simulink modes work propery.
Onece this is checked, the decision of integrating software and hardware is made. Afterwands, the design spedfications are written, all the
SMs are assembled, and finally, a software is coded and the walidation process starts. Therefore, the Simulink modds are the
transoription of the funcional specifications of the engine ECU and must be met independently of the SM interactions, hardware design,
task scheduling software-hardware integration, etc In addition, Simulink models are tested before sending the specifications to
the supplier in charge of coding the software Therefore for a series of given inputs, the outputs provided by the Simulink models
must be equal to the ones provided by the engine ECU software when no bug i discovered. Otherwise the functional specifications
are not met

3. The fact of only considering one dil comesponding to the SMs under validation does not imply that software and hardware integration is con-
sidered as the inputs processed to the dil are the consequence of an HIL simulation. Therefore, the SM interactions are already considered in
the data acquisition file. The sof tware must provide the same output values as the Simulink model (dil). Othenwise, the functional specifications
are not met.

22.3 | Measurement conditions
Before starting the HIL simulation, some conditions must be met Otherwise, the result is rejected:

# The information provided by the probes must be equal in all cases (with and without dils] when it comes to extemnal factors such as air and
pressure temperature and slope of the road.

& The engine ECU memaory must contain no emors before starting the HIL simulation. If it does, then it must be erased by using the procedure
establiched by the ECL supplier.

« All test-case executions must be conducted on the same HIL bench. This factor is important to assure that the same probes are being used
during the whole research,

if a diagnosis defect appears when validating with dil and not when valid ating without dils, or vice versa, then the test-case result is rejected and it
must be executed again as the HIL model could hawve failed.

23 | Practical implementation

Akey issue inany projectis costs. Therefore, costs must be reduced as much as possible. Therefore, in this reseanch, it has been tried to implement
software validation by using Python packages. Each test case is run by wsing Python scripts and C-code. Firstly, as exposed in Section 2.1.3, the
test case is performed by using Python scripts that interact with the HIL model with the aim of reaching the values established in the test case (see
Appendix B). Dwring this process, a data acquisition is completed in ascii format Secondly, a C-code is used to call the dlls and to assess the soft-
ware behavior.

231 | Python scripts when using two EXs

From a pseudocode point of view, a multithreading implementation was conducted. One can find the thread responsible for generating software
rules that will be sent to two threads: the one in charge of automation control and the one that handles performance nules (Figure 7). The process
is as follows. A software rule is chosen, and consistent inputs values for the variables involved in suchrule are generated. Then a message is sent
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Theeod far controfing expert spstent 1

rule= sebect rulef)
datr_for_autamationsgenerobe_ooala_for_the_rafefrule)
send_message_ewpert_system_2(}
wrke_up_ thread_autamationf
wrtiRg_for_mutamation_sesw el
H autamatian_OF then
swred_covnfiemationresiage_expet_spatem X
wlse
Send_Messoge_expent_system_2)

end

FIGURET Pseudocode of software EX thread

to the EX 2 to set the nule to be applied according the one chosen by EX 1. Once done, the automation process can be conducted wsing an HIL
simulation. Ex 2 thread is waiting for the result. The automation thread sends a message indicating if the result was comect. thatis to say, whether
the system reached values dose to the desired operating point. if so, the EX 1 communicates to BX 2 that the sdected rule was comect. Other-
wise, the EX 2 updates the perfformance rule to be applied according to the operation point that was reached in the HIL simulation.

The second thread is in charge of controlling the automation process (Figure 8], which starts when the EX 1 thread establishes the software
rule to be tested (Figure B waiting_message_from_expert_system_1]. Once the process starts, the automation thread tries to lead the system to the
desired state set by the EX 1 thread. The automation process ends

a when this operating point is reached. In this caze, the software and performance rules for both EX must not be wpdated (Figure 7
automation_OK)

b. when a time out elapses as the operating point is not reached because of SM interactions. In this case, the software and performance rules
initially chosen might be updated (Figure 7 alse).

Finally, thread 3 is responsible for managing the performance BX (Figure %). Its pradtical implementation is extremely simple, as itonly runs when it
is allowed by the EX 1. This can take place in two distint situations: firstly, when the thread is instructed to select the rule to be applied according
to the one set by EX 1 and secondly, when it is indicated to proceed to update the rule depending on the final engine ECU state, ance the process
of the HIL simulation is completed.

To implement a cross-thread communication, a submadule event from the Python threading padkage was chosen. Its main advantage isits ease
of wse. Using the waitd and setl]l methods, it is possible to keep a thread waiting while another performs other tashs. When the latter ends, using
the set method, an event ocours to wake up all paused threads. In this case, its use is essential for several reasons:

Threod for controling the automation process

waiting_message_from_expert_system_i()
while time =< time_out
control_HIL_simulation()

end

sending_current_status_foexpert_spstem_ 1)

FIGURE 8 Psewdocode of automation thread
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Thread for controling the expert system 2

woiting_messoge_from_expert_system_1{)
select rule(]
woiting_message_from_expert_system_1{)

! update_rulef)

FIGURE § Psevdocode of performance EX thread

1 The automation thread and the EX 2 threads must not start calculations until EX 1 has been initialized.
2 The thread in charge of handling EX 1 must not continue its execution as long as the automation process is finished.

3. The EX 2 thread must not continue its execution 2 long 2 a confirmation about the cument status of the ECU done by EX 1 ks received. The
main raison is that a rule updated could be necessary.

23.2 | Dynamic-linked libraries

The implementation of dils dlows the use of the Simulink model on multiple computers without additional cost The dil can be implemented by
following the steps indicated in many Mathworks documen tation available in their site. The only thing that the user really needsis the Simulink
model to be converted into a dil In this case, these modeks are available as they are sent to the supplier to code the software. As described in
Matlab documenitation, the dil can be called by using different programming languages. In this research, Clanguage has been used. This process
iz depicted in Figure 10. Firstly, when a test case is nun, different software varables chosen by the user are recorded by wsing the INCA software
lsee Section 2.1.2). The result of this process is an asdi file that contains the variables finputs and outputs of the SM under validation) and the
spedific time when each measurement was performed. Secondly, the asdi file is read by wsing a C-file in such a way that each line of the file is
used for calling the dll (see phase 2, Figure 10). The dil must retum the sxpected output for the inputs used to call the dil. Finally, a comparison
ks performed a5 depicted in Figure 10, phase 3. It must be reminded that the outputs of the M are also available in the ascil file.

23.3 | Python scripts for the rest of applications

'When using other technigues such as the modelbased testing or the tester-in-the-loop ones, the number of Pythons soipts is reduced as anly
ane soript s needed to control the automation process of the test case. The aim of this soript is to assure that the values established in the test
case are reached despite the SM interactions. The process to call the dil described in Section 2.3.2 must be performed.

24 | Limitations

The main weak point of the method reported in this reseanch is that the Simulink modds are not always available in an engine ECU project for all
SMs present in the software. This issue takes place espedially in SMs designed and coded by the supplier as well 22 when validating networks such
a5 CAM and LIM. Drespite this, in this research, only roughly 7% of the SMs did not have a Simulink model. The reader could consider how the
conformity of dils s assured. However, if there ks an emor design in a Simulinkmaodel, this error will also be found in the software. Therefare, when
doing the validation, there will be no difference between the outputs provided by the Simulink model and the software. However, it must be
reminded that the conformity of Simulink models is checked in the software design pmaes&‘? In addition, the peformance EX can detect this
situation, as discussed in Section 3.
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@ Reading the data acquisition file. .

| umst | varngm) | warzimn | varapw) |
101 12 75 5
20,095 14 755 54
30,005 131 4.3 4.9
. - 40,004 128 734 3.8
C-code fo read the ascii fila
by using & do. while loop Ascil fila

For each line, the dil is called by using these inputs and the dil returns the expected
autput values for these inputs.

| t{ms) | varl (M) | vard (K] | wariw) | MATLAR
T2 | 2 | s | = |_.' SIMULINK

Finally, the outputs returned by the Simulink model are compared with the cnes
obtained during the HIL simulation.

FIGURE 10 Interactions between the C-code and the dil

3 | RESULTS

The aim of this section is to analyze the results obtained during this research by doing a comparison between different technigues. Several topics
are discussed such as the code and functional coverage, bug detection, design time, and the dil perfformance. All these factors are explained in
Table 7.

31 | Functional coverage

The functional coverage would be evaluated as Equation |1). This equation is widely used in the automotive sector as it allows assessing the func-
tional coverage in an easy way by using the sof tware reguirements. Table 8 depicts the total number of functional requirements linked to the SMs
chosen for this research (Section 2.1.1).

Mumber of software reguirements tested by a technigue

= “Number of software requirements indicated in Table 8 *100. H

Table 9 shows the results obtained for each technigue.
311 | Cause-effect technigue

The aim of the cause-effect technigue is to chedk that the software requirements established at the beginning of the engine project are met. The
test cases used in this technigue are similar to the one shown as an example in Table 5. They come from a database in which the staff document
dif ferent bugs found throughout the engine project as indicated in Section 2. In other words, all test cases are based on the experience of the
company subjected to this case study. These test cases can be nun by using a manual execution or can be automated by employing Python soripts.

The main limitation of the cause-effect technique is test-case redundancy as reported by Chundur* This research confirms this statement.
After having analyzed the test cases run by wsing this technigue, the authors found many of them that tested the same software reguirements.
Az exposed later, the root cause linked to this fact is the lack of functional models of SMs under validation. it must also be added that some
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TABLET Factors analyzed in this research

[Factor e finiti on

Cinile coverape Murmiber of Sirmulink blotks tested when an 5 has been validated.

Functional coverage Murnibser of functional states eovered when an S has been validated.

Bug detertion Capacity of each tec hnigue to detect bugs.

Design time Total time needed when uding 2 gecific technigue |t comprises the tolal time for designing test cases for
coding and designing dif erent elements such 28 EXg time needed to evecute a test case and validate
the: results

[Hl oo few mraaance This research aims to prove that diks allyw improving the auemating proces. This indicator is called dil

performance thowing the HIL results when uting and withoul wing the dIk in an HIL srulation

TABLE 8 Mumber of total functional reguirements

Type af S Mumber of Requirements
Sim e F
Fairty complex 400
Highly complex 510

TABLE? Functional coverage obtained for each research

Simple M Fairty Complex 5M Highly Complex 5M

Mumber of Rules Functional — Mumber of Rules Functionsl  Mumber of Rules Functional
Tt hi que Tested Coverage, % Tested Coverage % Tested Coverage %
Cause-affect il 853 312 Fi:] 357 Fii]
hbodeHoazed lesting &4 853 312 78 357 70
Performance EX combined with dis &8 wor 3B BT A5 Br2
Software EX and performance EX combined with 71 Wb 360 0 445 §12

dils

use cases not considered initially in the software reguirements cannot be detected by the cause-effect technigue. In addition, bugs linked to cal-
culation emors jsee Fpgure 1) cannot be found.

31.2 | Model-based testing

As already exposed in this research, a functional model is built by employing Matelo software. In addition, this software is able to generate test
cases with the aim of covering the whole functional model. The functional coverage can be caloulated easily by using Equation (11 Moreover, this
technique allows detecting use cases not considered initially in the software requirements.

‘When using Matelo (the model-based testing techniguel, it is important to expose the problems found during this research. If the test
enginesr |et Matelo generate test cases, this software will assign specific values for each input of the 5M under validation. As 3 consequence,
the problems of SM interactions are identified. That is why this stategy could not be used. To face this isue one can wse dils combined
with Matda. In this case, Matelo will not generate the test case but it will control the automation process. In order words, the test
engineer must code a Python soript to generate the test cases needed, and then Matelo will chedk the functional states covered 2 the
automation is performed. In the present research, the test engineer codes Python soipts with the aim of running the same test cases as
for the manuwal execution, the testerdin-the-loop, and so on. Therefore, the test cases are present in the database that is mentioned in
Section 21.1

31.3 | BEXs combined with dlls

The software performance is assured by using an E¥ capable of detecting whether the software behaves properdy when a test case is conducted.
As discussed eadier, the unespected behavior can come from a coding fault or design emor. In both cases, the performance EX candetect them.
The design process of the Exs was disoussed in-depth in Section 2.2.1. Therefore, the results obtained when validating the Ex are analyzed in this
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section. As done in the previous case, a validation and a test phase were performed. The main problems obtained for the former phasze are
depicted in Table 10.

When the emors indicated in Table 10 were comected, the EX was assessed during the validation phase Inthis case, the same number of test
cases used when valid ating the software EX was performed. The acceptance process was the same as reported in the sof tware EX validation pro-
cess (Table 11).

When using a performance B in addition to the test cases depicted in Table 2, a certain number of test cases were conducted by azsigning
pseudorandom values to the inputs of the SMs: 25 for 20 simple 5Ms, 5 for faidy complex SMs, and 2 for highly complex SMs. Table 12 depicts
the results obtained.

'When both EXs are used together when performing an HIL simulation, the final results are enhanced, as more nules are checked as shown in
this section (Table 13] The main reason behind this fact is that the higher the code coverage of the software B, the higher the functional cow-
erage obtained when camying out HIL simul ations. Therefore, it is essential that they work in cooperation. Another aspect that must be analyzed i
whiy 100% functional coverage is reached when the software code coverage is not 100%. This fact can be easily explained as a specific variable
can be activated by different software paths of the Simulink model. Figure 11 shows how output Outl can be activated by two different paths.
That is why the functional coverage is 100% but not code coverage. This fact supports the conclusion that the number of subintenvals is essential
to get a high code coverage

TABLE 10 Emor detected when validating the EXs

Type of Emor Cases Percentage Explanation
Wiong syntaves [ 55 Becawse the niles used Lo design the EXs are extremely comples, the programmen made coding
0T
Incoherence among s 2 18 Insome cases of wiong performance of the EX incoherence between nuls was found.
Minderstandng of technical 3 27 Becawse of innovative evolulions in some parts of the engine, some technical speci fications
specifications were not understood property.
Rules not coded or lorgotten 1 0% Thits type of erfor was made owing to the same misunderstanding of tec hnical specifications.

TABLE 11 Most important points checked during the walidation mesting
Most important factors cond dered to validate the expert system
Al safety concepts (150 2626F) were modeled or considered in the B3,
All disgnoses that may be detected by the engine EOU during the validation process were considered in the EX
Thee number of states i considered sufficient and represent stive enough by the project team.
Al use eases are modeled and considered in the EX (a priod]
Thee transitions among all the states considered in the EX are dafined and modalad proparh.
The feadback of other projects was considered in the B

TABLE 12 Code coverage when an EX is used

Type of 34 Mumber of Rules Mumibser of Functional States Tested Mot Checked Wihen Using an EX Functional Coverage
Simple 75 T bt

Fairly commplex 400 52 ET%

Hig iy cormples: 10 &5 ET %

TABLE 13 Mumber of rules or functional states not checked when an EX i not used

IMumibber of Functional States Mot Checlked Software Code Funec tional
Type of 34 HMurmiber of Rules ‘When Using Both Exs Coverage Coverage
Sim e 75 4 6% 100
Fairty complex 400 40 F% 5%

Highily corrphe 510 45 ¥Lin b=
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Path 1

In1 — [+
Add
O Merge O
In2 .
i out1
Merge
CO— ool |—
In3
Abs
Path 2

FIGURE 11 Activation of a spedfic variable
32 | Code coverage

The supplier responsible for coding the engine ECU software starts from the spedfications composed of complex models that are provided by the
car manufacturer. Thus, it is extremely difficult to reach a code coverage dose to 100% as reported in previous research™* In addition, the vali-
dation process must be compatible with the project time frame. In order to assess the code coverage, Equation (2] was used, which establishes the
relation between the total number of Simulink blodks to be tested (Table 14) and the total number of Simulink blocks tested.

_ Number of Simulink blocks tested by a technique

Fe= Number of Simulink Blocks indicated in Tabke 14

100. 2]
The results obtained for each technigue are shown in Table 15.

321 | Cause-effect technigue

After having run all test cases to assess the functional coverage (Section 3.1), the number of Simulink blods covered was caloulated following
Equation (2] It must be reminded that the code coverage is lower than the functional coverage because a spedific software output can be

TABLE 14 Number of total Simulink blocks®

Type of SM Mumiber of Reguirements
Simple B0
Fairty comples 350
Highly complex 530

*Wihen a state flow is present, each stabe is considered as a Simulink block

TABLE 15 Code coverage obtained for each research

Simple SM [Fairly Complex SM Highly Complex SM

Number of Rules  Functional Number of Rules  Func tional Number of Rules  Func tional
Tiest i guoe: Tested Coverage % Tested Coverage % Tested Coverage %
Cause-effect 63 787 265 754 410 773
Tester-in-the-loop &3 TBT7 285 754 410 773
Mode|-based testing 63 787 265 754 410 773
Performance EX combined with dis =~ 74 925 95 B3 435 B2
Software EX and performance EX ] 95 313 594 425 B02

cormbbined with dils
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activated by following different paths (Figure 11). As exposed in Section 3.1, the cause- effect technigue implies redundandes. Consequently, the
code coverage is not high. The main limitation assodated with this technigue is that it is based on the software behavior and not on chedking the
code coverage and the number of Simulink blocks covered.

32.2 | Model-based testing

The model used for testing the S5 under validation can be built from two points of view. The first one foouses on the fundional software behav-
ior as desaribed in Section 3.1. The other one focuses on the software structure, in other words, on the Simulink blodks without analyzing the
purpose of each block In this section, the second point of view s used. However, it faces the same problems already descoribed when auto mating
test cases because of the SM interactions.

323 | EXs combined with dlls

A realistic way to assess the code coverage is to chedk whether all subblodks that composed a Simulink mo del of aspecific S under validation are
verified after having run all the test cases. In this research, two options were considered:

a1 Division of the range of every sof tware varable invoheed in the valid ation process into subintervals. The aim of this was to generate test cases
that allow covering as many paths of the Simulink model as possible. This strategy is followed by commerdal software such as Matelo,

b. Mumber of states. Thisis a key factor as it allows modding in detail the software behavior by using functional states. As depicted in Figure &,
every path of a Simulink model may be represented by a functional state.

By changng the value of these factors, the code coverage was assessed. Todo this, it was chedked how many functional states were covered
when conducting all test cases available to validate an 5M following the strategies described in Section 2.1.1 to generate test cases. The obtained
results are shown in Table 16. These figures show how the code coverage increases as the number of states goes wp. This fact must be coherent
with the functional coverage rate. This point will be analyzed in this section.

The code coverage could be caloulated in a more accurate way. However, this implies that two main issues should be taken into account
Firstly, the number of test cases to be performed by using an HIL simulation increases, and the project ime frame can be affected. In addition,
some use cases are difficult to be simulated when using an HIL bench owing to the HIL model limitations, especially when it comes to SMs linked
to advanced driver assistance systems. |t must be reminded that these functions need a lot of information eschanged between different ECUs
present in the CAMN netwark. Secondly, the number of states should also be increased However, it cannot be stated that the more states are used,
the higher the code coverage is. As shown in Table 14, there isa limit at which the code coverage does not increase meaningfully (15 states for a
simple function and 75 for a faidy and highly complex function). After analyzing the results, the condusion was that many test cases were redun-
dant As mentioned abowe, some states are difficult to reach when using an HIL simulation owing to HIL model limitations.

When it comes to subintervals breakdown, the obtained results are shown in Table 17. The main condusion is the higher the number of sub-
intervals, then the lower code coverage s, as redundan oy in test cases ocours. |n this research, the authors proceeded to use a fuzzy logic to estab-
lich the optimal number of subintervals. Mare specifically, the speed was considered as low, average, and high, the water cooling temperature low,
average, or high, and so0 on

Figures 12 and 13 depict the results in a more visual way.

Finally, it is essential to check the validity of the software EX. The method followed to validate EXs was discussed in Section 221 Two
phases were corsidered: a validation and a test one. On the one hand, the former consists of verifying test cases to assess the EX perfor-
mance depending on the type of SMs under validation (60 for simple SMs, 40 for faidy complex 5Ms, and 10 for highly complex SMs). On
the other hand, the latter seeks its acceptance after having tested 30 for simple SMs, 20 for faidy comple: 5Ms, and 5 for highly complex
EMs. It is vital to remark that all the points, tested to validate the system, covered all the functional rules. Thus, the funcional coverage rate
was 100%. In the first phase, a 17.3% error was obtained and in the second one, 0% As a result, the EX was validated. Table 18 shows the
results obtained during the first phase.

TABLE 16 Code coverage trend depending on the number of the states (measured in %)
Subinterval = 3
Mumber of States'\Typeof SM 1 3 5 & 11 15 16 20 25 31 36 42 48 54 &0 &8 T5 B0

Sirm e 15 &3 14 45 73 %> 932 953 953 934 P54 ¥54 955 P35 PIE FLe PLT PAT
Fairty complex 119 21 26 35 52 B85 15 17 356 369 423 50 571 643 Ti4 TE6 B3 BVS
Highily cormphex 11 18 22 31 47 &7 135 158 P8 332 382 432 532 5B5 6BT7 725 B8O B02
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TABLE 17 Code coverage trend depending on the subintervals and the number of states (measured in %)
Subinterval = 4

Mumber of States\Typeof 5M 1 3 5 &

11 15 18 20 25 31 36 42 48 54 &0 &8 TS5 BO

Simple 1 4 B 35 &8 85 852 853 B33 B854 B55 B35 B854 BSH BS6 BLT BT BLT
Fairky ooy 12 21 23 3 42 T 12 14 302 312 36 45 522 563 623 T0 B32 E38
Highly cormplex 11 12 2 25 41 5 1146 125 182 235 292 35 402 435 485 531 582 5BEB
Subinterval = 5
Mumber of States\Type of 5SM 1 3 5 & 11 15 18 20 25 31 3% 42 48 54 &0 68 T5 B8O
Simpe 1 35 72 30 51 Fr Fi1 TR} TiLs Ti6 Tieé Tie TRT TIB TiB T:E TIB Tiv
Fairty complex 118 1% 22 28 35 62 108 125 256 286 32 40 485 535 58 &45 TS5 729
Highiby corrphex 11 18 1% 22 35 42 7 B3 127 165 201 242 276 325 375 428 50 306

120

Lo

60

Cade coverage (%)

]

20

13 § & 11 15 18 20 IF 3 ¥ 42 48 54 B0 68 TS

FIGURE 12 Code coverage rate versus the Mumbar aof statas

number of subinterals considered when
walidating a simple S5M

== Simple SM. Subinlerval = 3 =@=Simpls SMe. Subirteral=4 =8=>Smpls SMs. Sudimaecal =5

Code coverage vs subintervals

Code coverage
wn
&

1 L} ] L] I 1% 18 ap 2% 31 M 4 a8 M 60 B TS
Mumber of slales

e P i -G e S suibinlerval = 3 Highly-camplex S subinlerval=]
FIGURE 13 Code coverage trend vs the s Fpiriy-complog SM subinterval = 4 s Highly-complex 5K subinterval=4
number of subinterals chosen when — il -GOMpex SM sibinleral = 5 Highiy-cafiplax SM sibinleralkb

walidating a fairly and highly complex Shs

Before wsing the EX, an acceptance process is performed, consisting mainly of a series of meetings in which some key factors are assessed.
Table 11 depicts the most important ones. All the factors assessed cannot be indicated for confidentiality reasons. It is essential to remark that
no bug or unexpected behavior of the EX was detected after its validation.
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TABLE 18 Emors detected when validating the EXs

Type of Emor Caies Percentage [Esopd asnati o

Wirong synbaves 10 1 Becawse the mubes wed o design the Exs are extremsly compley the programimer
made coding errors.

Incoherence betwesn rules ] 55 In some cases of wiong performance of the X incoherence between niles was found

Rules not coded or forgotten 3 27 This eror i due to the same misunder standing of technical specific ations.

Nurmber of bugs datecting by each technegue

Simple funclions

Fairy-complox functiorrs | I

Twao EXs and
ke

Higriy-complax Tunclons
Simple funclions

Fairly-complex functions

laaticg

Mtodelbased

Highly-complax funclions
Simple funclions
Fairy-complex functions

Highiy-complax Tuneclions

e EX and dls

Simple funclions

Technigue

Tester-in-the
=,

Fairy-complax functions
Highiy-complax Tuniloas

Simpls funclions
Fairy-complax functions | I
Higop-comphaz uvelees. [N

Simple functions

Cinly aidorslion

Sanual
waldation

Fairy-complax functicns | IR
Highiy-comphax funclions | [N

=]
an

10 15
Humbsar of Bugs
FIGURE 14 Capacity of bug detection

3.3 | Bug detection

‘When using one EX, the results obtained after executing the number of test cases specified in Table 2 are shown in Figure 14.
* The cause-effect technigue lautomated or not) and the model-based testing one

The use of Python soripts is a less effident technigue because it is complicated to make the system reach a spedific operating point. esped ally
when dealing with certain $Ms, such as those related to after treatment of exhaust gas systems. [t must be reminded that these SMs perform mul-
tiple complex and accurate calculations. As a result, this technigue faces the 5M interaction problem. Despite this, a test case can be exeouted by
using an HIL simulation, thanks to dils ** This statement s also true for model-based testing. The fact of reaching spedfic points remains difficult
because of the SM interaction problem

# The tester-in-thedoop technigue and the manual execution one
The tester-in-thesloop technigue offers better results as a technidan or a test engineer can make the system reach a specific operating point

Then, a script is run to wse all the necessary manipulations on the HIL model to end the testcase performance. This statement ks also true for
manual execution a a technican performs the whole test-case exscution.
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« Using Exs to validate the software

Exs performance must be analyzed. In the previous research, which is under consideration for publication, the authors probed how the wse of a
performance EX introduced significant advantages such as the capacity of detecting more bugs than ather technigues. The guestion that might
arise is if the addition of a software EX introduces significant improvements, which would justify its implementation. As shown in Figure 15, the
anIwer is yes, as more siv bugs were found. This fact supports the results shown in Table 19, the higher the code coverage, the mare functional
states are checked. Six bugs were detected by using two Exs. Figure 15 depicted a classification of these bugs. The term of strategy chosan showed
in Figure 15 refers to the ability of testing maore paths of the Simulink modds (Figure 11), thanks to the use of software EXs that allow to increase
the code coverage rate. The nikes not considered concept refers to functional states reached during HIL simulations that had nat been considered by
the design team. The valwe bugs term refers to certain bugs detected when a Simulink blodk did not perfomm some calculations properly (Table 20

34 | Design time

‘When it comes to proposing a methodology, it is necessary to assess the time required for its implementation. The results obtained in this research
are shown inTable 21, which depicts the average time needed for each phase to be considered depending on the type of SMs.

Type of bugs debactad by both EX vs radilicnal techhaigues

e TN
I

Ores EX and dils -
Model-based lesting _

] 1 I 3 q 5 B T ] g 10
Hufrizai of bugs

Tachnigue

o Salegy chokss W Rules nol considersd  mWalus bugs

FIGURE 15 Types of bugs found

TABLE 19 Number of rules or functional states not checked when an EX is not used

Mumrber of Functional States Not Cheecked Software Code [Fune ional
Type of Mumber of Rules When Using Both Exs Coverage Coverage
Simpe i1 4 % 100
Fairly complex 400 40 P 95%
Highly complex 510 45 b s b

TABLE 20 Most problematic Simulink blocks
Invterpolater block. In this case, depending on the input valses presented to the Simulink block, an output value & provided by
I|I applying an algorithm or an interpolation method.

o
Matial native comparator bock. It has problems in all |t versions (greater than, greater than or equal ta less than, less than or
edqual to]. Inengine ECU software, on many eocasions, the value of 3 certain physical magnitude (eg, motor revautions and
<= [~ wehicle speed) is compared with a calibration threshold.

v ¥
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TABLE 21 Implementation time for each technigue

Simple  Fairly Complesity Highly Complex

Functions Functions Fumtions
Total Time for Designing Test Cases, h 8 B0 120
Time for designing  Time for coding, design, and validation of one EX and Python scripts for the 3 ] &
and coding aubamation process, h
Time for coding, design, and validstion of two Exs and Python scripts for the 4 35 Ta
automation process, h
Time lor coding, des gn, and validation of functional modes and Python soripts 5 34 72
for the sutomation process, h
Time for pregaring dils, h 2 & 10
Time for coding Python seripts, h 4 32 L]
Time for coding when using the teste- in- the-loop, h 2 ] 35
Total time for designing and coding when wsing one EX and dils, h 13 115 194
Total time for designing and coding when wsing two EXs and dils, h 14 11 200
Total time for designing and coding when wsing only sutomation | Python 12 112 170
seripts], b
Toital time for designing and coding when using the tester-in-the-loop, h 10 105 155
Total time for designing and coding when using the model-based testing. h 15 120 202
Total time for designing when using manual validstion, h ] &0 150
Test-case execulion  Time for executing an sutomated test case when using one EX and dils, h 028 125 Ti6
Time for executing an sutomated test cae when wsing two EXs and dils h 032 13 73
Time for executing an aulomaled test case by usng the mode-based tedting. h O34 132 72
Time for eeouting a test cae when Bing only sulomation (Pythen seripls) h - 025 1258 72
Time for exsouling 3 test ease by using the tester-in-the-loop, h 044 &2 &0
Time for executing a test case when wing manul validation, h 05 B0 170
Validatian Time for validating the resulls whith aulamation, &' 000026 0.003 47 0.000 44
Time for validating the resulls without sutomation, h = 147 HES 233
Total time Total time when usng one EX and dils, h 1328 12750 266,60
Total time when wsing two ExXs and dils, h 14.32 134 73
Total time when wsing anly automation (Python seripts], h 1225 1245 243
Total time when wsing the tester-in-the-loop, h 10.44 167 235
Total time when using the mode-based testing h 1534 1332 74
Total time when wsing manesl validstion, b 1017 18083 29233

(1] In this case, the fallowing data have been considered: 50 test cases for simple funclions with an execution time of 0.02 5, 250
test cases for faidy complex functions with an execution time of 0.05 5 and 50 test cases for complex functions with an
execution Lime of 0.08 s. The sxecution time has been measred by wing the Pyhon function time ok

Firstly, the time needed for designing the test cases was estimated. Secondly, the time devoted to implement the EXs, the automation Python
sripts, and the necessary scripts to apply the technical tester-in-theJoop were also established. All these aforementioned elements are included
in the concept "Time for designing and coding " In the concept “test-case performance,” the time needed to run the test case 25 well as the manual
or automated execution is considered. The “validation section” shows the time required to perform the validation results automatically or manu-
ally. When analyzing the results, the following condusions can be drawn. The tester-in-thedoop is slightly better than the manual validation, offer-
ing improvements of 7.6% for faidy and 19.6% for highly complest SM=. Logically, manual validation for simple 5Ms is the fastest method asitis
not difficult to make the engine ECU reach a spedific operating point. The use of Pythan scripts introduces improvements of 31% and 17.1% for
fairty and highly complex functions vs manual execution. The one that introduces less time effidency is the combination of two EXs, between
25 .89% and the 6.61% However, four conclusions can be drawn:

1 Two EXs can be implemented, and they are feasble & they outperform the manual execution.
2 The use of EXs i widely justified considering ther capadty of bugs detection 2 discussed in Section 3.2. 1t must be reminded that during this
research, a bug was detected, which implies that new software delivery would be required.

3. Ore can also deduce that although that the productivity drops slightly when using two EXs, the capadty of bug detections is improved.
4. The effort of using two EXs is similar to model-based testing.

Table 22 shows the results when comparing the technigue proposed in this paper with others. The results are logical 2 the implementation of two
Ex= requires mare time than that of ather technigues. The main gain i made when test cases are automated.
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Different questions must be analyzed to consider whether this technigue is useful or not to be applied in an engine ECU project.
a Ik the time required to implement this technigue compatible with an engine project planning?

It must be reminded that several projects are being developed at the same time by car manufacturers: diesel or gasoline engines. Between these
types of engines, one can find considerable differences when it comes to torgue structure or after treatment of exhaust gas systems. However,
when comparing engines of the same groups, they are remarkably similar. As a reault an EX designed for a project can be used for another
one. Then, only the automation and validation phases will be performed. As one can see in these phases, this technigue outperforms the other
ones. The main condusion that can be drawn is that the proposed technigue always meets the project planning espedally when there are several
engines devdoping at the same time.

b. Can this technigue save money for a car manuf ac turer?

Mat all bugs have the same importance. Some of them are minor bugs and even the manufacturer could dedde not to fix them as the new software
wversion implies high costs. On the other hand, there are other bugsthat must be fived asthey are relatedto safety. During this research, this technigue
allowed detecting two bugs {linked to safety and after treatment of exhaust gas reguirements) that would have required two new software versions.

35 | Dynamic-link libraries

The problem of SM interactions is resolved, thanks to the usage of dils as proved in this research. [t must be remarked that the obtained results are
wery similar no matter what technigue i used provided that dlls are implemented as depicted in Tables 23, 24, and 25

Several factors must be considered to better understand these results. Firstly, dils are not needed when using the manual execution as the test
engineer can control accurately the automation process. Secondly, the results for " Automated with a Python script and the use of dils® are repre-
sentative for no matter what techinique is used, which implies that a Python soipt is run to perform the automation process such as the model-
based testing and EXs. Finally, when using dils, a 100% success rate is not achieved because of HIL model inaccurades. The HIL model, which
represents the vehicle dynamic. is not perfect. Therefore, from time to time, the engine ECU can detect failures, which implies that the test case
cannot be properly run despite the dils usage

346 | Limitations

It is important to emphasize that the use of EXMs does not allow the detection of any type of bugs. Indeed, the output provided by the software
for a particular variable differs from the one expected. However, if this fault does not introduce any serious malfunction, the EXs will not be

TABLE 23 Comparisons of different technigues for validating simple functions

Murrber of Cates in Which the Output Value Error Rate After 250 Success
et hooeciol oy Set in the Test Case Was No Longer Valid Simula ions Rate
Only but without wsing a dis 4% 19.6% BOA%
Tester-in-the-loop 5 10% 0%
Only sutomation and the we of dils 13 IR F4.8%
One EX and dils 12 4.8% 95.2%
T EXs and dils 13 IR F4.8%

TABLE 24 Comparisons of different technigues for validating fairly complex functions

Mumber of Cases in Which the Output Value Set Emror Rate After 1250 Success
et el ety i thee Test Cate W Mo Longer Valid Sirmuils ions Rate
Only but without wsing a dis 450 3E4% 61.6%
Tester-in-the-leop 350 28% TH
Only subormation and the uwe of dils 125 1 e
One EX and dils 124 101% ik

T EX5 and dils 134 P¥% 1%




Tesis Doctoral

EIDUNED Programa de Doctorado en Tecnologias Industriales

Titulo: Validacion electrdnica de vehiculos. Nuevas metodologias y posibles aportaciones al
transporte sostenible.

Autor: Pedro Miguel Ortega Cabezas | 30/08/2021 | Pagina 180 de 292

ORTEGA-CABEFAS s 2=
- WILEY Software: Evalution and Process

TABLE 25 Comparisons of different techniques for validating highly complex functions

Number of Cases in Whidh the Output Value Ervor Rate After 100 Sutoess
et hodaology St in the Test Case Was No Longer Valid Simulati ons Rate
Oy but without using a dils &1 &% e
Tester-in-the-leop 35 35% 4£5%,
Only sutomation and the use of dils 15 1% B5%
One EX ard dils 15 15% #5%
Twia EXs and diks 14 14% B4

sl b Conterieschesd
' | Thaengig is siopped
i i |
T v Cotrtar maches 2

L Theengieis nolsinped

FIGURE 16 An esample of a software bug !
detected by the EX that could not be detected 0w ams Wms  dims
by wsing traditional tec hnigues

gble to detect it That is why, the use of the dils is essential in this methodology. This type of bugs may be present in SMs that perform many
caboulations.

The reader might think that, in case of bugs in the Simulink modd, the software will also contain these emors. As a result, no bug will be
detected by using the method proposed in this research. This study has proven that this statement is true and that is why the perfformance BEX
must be used. In the engine BCL software, when some specific fallures are detected, a software reset takes place. If, despite this, the failure stil
occurs, the ECU stops the car. Figure 16 shows a bug found during this research. The dil and the software did not increase a counter propery. The
main consequence was that instead of counting until four software resets, they counted until two and the engine was not stopped. In this casze, the
dll and the software provided the same outputs. However, the EX detected this software bug

Finally, the limitation associated with this methodology is no different to others that can be proposed a5 increasing the number of test cases to
be conducted to ensure a code coverage of 100% is not compatible with the planning of an engine design project

3.7 | Threats to validity

In this reseanch, the authors have considered intemal and external threats to camy out the threats to validity analysis. Table 26 desoribes the main
variables to be controlled {predictors) to check the influence on the response variables (productivity gain, documentation quality, and bugs).¥
Among these predictors, one can distinguich the sample used in this research, the staffs skills in Python, the SM dhosen to be validated, the staffs
experience in how the engine ECU operates, the reliability of measures done during the validation, and finally, the quality of the documentation
furnished to technidan or engineers to validate the software (test description, python soripts, etc)l

All these factors are analyzed in the sendtivity analysis (Section 4). The authors described in-depth how all these factors impact the time
needed to code Python seripts and, therefore, productivity (intemal threats). Considering that one of the most important factors to be analyzed
in this research is the numberof bugs found when wsing two Exs working in collaboration, it is essential to chedk how these variables impact this
factor. Figure 17 shows that the less quality the documents have, the fewer bugs are detected, and therefore the performance decreases. The
quality depends on the sample used in this research, the training in Python, the staff's experience in the engine control unit ECU, and the number

Vioowridering the comphaty of this case study, S rumber of vartes wad & prafictors mustbe limited. Ottervdse, it would be extremdy omghen to daw condusions.
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TABLE 26 Factors to be controlled when validating the engine ECU

o]

Factor Factor Description

1 Sample wed inthis research This researc hwas performed in 2 software validation service that belonged to one of the most

important manulacturers in Europe. The dalf wed in this research s composed of 40
peaple 19 engineers and 21 technicians. Each parson may have different skills, but this fact
was considered in the sensithity analyss in Section 4.

2 Training in Python The more avalidation department masters Python, the more sufficient the productivity gain is
o the maore extendve knowledge of an engine operation the staff can soquire. the less time
they require Lo wrile the teds. Technicians and engineers having different levels in coding
Python or in engine aperation knowledge were chosen. Then the influence of all the
alorementioned sspects was analyzed in the senditivity analysis (Section 41

3 S chosen for the reseanch Not all s present in the engine ECU soltvare have the same complexdty. It is not posible
o draw exactly the same conchedons for 3 smple 5M as for a highly complex ane. The
suthors have divided the SMs into three groups. The fact of not doing this implies that the
productivity gain is not propery assessed

4 Unrediability of measures Al measures werne Laken in the same conditions. To assure this, a procedune was writlen 2
the reader can see in Section 223, which describes when measures can be accepted and
when they must be rejected it in addition, Exs must be validated a2 exposed in Section 2.
Otherwise, the conchesions could be completely random and wrong

7 Stafi’s experience in the engine ECU fidd The members of the stafl of 2 validstion sendce may change their positions in the company.
A o reault, the department may have more specialized people at a specific moment and
wice versa in other occasions. This reseanch was performed considering different soenarios
depending on the stalffs training a5 shown in the sensitivity analysis (Section 4]

] Quality of documentations provided Lo the A validation department can have more of les stafl. It must sko be reminded that a validation

technician to validate the software department i of high cost for companies, 2o they try to limit the number of people who run
the service The suthors have described the number of engineering houwrs needed to get
high, average. or low guality when it comes o doosmentation and other inputs needed to
walidate the software.

Documentation quality vs bugs found

160 18
140 15
120 g
100 12 E
g b (i 1
ERE P
T g 3
p :
6 5
&0 4 =
20 2
0 1]
High Quakty awerage Quality Law Cuality
I i e I Fairly-carmplex I Highly-camplex
Bugs low quality s BUgs avnragn quality se—Eugs high quality FIGURE 17 Documentation quality vs bugs

found when using Exs

TABLE 27 Staffs training in Python

Group Experience in Coding Python Scripts Murriber of Members
Esepeert ] Mare than 2y 10
Porerape leve Between 1 and 2y 15

Lev heed Lesis than 1y 15
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of people belonging to the staff. When it comes to external threats, it is of pammount importance to verify if the results can be generalized or if it
iz applicable to a lamger group. Figure 17 shows that it can be applied as the quality depends on the number of members of the staff. This state-
ment is hased on the fact that the higher the staff is the more hours can be devoted to improving the quality of documentation. Otherwise, the
terms of the project will be prolonged.

4 | SENSITIVITY ANALYSIS

‘When automating a test case, it is necessary to make the wehide reach spedfic operating conditions. To do this, there are two options: firstly,
coding a high-guality soript that can control all necessary parameters that could prevent the vehicle from achieving the desired operating point
and secondly, the "tester-in-theJoop” concept can be applied Thus, a technidan makes the vehicle reach a desired operating point, and then
an automation script performs all subsequent actions to run the test case completety.® In this research, thes SMs were automated in the com-
pany subjected to this case study by using Python scripts. The key to achieve this is to code libraries that can camy out specific interaction with the
wehide model interface (Figure 1), such as heating the MO, probes. Therefore, quick and robust soripts can be coded. However, the time needed to
code Python seripts depends on the programmers experience. 52 As showniin Table 27, the staff of the validation software validation service of the
company subjected to this case study has been clasified as expert, average, and low level when it comes to their experience in Python
Figure 18 depicts the obtained results.

Clearty, training in Pythan soripts is 2 key aspect to be taken into account to improve prodectivity when it comes to software valid ation.

Hours needed to code a script

=]
Ta 10
@ @
EE B0
# 5 B0
2° a |
 oa u =i
; —— | N
Simple Fairty-complex Highly comple
I Expart lavel 1 168 28
I Avarage level 3 25 42
I Low lavel ] 55 a0
Avaragn lime & a2 50
Type of function
B Expert level B Average level B Low level Average time

FIGURE 18 Time needed to code a soript depending on staff's training

Needed time to design tests
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Smple Falrly-complex Highly comples
mm High knowledge 4 40 T
 Average knowledge 7 75 106
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FIGURE 19 Meeded time for designing test cases v functional and physical lnowledge about 3 5M
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However, training in Python is not the only key factor to improve the quality of software and time frame of the project. Knowledge about
physical phenomena controlled by the Sh under validation has a great influence on the time needed to design tests. For esample, if ated engineer
needs to design tests for validating the urea injection for the nitrogen mdde treatment, if he knows the physical foundation of the function, besides
knowing the software architecture, the time needed to design a test ca= s reduced. To verify this, expert python test engineers were chosen to
code pythaon soipts to automate simple, average, and complex functions. However, these engineers had high, average and low knowledge about
the function to be automated. The obtained results are shown in Figure 1. Consequently, in addition to SM knowledpe, anaother potential method
of improvement is provided by the expertise in the physical phenomena linked to a combustion engine.

The number of engineering hours dedicated to design the tests used during the validation process depends on the final quality of the test doc-
umentation provided by the technician. f schedules, notes, and comments are attached, the cost increases. Figure 20 shows the total amount of
engineering hours spent to design the tests depending on the final quality provided. In this reseanch, the quality was measured by using a checlist
built by the validation expert engineer of the powertrain software validation service.

Taking together Figures 18 and 19, the total number of hours needed to design the test cases (test-case design and the time needed to code
the Python soripts) is shown in Figure 21. Significant prod uctivity improvements when comparing with the black-box technigue can be obtained
when the training of the staff is improved: 13.5% for complex functions, 10.9% for faidy complesdty functions, and 14.4% for simple functions
considering the average knowledge case These figures are based on the scenario of high Python skills as well 25 good knowledge of the SM under
walidation.

I Needed time vs Quality
o &
& & 160
oz
85 120 -
pE B0 m
g> 11
u fa —
Simpla Fairly=comgin Highly comglax
m High Cuality 10 96 150
— Ayerage Quality ] K] 128
. Low Quality B BS a2
Average timea B 80 120
Type af function
B High Cuality SN Average Quality I Low Quality Average time

FIGURE 20 Engineering hours spent for test design depending on the type of software module to be validated in black- method

Number of hours to design test-cases
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FIGURE 21 Total number of hours to design the test cases (design and soript coding time)
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5 | CONCLUSIONS

Severd isues that the automotive sector must face when validating the ECU software are how to design representative use cases, how to
propery automate the HIL simulation because of the interaction of $Ms, and how to be able to find coding and perfoman ce bugs when running
3 test casze.

This research, conducted at the second most important European car manufacturer, is focused on the software validation of an engine ECU by
using dlls and two nule-based EXs, one for detecting performance bugs and the other for finding code bugs. This combination allows the detection
of software performance and coding bugs. In this research, the use of dils and two EXs were compared with other technigues such as the tester-
in- the-loop, automation by using Python soripts, and a performance EX and auto mation by using Python sori pts withouwt Exs. The results obtained
show that dils and two EXs are able to detect six bugs more than the wse of dils and a performance EX can, 14 bugs more than the tester-in-the-
loopcan, 16 bugs more than the automation by wsing Python scripts can, 15 bugs more than a manuwal execution can, and 14 bugs more than the
model-based testing can. Dlls and EXs working in cooperation enhance the code coverage regarding the other technigues. This enhancement
depends on the number of states in the functional modd wsed in the Exsand the number of subintervals in which the SM inputs can be divided
25 shown in this reseanch.

Dils and Python scripts can be used combined with different technigues such as the wsing of a performance Exs or two Exs. The obtained
results show that the methodology proposed in this research enhances the HIL success rate compared with the tester-in-theJoop technigue by
up to &% for simple validation 5Ms, by 16.8% for faidy comple: 5Ms, and by 18% for highly complex SMs despite the SM interactions. When
it comes to automation without using dlls, the methodology proposed in this research enhances the HIL success mte up to 14.4% for simple val-
idation SMs, by 27.4% for fairly complex SMs, and by 47% for highly complex SMe despite the SM interactions.

Even though Exs and dils require more time to be implemented for highly complex and simple functions, the deadline of the project was met
‘When it comes to faidy complex functions, there is a productivity gain considering the number of SMs to be tested in an engine ECU software
project versus the testerin-the-oop and manual execution. In addition, the time needed to implement the model- based testing technigue is sim-
ilar to the one needed for two Exs. It must be reminded that the fairly complex SMs are the majority in the engine ECU software.
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APPEMDIX A
EMGINE CONTROL UNIT OVERVIEW

Powertrain® control is the system in charge of transforming the drivers will into an operating point of the powertrain according to performance
established for the product leg, consumption and emissions).” The key element of the control system is the engine ECU composed of hardware
and software The handware ks responsible for getting information from sensors after a filtering process to reduce noise in signals. The software
processes all data received and handles actuators to reach the operating point

Controlling 3 combustion ECU ks a difficult task owing to the huge number of physical processes involved. The air s filtered and leads to a
turboch anger when it enters the engine through the intake duct. The aim of this element is to compress air to increase the density and improve
the intake process in the cflinders. As a result, the temperature rises but should not be escessive as detonations could ocour in the combustion
chamber. These phenomena damage engines a5 the combustion process causes high pressure and temperature gradients. Therefore, there ks a
heat exchanger to cool the air before entering the combustion chamber. Depending on the requests of the driver, a greater or lower engine torgue
ks generated, involving adaptation of the airflow in the combustion process. To do this, a motorized throttle is controlled depending on the pedal
accelerator position. Once the amount of airrequired i established, the process of air-fuel midng begins, which depends on the type of injection.
The final mixture is more or less homogenous according to the engine type (diesd or petroll. When the combustion process has oocumed, the
gases are expelled by the exhaust manifold. A turbine i needed to provide the necesary enemgy to make the turbocompressor work property.
The ECU sets the amount of gases that will go through it fby using the waste gate valve) to reach the aptimal operating point for the powertrain.
The gses left are driven to the exhaust gas recirculation (EGR) valve or directly to the exhaust pipe. This process must be performed within appro-
priate parameters of pressure. Therefore, the system is equipped with two pressure sensors, to control turbo overboost and the pressure in the
intake duct. Finally, it i important to explain the role of the dump valve. When a gear shift takes place, the motorized throttle is dosed. In the
meantime, the turbocompressor continues sending air to the intake duct. Thus, overpressurization occurs. However, there is also a depressuriza-
tion owing to the air or air-fuel aspiration by the oylinder. This difference in pressure can cause an inversion flow in the compressor. As a result, it
can be irreparably damaged.

Engine ECU functions are not limited to combustion control. The treatment of combustion gases (catalysts, diesel particle filter, and wrea injec-
tion], pump fuel from the tank to the injection mmp, operation of fans for the thermal control of the engine, dilution contral of oil in the dissel
owing to regeneration of the diesd partide filtter are controlled by the ECLL Thus, software validation s extremely complex and difficult to test
owing to the huge number of variables invobhed in its operation (approsimately 40 000) each one representing a physical parameter. In fact, it
k5 an HRT system. In other words, the system is subject to real-time constraint

APPENDIX B

HILSIMULATION PROCESS

The main advantage of HIL simulation is that the element in change of controlling a complex plant (a vehide, a nuclear reactor, ete) interacts with
the plant by using sensors and actuators. This technigue ks considered as the most representative one before testing the software directly on the
system to be controlled 52

In this research, three main elements are used to conduct the HIL simulation, as shown in Figure B1. First, the HIL simulator represents a model
simulating the dynamic behavior of a vehide (the element to be controlled). Second, the engine BCU iz responsible for controling the wehide
dynamic depending on the operation state as well as the driver’s requests. Third, a driving interface ks used by a driver to control the wehide
{to speed up, slow down, stop the vehicle, etc). This interface is equivalent to any industrial control system pand.

The goal of the software that the engine ECU runs is to property control the vehide or HIL modd. Each of the 40 000 variables presented in
the source code represents a physical magnitude or a vehide paameter to be controlled. Some of them are stored in EEPROM and others directly
in RAM. During the simulation process, the technidian can chedk the values of all of them by using additional software installed on his computer.
Although there are multiple options in the market, in this research, IMCA was chosen because of implementation reasons in the company that is
the subject of this case study. It i important to highlight that the results of this research are not directly linked to INCA use. Therefare, any soft-
ware that can read the memory positions of the engine ECU (d5Space. etc) can be used to obtain the results in this study.

It is essential to distinguish different types of vardables present in the engine ECU software, to better understand the difficulies linked to
administration of a test case in a HIL simulation:

a  Calibration variables. They allow setting up the engine ECU. They can be modified by the user at any time. In other words, itis not mandatory to
make the engine ECU reach a spedific operating point to be allow maodifying a calibration variable.

FRoweriran & comgoned of S duich, gearbon, conical grog, and progelier shalt.
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FIGURE B1 Interaction between the interface model, the engine ECU and the HIL bench

b. Measuring variables. These vaniables are write access denied. In other words, the variables can be read but not modified directly by the users. In
most cases, they are modified through driver-vehicle {or model) interaction

c Cartographies. These variables are similar to calibration variables. However, they are usually more difficult to set up as they handle functions of
several vanables.

d. By-pass. In some cases it is necessary to disable a module or activate it easily to make a measuring variable reach a desired value.

Most of the variables presented in the engine ECU software are measured and therein lie the complexity of software validation. To modify them,
spedfic values must be sent to the inputs of the engine ECU until a desired operation point is reached, owing to the interaction of different mod-
ules. The only way to send information to the engine ECU inputs is through the driver's interface modd (Figure B2), which allows generating sig-
nals, simulating sensors, and preforming different actions such as accelerating, braking activating the cruise control, and disconnecting the battery.
The engine ECU must process the information coming from the HIL bench and perform the needed action on the actuators to operate the vehide
properly. During this process, the intemal variables of the different SMs will be updated.
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Abstract Designing eco-friendly products involves energy efficiency improvements. Eco-friendly
products must consider not only raw materials and manufacturing processes to improve energy
efficiency but also energy needed when designing them. This research shows how eco-routing (ER),
eco-charging (EC), eco-driving (EDR), vehicle-to-grid (V2C) and electric vehicles (EVs) can contribute
to the reduction of energy consumption during product design. To do this, a group of 4 engineers
assigned to the project was chosen to assess the total energy available for V2G when driving EVs
from their homes to the design center by using ER, ED and EC by running an application coded by
the authors. The energy stored in EV s was used to quantify the reduction in energy consumption of
the buildings present in the design center. The results show that the energy saving ranges from 2.89%,
to 6.9%, per day—in other words, %3 kWh per day during the design process. In addition, the fact
of making the design process greener implies that renewable energies (REs) are integrated better
during the design process. By running the application, drivers are informed about the RE mix when
the charging proaess takes place. Finally, this research shows that current policies make V25 and
vehicle-to-home techniques not compatible.

Keywords: eco-design; energy efficiency; eco-routing; eco-charging: eco-driving: remewable energies

L Introduction

Eco-design allows implementing eco-friendlier products as environmental impacts are considered
during the design phase [1,2]. Several factors which influence eco-design have been identified in
several research [3-6]. Among them, one can find: manufacturing without producing hazardous waste,
using clean technologies, reducing product chemical emissions and product energy consumption,
using recycle materials and reusing components, designing products for ease of disassembly and
reusing or recycling products at the end of their lives [7] Some proposals have been made to improve
these factors. Morgan and Liker [#] pushed to use lean manufacturing in design when developing
products. As detailed by Rosen and Kishawy [%], this usage could imply that several alternatives used
during the project can be assessed and, consequently, costs and benefits of eco-design can be set. When
it comes to energy efficiency, research is mainly focused on final products and manufacturing processes.
The former deals with the energy labelling concept which allows companies to create labels indicating
the product energy efficiency [10]. The latter includes reducing energy consumption during the
manufacturing process. Seow et al. described a mew outlock called “Design for Energy Minimization™
aiming to provide transparency regarding energy consumption during the manufacturing process

to help inform design decisions [11]. Ka-Leung-Moon et al. proposed guidelines for the design and
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production of sustainable energy-saving fashion products [12]. Eenewable energy (RE) integration
plays an important role in eco-design. As detailed by Crul, Diehl and Eyan [13], considering that
the number of products that need electricity is increasing rapidly, it is of paramount importance to
incorporate them in the design process. In their dissertation, they proposed guidelines to integrate REs
in the final product. Finally, waste is an important topic to be considered. For example, cybe rsecurity
is a soure of waste as detailed later. Tecchio et al. performed a detailed analysis of the potentials of
material efficiency to guarantee waste prevention and material reuse [14].

In addition to the manufacturing process, one can find many activities which generate pollutants
during product design. A mong them, one can find: software validation processes, prototy pe product
testing and building energy consumption [15-17]. Even emissions generated when engineers involved
in projects commute to work impact eco-design. Software validation is an essential activity when
designing automotive electronic control units {ECUs) [15,15]. To do this, prototype vehicles and a
considerable number of hours of hardware-in-the-loop simulation are needed [19,20]. Consequently,
pollution is caused. When designing combustion engines, activities such as engine tuning and driving
tests cause pollution. However, the engine design process lacks both guidelines and policies to limit
emissions during engine development contrary to the vehicles which have already been marketed and
whose emission limits ane clear and strict. Building efficiency is an essential topic which contributes to
emission reduction as detailed in the literature [21-23]. Finally, the vehicles used by the engineers who
are invobred in any projects are a source of pollution when commuting to their work Some factors
analyzed in this study such as the number of engineers participating in the project and the location of
their homes regarding the design cenfer may decrease or increase emissions.

Eco-routing (ER), eco-driving (EIDR) and eco-charging (EC) have an impact on energy efficiency
when it comes to eco-design as analyzed in this research. EDE includes all driving habits which
could reduce energy consumption and emissions. Mowadays, most cars ane equipped with the system
that informs how efficient the way of driving is. (4 et al. [24] investigated EDR by quantifying the
energy potentially saved when applyving to electric vehicles (EVs). Sabrina et al [25] also proposed
a similar work in which continuous and or-demand feedback on driving behavior and safety was
conducted. Zhan et al. [26] discussed how systems in charge of monitoring the EV battery improve
energy efficiency. ER helps the driver to find the most efficient route to go from point A to B considering
several parameters such as real-time traffic conditions, road types and gradient, passengers’ and cargo
weight. Munzio, Thibault and Sciaretta [27] implemented a new model based on speed fluctuations
and a road netw ork infrastructure to set the best route. The University of California has worked on
systems which are able to collect energy consumption data in real-world driving conditions with the
aim of integrating them into eco-route algorithms [28]. In this research, EC measumnes the contribution
of RE when charging EV's, showing the optimal moments to do this

Energy consumption of buildings can be reduced by following several options. Hague and Kaham
described in their study a comparison between solar photovoltaic mini-grid pumped hy droelectric
storage versus battery storage [249]. Their main conclusion was that pumped storage is almost half
as efficient vet more expensive than conventional battery storage. Another option to reduce energy
consumption is the usage of buildings which integrate photovoltaic enengy as described by Haque,
Rahman and Ahsan [20]. Vehicke-to-grid (V205) technology allows a better integration of REs and
energy peak reduction [31,32]. Nevertheless, V20 technology is completely influenced by policies and
battery degradation as detailed by Uddin, Dubarry and Glick [33]. Consequently, it is of paramount
importance to analyze V2 from different social dimensions [34].

Finally, cybersecurity aims to protect ECUs from being violated by modifying the internal code
and calibration. Of course, this could lead to critical situations where someone could take control of the
vehicle. Several strategies can be followed. Forexample, a gateway can be integrated into the network
architecture with the aim of keeping ECUs from being accessed in a reading or writing mode from
an external computer unless this computer is connected to the manufacturer’s network. Generally,
an ECUI stores several keys needed to assure its integrity. If an ECU fails, it must be analyzed whether
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there is a hardwane or software problem. To do this, the security must be disabled. After that process,
the ECU is not allowed to be installed in the vehicle again As shown in this research, at that moment,
the ECU is scrapped.

This research formulates a proposal to reduce emissions by using energy savings during product
design based on EE, EDE, EC, EVs and V2(. This study, which was done on an ECU supplier in
Europe when developing new products, has three goals. Firstly, it proposes an algorithm based
on EVs, ER, EDR and EC with the aim of improving energy efficdency and RE integration in the
product design process by using the Here® application programming interface {API) provided by
Here® {Eindhoven, Holland), the data published by the French system operator (The system operator
is responsible for coordinating electricity supply and demand in real time in a manner that avoids
fluctuations in frequency or distuption of supply. This requires maintaining a continuous balance
between the electricity supply from generators and demand from consumers, while ensuring that
appropriate reserves are available to manage any system events.) and neural networks [35] Secondly,
this study shows how ER, EDE, EC and V20 contribute to eco-design by reducing emissions during
product design. In addition, compatibility between V20 and vehide-to-home (V2H) is analyaed.
Finally, this research also describes how cybersecurity impacts eco-design and how it could involve
mone waske generation.

The paper is organized as follows. Section 2 describes the method used in this research. Section 3
displays the results obtained. Section 4 discusses these results and, finally, Section 5 draws the main
conclusions of this research.

2 Methods

This section is organized as follows. Section 2.1 describes the method used in this study. Section 2.2
explains the trips made as well as the number of engineers chosen for this study. Section 2.3 displays
the equipment employed. Section 2.4 describes the algorithm implementation. Section 2.5 displays the
method used to analyze data statistically. Section 2.6 briefly introduces the concept of V26, Section 27
analyzes the main topics linked to cvbersecurity.

2.1, Overvien of the Methods Used

When it comes to the method (Figure 1), two key points must be considered to assess the
contribution of ED), EDR and EC toeco-design The former consists of choosing the optimal locations
and the number of engineers participating in this research. The latter shows how the algorithm works
and its implementation. To do this, the Here™® APl was used to determine the best route considering
EC, EDR and ER models based on data from the vehicle control unit (VICL), traffic state, drivers’ habits
(the way of using the accelerator or brake pedals among other data), current battery capacity and
potential recharge needs among others [35-37]. In addition, the EC concept shows drivers when a
recharge process might be necessary, taking into account when the RE contribution is higher.

Phasa 1 Phase 1 Prate 3
3 8 Study in<depth the lacations
Dhaesing the city 5 Coding the: dgerithm
e thiscasetady — ol the enginsers partcipating I P”:"" -
in this swidy
FPhase Phase 3
Phass 4
Anilysisol the Energy cormumption af ¥
frr— wihen using and not esing Equipment selection for
tn¥2and ena-design eoTouting, ecd rivimg and s research
eoa-charging

Figure 1 Method followed m this research.
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2.2. Description of Trips

Figure 2 and Table 1 depict the number of engineers participating in this study, the locations
where these engineers live and the distance from each location to the design center. These locations
were chosen to cover all parts of the city (north, south, east and west of Toulouse) and the number of
engineers was assigned depending on traffic conditions in such a way that the more traffic jams were
close to the location, the bigger number of engineers was chosen. All vehicles used were equipped
with a 40-kWh battery. Their autonomy was close to 250 km. The maximum speed was 144 km/h, and
the engine torque was around 320 Nm.

ocation & ml
\)—\‘Sq'ni_JLfUnion
Blag}'\ac N 5 .
L) { Locetion €
Colomigss “Toulouse

TouiﬁeTéTJ:illq)‘;'s'ié; PO T r&n
2 A pEm/ @
R i o Labage

Portet-sur-Ga n
Leation L

Figure 2. Locations of engmneers assigned to the project.

Table 1. Distance between locations and the design center.

From To Distance (km) Number of Engineers
Locaion A 24 10
Location B .\) 8
Location C Design center 26 8
Location D n 12
Location E 19 3

The trips were made in 2019 with the aim of collecting important data such as energy consumption
by using the equipment described in Section 2.3,

2.3. Equipment
The following means were used in this research:

1.  The software and hardware of a VCU used by the company subjected to this case-study was
designed by one of the most important European suppliers specialized in embedded systems;
All vehicles employed in this study were EVs equipped with a 40-kWh battery;

3.  Throughout this research, it is necessary to make measurements of different software
variables stored in the VCU memory. In this study, the Inca® software provided by ETAS®
(Stuttgart, Germany) was used as it allows reading memory locations/software variables in real
time [38]; Here® and Open Charge Map® APIs with the aim of choosing the best route and
showing the closest battery charger locations [25,39]. Open Charge Map is a non-commercial,
non-profit, electric vehicle data service hosted and supported by a community of businesses,
charities, developers and interested parties around the world;

4. The MDA® software provided by ETAS® (Stuttgart, Germany) to analyze all data acquisition [40].

(=
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2.4 Algorithm Llsed in This Research

The algorithm provided in the Supplementary Data and used in this research is depicted in
Figure 3. First of all, the energy consumption models available in the Here® API are tuned [36]. Then,
the driver sets the destination by using a web interface. Afterwards, the algorithm assesses the optimal
route for the driver. To do this, the Here® APl is called by the Python code by using the Routingmode
parameter [35]. This parameter has an attribute named Type which can take three types of routes:
the route that requires the least amount of travel time, the shortest one which reduces and optimizes
the distance covered and finally the balanced mode which searches for the correct balance between
distance and time (only for trucks). The way how the algorithm works to determine the best routes
belongs to the Here® know-how. The Python code receives from the Here® APl the potential routes
(the shortest, the fastest and the balanced one) to the destination and the energy consumption for each
one. The application chooses the one with less energy consumption as explained later. Appendix A
provides further information about how to set up Here® to help the reader to reproduce the experiment.
Finally, the algorithm runs a block called eco-charging which aims to calculate the RE contribution and
energy structure generation (wind power, photovoltaic, etc.) by using neural networks. The driver is,
therefore, informed about when the charging process is greener.

Fhase 1
. - FPhase &
Energy consumption modeks The algorithm chooses the - Phase 7
are tuned optimal route considering The eco~charging block is rum
the results of phase 5
X
Phase 2 ) Fhaee 8
Drestination is sek The alwerith —Tlulgis i ) The driver activates the eco-driving
b the driver = AT ca v ates T SnETEY Fenetion &f tw velick:

comsumption estimate, the arrival time
and the hattery awtonomy for each roate

. Phase 4 The Diriver drives to their destination
Here application program | *| Here application pragram
inferface is called | inferface assessoss the fasbess,

shorbest and balanced routes.

Figure 3. Algorithon descophion

Heme® API provides energy consumption models that allow assessing energy consumption
by using several parameters such as speed, auxiliary energy consumption (radio, cooling/heating,
accelerations, decelerations, etc). The way of tuning these models implies that the value of each
parameter in kWh is provided depending on the speed value (if possible, as not all parameters are linked
to speed such as auxiliary systems). In this research, these values were established by performing data
acquisition after the drivers participating in this research made each trip 50 times in different periods
and traffic conditions (Section 2.2). As shown in Figure 4, the Inca® software installed in a laptop as
well as input/output from ETAS® supplier modules were used to perform the data acquisition. Finally,
the tuning engineers of the company that collaborated in this study assessed the factors” values by
analyzing the data acquisition by using the MDA® softwarne provided by ETAS® {Stuttgart, Germany)
and intermal procedures. To introduce this information by using the Here® interface is easy. First of all,
the reader must indicate to Here™ that the standard energy consumption model will be used. Figure 5
shows an example that helps the reader to reproduce this study. Once these factors are tuned and
introduced in the Python code, Here™ retums the ene rgy consumption estimate for each type of route
(the fastest, the shortest and the balanced one). Consequently, the one with less energy consumption is
chosen. Taking into account the initial battery capacity before the trip, the algorithm can determine if a
charge is needed during the trip.
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Figure 4. Connection of the laptop to the electrc vehacle (EV)
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Figure 5 How to configure the energy consumpbion model

Finally, the EC block is run, and the eco-score (how REs ame integrated into the charging process)
is assessed. The aim of this block is to determine the KE contribution when the charging process may
take place considering the battery capacity In addition, an estimate of energy structure (wind power,
fuel, etc.) is made. The block is depicted in Figure 6. In phase 1, several factors are analyzed such
as the battery capacity and the energy consumption for a specific journey, among others. It must be
reminded that the energy consumption was estimated earlier by using the energy consumption model
Furthermone, the most likely time when the charging process takes place can be assessed (phase Z).
Themefore, the RE contribution and most likely energy source mix (coal, solar energy, gas, etr.) can be
obtained as detailed later by using gated recurrent unit (GRU) networks and nonlinear autoregressive
(MAR) neural metworks (phase 3) [41-45] Finally, the EC is assessed considering the RE contribution.
In addition, the algorithm proposed in this paper provides information about different parameters
such as chargers thanks to Open Charge Map AP [35].
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Figure 6. Emnssions estimated by wsing several paramebers.

The EC score measures how green the charging process is considering the RE contribution. It can
be assessed as given by Equation (1)

RE+

Eco — charging

whemne RE;+ is the RE contribution to the total electricity demand at f (in MW) and RE pyqy 4 is the maximal
RE contribution (in MW) during the day when the charging process takes place. Both parameters are
calculated by using neural networks. RE contribution is measured by using Equation (2):

RE, = T NEE @
where RE; is the RE contribution (in %), RE is the total electricity generated by RE sources (in MW)
and NEE is the total electricity generated by non-KE such as coal {in MW).

REc+ and RE yyy g ame estimated as follows. The French system operator publishes files on a daily
basis in which one can find the C04 generation structure and the total electricity demand of the day [446].
It must be taken into account that electricity demand and total RE contribution are stationary series.
In other words, the pattern is epeated. Only some aspects have to be considered such as weekends
and seasons. Anyway, two electricity consumption peaks can be found every day Consequently, NAR
networks are needed to model the electricity demand prediction for a specific day from a desired time
{for example, departure planned at 7 p.m.) to midnight. The Python code analyzes the results returned
by the neural network and determines the maximum RE contribution of the day. Finally, Equations (1)
and (2) are assessed.

Typical recurrent networks present problems when it comes to long-term predictions due to the
vanishing gradient problem. Engineers face this problem when training recurrent neural networks
with gradient-based learning methods and backpropagation. When using this method, each of the
neural netw ork’s weights receive an update proportional to the partial derivative of the error function
with respect to the current weight in each iferation of training. In some cases, the gradient will be
vanishingly small. Consequently, the weight does not change its value, and might stop the neural
metwork training. To enhance long-term predictions, long short-term memory or GEU can be used.
In this research, GRUs have been chosen, as they are more efficient (they require less memory). GRU is
a recurrent neural network architecture that uses updake and reset gates (Figume 7).
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Figure 7. Gated recurrent unit (GRU) archatecture.

Mathematically, the process is as follows:
(a) Update gate for time step f
The update gate 2, is calculated by following Equation (3):

z=ox(WExx + U xhy_y) (3)

where 1 is the inputs presented to the network, W=/ is its weight matrix, ii.; holds the information of
the previous step f—1 and U’ is its weight matrix. Both results are added, and a sigmoid activation is
applied to squash the result between 1 and 0. The update gate allows determining how much of the
past information should be passed along to the future.

(b) Reset gate for time step f

It is given by Equation (4).

re=ax (W% xxs+ U™ xhy_,) (4)

The meaning of this factor is the same as for Equation (3) except r: which is the reset gate. The reset
gate corresponds to the past information which must be forgotten.

(c) Current memory content

The new memory content ij uses the reset gate to store relevant information from the past.

I =tanh(Wxx, +r,xUoh ) (5)
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The meaning of this factor is the same as for Equations (3) and (4). © mepresents the
Hadamard product.

(d) Final memory at a current step

In this step, the vector iy is calculated by using Equation (6). This vector holds the information for
the current unit and passes it down to the network. To do this, the update gate is needed.

he =z ohy+(1-2)0h (6)

The GEU metwork was coded in Python  Figure 8 shows the pseudocode. To reproduce the
resulis, the reader must have the data published by the French system operator for the last four years
The first thmee-year data are used for inputs of the netw ork and the last-year data are employed as
targets to train the network. It is of paramount importance to rescale all data to make them range
between 0 and 1 to assure the network performance. The network parameters are set up by using
the keras package. First of all, with the Sequential parameter, the code specifies that the model is
sequential, and the output of each layer is the input for the next layer. In this study, the authors have
used the Dropout function which is a technique where randomly selected neurons are ignored during
training. This means that their contribution to the activation of downstream neurons is temporally
removed on the forward pass and any weight updates are not applied to the neuron on the baclkward
pass. The main advantage of this technique is that the network becomes less sensitive to the specific
weights of neurons. The method used to analyze the error loss is the mean squared error which is
widely recommended for regression problems. The method used to optimize the model is Adam
which is an optimization algorithm that can be used instead of the classical stochastic gradient descent
procedure to update nebwork weights iteratively based on training data. It offers many advantages
such as straightforward implementation and computational efficiency, among others. (ther comments
can be found in the psendocode (Figure 5).

The algorithm estimates the structure generation for the next two hours (Figure 9) by using
the data published by the French system operator (C04 generation structure and the total electricity
demand of the day ) and NAK networks. These networks are useful when handling time series and
predictions. These networks have been created and trained in an open loop. In this case, the targets are
used as feedback. Then, the networks are verified in a close loop [41-43,47] Mathematically, NAR
networks can be expressed by

Fley = flvle—1) + yit—2) +... + wit —d) + £t) ()

wheme f represents the network response taking into account the previous input data, and 2t} is the
difference between the predicted value §(f) and the actual . The number of delays establishes the
d values to be considered for the prediction. The number of hidden layers and neurons per layer is
flexible to achiewve the best performance of the neural netw ork under design. This number must be
carefully chosen to avoid an increase in the neural network complexity. The efiect of choosing the
value of the delay parameter is shown in Figure 10. As one can see, a high d implies that the predicted
line series line changes slower On the other hand, when d is lower, the predicted line series follows the
real power wind value more accurately. However, if d takes a very low value, then the predicted line
series does not follow the real power wind value. The main explanation is that d determines the weight
given to past valves. Consequently, significant changes in trend are not detected which could happen
due to weather conditions. That is why, NAR netw orks are used in this research as an estimation and
the accuracy remains on GEU networks. Anyway, this is not an issue as Matlab® allows correcting
predictions if predicted values are known This is the case of this application as it can predict £ + 1,
t+ 2, t+3... at a specific moment . However, when the moment is ¢ + 1, the neural nebwork can
be updated as the predicted t + 1 value and the real # + 1 are known in real time (the French system
operator publishes the needed data in real time). To reproduce the results of this study, the authors
obtained good predictions for the next 2 h with d = 3 when using the data belonging to 2019 published
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by the French system operator. The pseudocode of the NAR network is shown in Figure 11, coded by
using Matlab® (Natick, MA, USA) The NAR networks were trained by using the trainlm function
which implies that bias and weights are updated according to Levenberg-Marquardt optimization.
It is the fastest backpropagation algorithm even if it may require more memory than other methods.

#impaort packages. Here some examples

Import numpy
Import pandas
Import keras
Import tensorflow
import skicam

Simport data publid\cd by the French System Operator
pd_read_csvifile_2016) # used as inpuls
pd.read_csvifile_2017) # used as inputs
pdread_csvifile_2018) # usd as inputs
pdread_oswifile_2019) £ ueed as targets

#Propare data 1o be used as inpuls of the LSTM network
Xereshape_data_inputs_inputs # used as inputs

frescale data to (-1 scale

minimum = amin(X, axis = -1).reshape
AL - npamaxiX, axis « ~1jreshaped)
X = (X-minimum(maximum-minimum)

Y = (Y-minimum){maximum-minimum)

network parametess. A model is a stack of layers
model = Sequenttal()

#Adding layer with the number of inputs specified
model add(CRU(12S, input_shape = (data), return_sequences = True))
modeladd(Dropout(0).1)) £ Dropout = 1%

# Boolean. Whether to return the last output in the cutput sequence, or the full sequence,
model add(CRU(A, retum_sequences = True) 3Adding laver with the number of inputs specified
modeladd(Dropout(t.1)) £ Dropout = 10%

# Boolean. Whether to return the last output in the output sequence, or the full sequence.
modeladd(GRU(32, return,_sequences = True)) ) SAdding layer with the number of inputs specified
model.add(Dropout(0.3)) £ Dropout = 30%

20ptimizer choice and error measurement method
model compile(loss = ‘mean_squared_error’, optimtzer = ‘adam’)
#Training

his = model fit(X, ¥, batch_size = 2, nb_cpoch = 5, vorbose = 1)#, callbacks=| TQDMNotebaokCallback()])

#Flot error
legend("mean squared erros”, loc="upper left”)
: e PPe

Figure 8. Pseudocode for the GRU networks.
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Figure 9, Interface of the application: eco-driving (EDR) and energy structurse generation.
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Figure 10, Predaction va feal values depending on the delay parameter.

%Pseudocode for Matlab®
data = French_system_operator_data; % loading data

net = namet(1:3,10); % three delays and 10 hidden layer size, Train In open loop and training function
trainim

[Xs, X3 A datas] = preparetsinet, || T]; % prepanng data to train

net = train{net, Xs,datas, Xi, At); %tram the network

[Y.XE, Af] = net{Xs Xi,Ai); Y%network performance assessment

perf = performinet,datas,Y)
[nete,Xic, Aic] = doseloop(net XEAf); Spredicting results in dose loop

Figure 1L Pseudocode for nonlinear autoregressive (NAR) networks.

2.5. Data Analysis

As detailed in the result section, the data obtained in this research seem to be close to a normal
distribution. Consequently, a method must be set to confirm this assumption. To do this, the package
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named PASSWE belonging to the R software was used. This package includes commands such as EDA
which provide a lot of information to perform exploratory data analysis such as kurtosis, skewness
and p-value. Kurtosis is a statistical measure that defines how heavily the tails of distribution differ
from the tails of a normal distribution. Therefore, kurtosis identifies whether the tails of a given
distribution contain extreme values. For a normal distribution, its value is 3. There amre three types
of kurtosis: mesokurtic when kurtosis is dose to 3; leptokurtic when values are quite higher than 3;
and platykurtic when the extreme values are less than the normal distribution. Skewness essentially
measumnes the symmetry of the distribution. For a normal distribution, its value should be close to O
At this point, it is important to highlight that symmetry does not imply that the data correspond to a
normal distribution. Thus, these two parameters must be analyzed carefully. Finally, the p-value or
probability value is the probability of obtaining test results at least as extreme as the results actually
observed during the test, assuming that the null hypothesis is cornect.

Plots are also of paramount importance when analyzing the data. In this research, three plots wene
used: histograms, (0 plots and boeplot A histogram is a graphical representation which organizes a
group of data points into user-specified ranges. The (-0 plot, or quartile—quartile plot, is a graphical
tool used to assess if a set of data plausibly came from some theorical distribution such as a normal
one. Finally, a bax plot is a graphical rendition of statistical data based on the minimum, first quartile,
median, third quartile and maximum. In this graph, the top of the rectangle indicates the third quartile,
a horizontal line near the middle of the rectangle indicates the median and the bottom of the rectangle
indicates the first quartile.

Figure 12 shows an example of how a dataset corresponds to a normal distribution by
using FASSWE

EXFLORATORY LaTa AMALYSES
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| |:|:| | ﬁ—' Mot points fit the line.
|

. Minimzm lat 0m
178 9.000  10.033 10,330
Hax.  Stdav, . 5E Mean
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Figure 11. Example of the exploratony analysis performed in thas sesearch
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26 V2G

The energy consumption of 5 buildings located in the design center and the contribution of V20
to reduce their energy consumption during product design were analyzed. Among the means that
consume electricity in these buildings, one can find those that consume a great amount of energy such
as test benches and, on the contrary, a considerable number of others such as computers, faxes and
photocopying machines, which have much lower energy consumption. It is of paramount importance
to assess the amount of enengy that the EV can inject to reduce emissions and energy consumption
during product design.

2.7. Cybersecurity

In this research, some data about the number of ECUs scrapped due to cybersecurity reasons will
be shared. All these data are normalized considering the annual production (Section 3.4).

3. Results

This section is structured as follows. Section 3.1 shows the energy saving obtained when using
EVs and the algorithm proposed in this research. This first analysis is of paramount importance
because it allows assessing the amount of energy available for V2. In addition, the trips from the
design center to the factory are also discussed. Section 3.2 analyzes the energy consumption of the
buildings located at the design center The participation in V20 depends on energy policies. However,
it must be highlighted that the charging process must be performed when the RE contribution is
significant Section 3.2 will also try to analyze that Section 3.4 estimates waste due to ECU scrapped
for cybersecurity reasons.

3.1 Distribution of Engineers

The project considered in this research deals with designing an ECU. As shown in Figure 2 and
Table 1, the reader can find the city and the location of all engineers participating in this project Table 2
shows the statistical results achieved when processing the data obtained during the trips with no traffic
jams. Without any traffic jams, the time needed to go from each location to the design center is very
similar. Skewness is close to zere. Consequently, the distribution is symmetric. Kurtosis values show
that the data distribution tails do not differ from normal distribution ones. The p-value represents
the null hypothesis: the data follow a normal distribution. The null hypothesis can be considered
as true if p-value = 0.05. Considering that the skewness and the kurtosis are sensitive to the sample
size, the normality test was also confirmed by using (-0 plots and a histogram which confirmed the
normal hy pothesis.

Table  Stahstics parameters obtaned without any traffic jams.

Factar Location A Location B Location C Location ¥ Location E
MA AL MLAL AL MA AL MN.AL AL MLAL AL

il ] L] (] il ] L] ] (1] (]

Mean &9 BT 78 7.5 a9 94 a4 al 7.2 69
Std deviation n2 015 ois 015 014 iz ole als 014 niz
Kurtosis i9 11 a7 45 11 iz 41 ae 11 13
Skewness -0135 -0121 -oo0dl  -QoE2  -0025  -00ls 0035 003 0.08 o.ods
Pvahe odlz 452 odas odsd 0.325 0343 0385 odio 0396 o332

M N.A. means no algorithm is used. ) AL means the algorithm is used.
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Tables 3 and 4 show the statistical results achieved when processing the data obtained during the
trips with traffic jams and mixed conditions. The way of interpreting the results is similar to Table
(20 plots and histogram confirm the assumptions.

Table 3. Statishes parameters obtaned with traffic jams.

Factar Location A Location B Location C Location [ Location E
\ AL MLAL AL ML.A AL M.AL AL MLA. AL
M 5 i i i) e it il i i)
Mean 125 103 loe a7 13z 115 112 a4 115 B3
Std deviation ne nEs sk ] 095 75 sl 0 LB 115 Lol
Kurtosis iz 34 315 335 i 45 3185 336 315 158
Skewness 0.281 niiz 023 0189 0261 niss 0259 01g9 0262 0.5
Pvahe 0.356 n411 0389 oAz 0321 L46E D368 0498 0311 0336
M N_A. means no algorithm is used. #) A L means the algorithm is used.
Table 4. Stabistics parameters obtained m mixed traffic condibions.
Factor Location A Locatiom B Location C Location I Location E
b AL MLAL ALLL MLA ALL MAL AL BLA ALLL
M @ i1 @ i @ i @ i @
Mizan 108 9.2 95 a1 121 105 0.6 a8 101 75
5Std deviation né 0s k] il 075 &5 085 Qs &5 058
Eurtrsis a5 37 345 398 iz 39 36 56 3.98 is9
Skewness 0lds -nosl 0158 0148 015 nils 2435 0155 72 0.138
Pvahe 0.35% | 022564 0385 0.438 453 0399 o4l 0.358 0347

3.2, Building Energy Consumption

WA means no algorithm is used. 21 A 1 means the algorithm is used.

The design center is composed of five buildings with different configurations. Table 5 shows
the characteristics of each building. These items were chosen after having analyzed the energy
consumption data provided by the company participating in this research. Only the most highly
energy-consuming iems were considened.

Table 5 Characteristics of buildings.

Bullding 1 Bullding 2 Bulldimg 3 Bullding 4 Bullding 5
Number of Boors 1 1 1 2 2
Mumalber of 2 ' 3 8 2
mwetng Tooms
Number of offices 10 12 10 20 i)
Brpe of heating Flectric Eleotric Electric Electme Electmic
sk
Type of codling Electrc Flectric Electric Elctrte Eleetric
sk
Flupmscent Fluorescent Flupmscent Fluomsent Flaomscent
Lightn lorwe poweT eTeTgy low-power energy low- poweT eneTRy low-power erergy Lo peoweT e TRY
phitng SOnSmEpHon COnsSupEon consumTptian corsEmption consupan
lighting syskem lightng system lighting syshem lighbng sysem lightimg system
Numnber of peaple 0 2 m a0 ]

m the bulldimg
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Figure 13 depicts the energy consumption for each building. These values were obtained by using
electric meters installed in the design center, the number of hours of operation considering timetables
and average energy consumption of facilities/items. The main diffe rences between these buildings were
the number of people working, which affects the number of other elements present in the buildings

such as printers, and the presence of laboratories.
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Figure 13, Energy consumphion of each building,

Considering the results shown in Tables 24, the energy to be used for V20 technology is assessed.
However, V25 must be also compatible with V2H technology Logically, the drivers will be willing to
save this available energy for their own homes rather than injecting it into the grid. This topic will be
discussed in the result discussion in Section 4.5,

Table 6 depicts the main results obtained in this research. An additional gain of 289% to V26 can
be obtained when considering mixed traffic conditions {(with and without traffic jams). This percentage
can be increased by 6.9% considering the influence of traffic jams. This percentage was obtained by
dividing the total energy available per day when using and not using the algorithm

Table 6. Summary of energy saving,.

Total Energy  Total Energy  Costributien v Centribalion te Dhedta Per Dav

E Awailable Available Meet Energy Maoet Energy Delta Per Year
Titke Tradfic g:n:l-\:lu.mpdlm When Using whthoul Consiamplian Consumption L‘F;:‘I::;:‘_ When Using
Conditiods Jan Wy L utl.l'l*lrl’ Whani U-I.nu wi‘hvdl“hl.l'lﬁ Alporiibum U'I.-r.ﬂ.lu,ul'llh.m
Algerithn Per  Algorithe Per e Algodihm  fhe Algoribhm r-ﬁu'm in KW
Day in kWb Dhay in Wh fEn %) i %1
"""""".'F"“:f‘”“ 75401 ] 1344 185 1ad 13z =0
Wi?";f:f"‘ 78401 1338 1236 rr 164 a1z 20504
B v ith e

i Evruat raffiee 75401 Lams 13z71 183 =7 Jas 7SS
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3.3, RE Contribution to Charge EVs

The EVs belonging to employees should inject power into the grid when electricity consumption
peaks take place. Generally, every day theme are two peaks of electricity consumption which depend
on the season and on the day of the week (Figure 14). Anyway, these peaks usually occur between 8
am and 1:30 p.m. and from 530 p.m. to & p.m. In this research, power should be injected to reduce
the first electricity consumption peak. The fact of injecting this power into the grid from EVs implies
that EV's should be recharged in some cases by the user to have enough energy to come back home.
Consequently, it is of paramount importance to charge them when REs are being used. In other words,
the recharge process should be done when the mix is greener. The algorithm proposed by the authors
allows determining when the RE contribution is higher by using Equations (1) and (2). Themefore,

the charging process is greener.

75,000 S50%
-aE
— =]
£ 70,000 45% &
s 5
=
-E 35,000 4% Z
2 65, % B
3 >
7 g
E=R g
= 60,000 5n E
E
=]
a
55,000 30% 'Sé

50,000 25%

00 30 500 730 10:00 1230 15:00 1730 20:00 22:30
Time [T
— Hectridty consurmpton —— Hectrdty consumpticn

Figure 14. Renewable energy (BE) contribubon for Januany 2018, Source: French system operalor.

Table 7 shows the electricity prices offered by different suppliers in France.

Table 7. Electricity prices.

Price for Of#-Peak Periods Frice for Peak Periods

Supplier (EUR/KWh) (EUR/KWh)
Supplier 1 0.1230 0.1580
Supplier 2 01272 01638
Supplier 3 0.1280 0.1660
Supplier 4 0.1161 01463
Supplier 5 0.1138 0.1453
Supplier 6 0.1180 0.1513

Considering the prices shown in Table 7 and Figume 14, several conclusions can be drawn: Firstly,

when the RE contribution is high, charging the EV battery is expensive, and the other way around.
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Secondly, drivers participating in V2G and V2H should charge their EVs between off peak periods.
Consequently, rapid or fast charging should be used. Consequently, battery life is reduced. Finally,
the RE contribution vs. traditional energy sources during off-peak periods must be increased.
Policies should change to increase the RE contribution when charging EV's especially during
offpeak perinds. The French government announced a new plan to increase the usage of KEE This
plan has new different objectives for 2023. In this new plan, two scenarios are unfolded: an optimistic
and a pessimistic one. The most important figures imply that the total power installed should reach
69,980 MW in the worst-case scenario and 76,743 MW in the optimistic one. In addition to this, 150 and
167 TWh remewably sourced electricity should be delivered, respectively It must be reminded that the
current enewable capacity in France is close to 56,000 MW. Some important figures to be retained [48]:

s  Primary energy consumption by RKE: 10.7%;
s  Gross electricity production by ER in 2017: 2.6 TWh

3.4 Cybersecurity

As aforementioned in the previous sections, cybersecurity could involve a considerable amount
of waste to be considered. Table 8 shows the results of this research considering 120,000 ECUs in series
production and 1200 prototy pe units per year Firstly, the reader can see the number of ECUs scrapped
for one year due to cybersecurity reasons. The percentage of scrapped ECUs when producing prototype
ECUs meaches 10.83%. Secondly, ECUs are mainly composed of plastic (housings) and electronic
wastes such as microprocessors, resistors, etc. The components used in these ECUs are confidential
In addition to the data depicted in Table &, other factors must be considered such as: vamish used
in the manufacturing process, energy needed to weld and logistic transportation (emissions), among
others. It must be remarked that prototype parts have a high scrap rate. Consequently, the waste
produced during projects should also be considered in eco-design.

Table 8 Electronic control unts (ECUs) serapped due to cybersecurnty.

. Series - Protoly pe
Componeat Quantity Production Quantity Production
Microprocessors 190 130
Printed circuit board 190 130
Heuging 380 260
Capacitors 7.100 - 11,700 ’
Resistors 21,100 L1e% 1443 M
Programmable components 180 130
Inpuloutput connectors 190 130
Memory RAM 280 260

4. Discussion

This section discusses the results obtained in this research. Section 4.1 analyzes the algorithm
when it comes to sustainability. Section 4.2 describes how the energy efficency is improved. Section 4.3
explores the RE contribution. Section 4.4 discusses the number of engineers chosen for this study.
Section 4.5 entitled “threats fo the oalidity”, analyzes the main factors which could have an influence on
the mresults obtained in this research.

4.1. Sustainability of This Solution

Mo matter what kind of powertrain is used in a vehicle (hybrid, electric, diesel or gasoline), CCO4
emissions ame always present as analyzed by the International Coundil on Clean Transportation [44].
As shown in Figure 15, EVs pollute less than comventional vehicles when it comes to life-cycle emissions.
Therefore, the algorithm and the solution proposed in this research are sustainable despite the process
of charging and discharging that harms the battery. In addition, the EV's increase is confirmed by such
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a supplier as Continental®, considering the latest news concerning the recent sale of its diesel and
petrol powertrain unit. Thermic engine activities ane supposed to be reduced while EV activities are
muost likely to be increased in the year to come.

M Tailpipe M Fuel cycle M Lithium battery Other mamnufacturing
180
Conventional Elactric
1a0
gl-ﬂl
i
=100
g
# BO
g &0
L
8 40
W 20
0
Anrezage Most Euzopesn France Germamy Methedands Morway United
European  efficent Union Eingdom
car aFverage

Figure 15 Life-cycle emssons from electne and convenbonal vehicles. Sowrce: The Internabional
Counal en Clean Transportabion.

4.2, Enegy Efficency Tmprovement

Several policies are pursued with the aim of improving energy consumption based on increasing
the RE usage, eco-design and building energy consumption. When it comes to eco-design, energy
efficiency is a key factor and engineers try to improve energy consumption during the manufacturing
process. When it comes to design processes, the eco-design process is mainly forused on the usage of
recyclable raw materials and on the design of products that do not pollute much during their lives
and they can also be recycled easily at the end of their lives. This research shows that the design
process involves many factors that should be considered as they generate emissions in a significant
way. Unfortunately, the eco-design directive does not include many topics that clearly have an
influence on emissions during the design process. Investments in V20 technology allow reducing
energy consumption during the design process. This reduction is increased when using the algorithm
proposed in this study without any additional investment.

Several conclusions can be drawn from the data depicted in Table 5. V2( plays an essential role
when it comes to eco-design as a range between 2904 and 20,504 kWh more per year is available when
using depending on traffic conditions. In other words, the reduction ranges from 13.2 to 93.2 kWh per
day. This figure could be increased by 61.52 kWh in mixed traffic conditions as detailed in Section 4.4
These results weme obtained when using only 44 engineers.

The energy efficiency improvement allew s reducing emissions. As depicted in Table %, the emission
reduction ranging from 8.96 to 23.55 kg per day was obtained when using the algorithm proposed
in this study. These values were obtained taking into account the energy saving (in kWh) and the
monthly emission average from January to July 2009, It must be remarked that only 44 engineers
participated in this study
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Table 9. Emussions of CO5 (in gkWh) on a monthly bass Source: French system operatoc

Title Emissions January  February March April May June July
Ermusgacns (g kWh) 55.68 5130 31.24 26.32 2474 FHE 3585
Emssion reduction per day -
{kg/kWh). Mixed traffic 222 24 1.24 LO5 0.96 1.1 143
Emission feduction per day 5.19 478 201 245 231 2% aM

{kg'kWh). No traffic jams

Finally, the fact of reducing energy consumption by using V2G is a topic which has been subjected
to research. The comtribution may be significant when the smart grid will be fully deployed. However,
it should be also considered that V20 must be compatible with V2H. As shown in this research, it is
not always the case. Several axes are essential to make them work together. The first one is improving
battery capacities in such a way that the owner can use the energy stomed in the battery for both
purposes (W2H and V25). The second one is also linked to batteries as the fact of going through
charging and discharging processes should not degrade batteries quickly. Finally, the RE contribution
must be increased as described in Section 3.3,

4.3. Remewable Energies

From a theoretical point of view, it is vital to consider V2 technology to reduce the energy
consumption of design buildings. In this case, two factors must be discussed. The first one is EV
penetration into the market. The second one is policies. The former is essential due to the fact that the
mome EVs are sold, the more energy is available for W23, Policies try to encourage drivers to choose
EV's instead of traditional powertrains such as gasoline or diesel engines. Among these measures,
one can find exemption from vehicle registration duties or municipal tax discounts. Despite this, the
participation in ¥2(G remains unclear for several reasons:

{a) Drivers who cover many kilometers on a daily basis will be forced to choose between V(G and
V2H techniques. Considering that if drivers inject energy during the day to reduce the energy
consumption in buildings, they will probably need to charge as soon as they get to their homes.
Consequently, they cannot participate in V2H;

(b) The fact of educing prices to make drivers charge their vehicles after 2 pm. is still far from
being the solution as the RE contribution is not substantial. Therefore, it is essential to promote
RE facilities.

The algorithm proposed in this research allows choosing the best moment to charge the EV battery
considering the electricity mix. Considering all the aforementioned facts, V20 can contribute in a
significant way to the reduction of emissions during the design process and should be also a key
element to be considered in eco-design. However, the percentage of improvement is completely linked
to policies associated with EV recharging.

4.4 Population Participating in This Study

Several factors must be considered when it comes to the population participating in this research.
Firstly, this research was conducted considering a small size research and development center It must
be taken into account that there are much bigger design cenfers in France such as the one of Renault
located in Lardy {16080 workers) or the one of PSA Peugeot-Citroen located in Carrigres-sous-Poissy
(1308 workers). Therefore, the number of engineers who can participate when implementing the
algorithm will increase. Howewver, policies ame still important to encourage people to participate in
V26 [33,500

Figure 16 shows an estimate when choosing a greater number of engineers (48 engineers) and
the enengy consumption calculated in Section 3.1, and the assumption shown in Table 10. When it
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comes to the number of engineers, the values were assigned by respecting the percentage of engineers
of each location established for the test-case. When it comes to the number of times with and without
traffic jams, these values were considered for the whole vear. In addition, an error estimate has been
added, which represents the nominal estimafe with a 20% error, 30% error and so on (Table 11).

25,000
20,000

15,000

10,000
”“““ “ | |II ol tull vl
{, N

20% Ereor 30%Error  40% Error  50%Error  60% Error 70%Error B0%Error

available when using and not using the
algorithon

Energy (kWh). Ditference betweaen the energy

® Location A ® Location B ¥ Location C Location [ m Location E

Figure 16 Energy available depending on the error in energy consumphion eshimate when using
A0 enganeers.

Table 10 Assumplions when considenng a greater number of engineers.

Title Locations Number of Engineers Number of Times withoul and with Traffic ] ams
Location A 91 3y &0
Lecation B 73 3y40
Loscation C 73 g4
Location D 109 180v120
Lecation E 4 17 0¥140

Table 11. Gan when considenng a greater number of engnesra.

Title Energy and Gain 0% Emor 3% Ermor  40% Error S0% Error 60% Error 70 Error B0% Error

Obtained
Ercrgy availshke poryear wLad 71,596 51,368 sL10 a9z 3068 2045
Encrgy available per day TLes ST Tawm YTy 18R 56 e aras

Gain per day in ELIR R0 a1 w7 23 28,3 1678 1282

(01307 EURWH)

Gain per year S - . .
{220 working days) 11,021 Y543 08 U266 26 G BR LAl 413313 IFREL

Figure 16 represents the increase in energy available for V20 when using the algorithm. Location
D and Location E cutperform the rest of the locations when it comes to energy savings. The number of
engineers (in other words the number of EVs) is not only the most relevant parameter to obtain more
or less contribution to V23 and eco-design as Location E is the one which has fewer engineers/EVs
participating in this case-study. Consequently, location is an important parameter

Another important topic to be discussed is that this algorithm does not requine investing in new
facilities. Onee the design center is adapted to use V20, no more action is needed except for using this
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algorithm. As shown in Table 11, the fact of using it implies that an extra gain by EUR 11,021 could
be obtained in this authors” estimate. Table 11 also shows the gain (difference bebween the energy
available when using and not using the algorithm).

When considering the number of engineers participating in this case-study, the results are
similar (Figure 17). Again, location I and E account for the biggest amount of energy available for
VG, Consequently, the V2G energy value does not only depend on the number of EVs (engineers)
participating in this research but the location of the engineers.

2000

1000
5 | || | |II |||I|
D 1 |||

20% Ermor 30% Error 40% Ermor 50% Error &0% Emmer 70% Ermor % Ermor

using the algorit

Energy (k¥Wh). Difference between the
enerey aval lable when using and not
2

BLocatiom A @ LocationB W Locatiom C Location D M LocatiomE

Figuee 17. Energy available depending on the error in the energy consunphion estimabe when using
H enganeers,

Choosing the optimal location is of paramount importance. If 22 EVs had been assigned to
Location [ and E respectively (Figure 15), the energy available for ¥2G would have been increased
from 39,8 to 61.52 kWh per day

&000
000
4000
3000
2000
1000

o

20°% Exror 30% Ermror 40% Emor 50% Emror 60% Emor 70% Error B0% Emmor

using the algorithm

Energy (kKWh). Difference between the
energy available when using and not

BMLocation A4 MLocationB M LocationC Location> M LocationE

Figure 18. Energy available depending on the error in the energy consumption estinmate when using
4 engineers only for destinaticns [ and E.
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Several factors such as distance and traffic state among others determine the optimal location
to optimize the V20 contribution. Therefore, models which can predict the V20 contribution when
determining the optimal number of engineers and location must be developed, as the fact of using more
EV's does not imply that the contribution to V20 has increased in a significant way. This algorithm
can be used offline to determine the optimal locations by following the procedure shown in Figure 15,
Herne®™ APl can assess the routes offline to obtain the time needed and, conse quently, the EV energy
consumption. Thanks to this prosedune, the energy consumption estimate for each driver can be
obtained and, consequently, the optimal locations can be chosen.

Phasz 1
Phase 2 Phase 3
Set the passible Incations
and engineers Congumption models The algorithm is run
participating in the study are funed off-line several daysto
get consumption
Phase 5 Phase 4
The bocations with lower Average consumption estimate
consumption are chosen is obtained

Figure 19, Method to dhoose the optamal locations.
4.5, Threats to Vialidity

In this research, internal and external threats have been analyzed. Table 12 depicts the main
variables to be controlled (predictors) to check the influence on the response variables. Even though the
authors considered that factors 1, 2 and 3 were chosen properly to obtain fully representative nesults,
it is obvious that all these factors could reduce the energy available for V25, Therefore, the energy
consumption of the buildings belonging to the design center which can be supported by V20, could be
decreased. Table 12 also describes the mitigation plan (description column) to justify that the results of
this research are well founded.

Table 12. Factors to be controlled mn thas reseanch.

1d Factor Factor Description
The number of engmesrs considered to assess the energy available for
1 Samplk nsed n thas research V206 in thas mesearch. The anthors considenesd that this fAgare is
to validabe the hypothesis significant enough 2= it accounts for £5% of the total number of the
enginsers who wark in the design enier
Locations of engineers” homes. The authors consider that their locations
bl Distribution of locations am: optimal as they am situated in all possible divections around the city
imearth, south, cast and west)
. . . This research was conducied during the winder, the spring and the
3 Samon mrm.::ﬂl\cd in this summer. Consequently, the battery operated in cold and hot
e ‘emperatumes to caloulate the number of KWh available forV 20
4 Energy available for V210G Energy available in the EV battery to be wed for V25
'Ewry time & GRU newral network ks built to predict a time serics, a
performance assessment of the network is carried oot The process is
5 GRU estimate diomne by using Python. As shown in Figure 20, the performance

s smment values weme good enough tonse the netwark (SEAT the
worst case]. When it comes to MAR n:’bvm']-mﬂ'n}- am: :luI:|:|:|'l:||:in:=|].l:g.I
built by wsing Matiab®.
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Figuse 20. GEU performance evaluabion.

When it comes toexternal variables, the authors consider that the main conclusions of this paper
can be applied to other cities or design centers as:

{a) Mo matter how much energy is acocumulated in vehicles, this energy can be used, and it can
contribute to the neduction of energy consumption by buildings of design centers;

(k) VZH and V2G techniques are most unlikely to be compatible when EV energy consumption
is high.
During this research, every day when the trips were going to be taken, the following tasks were

carried out:

{a) MNew GREU and NAR networks weme implemented considering the data published by the French
sysiem operator the day before;

(k) The predicted results by the GRU and NAK neural networks were compared with the results
published by the French system operator considering the periods of the day when the trips
weme made. Figure 18 shows the performance of the GEU neural network obtained when it was
implemented on a daily basis.

The aim of this procedune was to assure that the neural networks worked as expected.

5 Conclusions

Eco-design deals with several topics such as low-impact materials, energy efficiency, design for
reuse and recycle, sustainable design standards and eenewable energy, among others. However, energy
efficiency should not only deal with manufacturing but the product design phase. This research is
focused on how electricvehicles (EVs), vehicle-to-grid (W2G), eco-driving, eco-routing and eco-charging
can contribute to energy savings during product design. Therefone, these factors play an essential role
in eco-design. Taking into account the method and results obtained in this research, the following
conclusions are drawrc

(a) Energy savings The algorithm proposed in this research which uses energy consumption models
properly tuned for eco-driving, eco-routing and eco-charging allows reducing energy consumption
between 2.59%: and 6.9%: as proved in Section 3.2, In addition to this reduction, neural networks
provide drivers with useful information about when the optimal moment is to charge the battery,
taking into account the renewable energy contribution.
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(k) Eco-design This algorithm contributes to eco-design as:

{h1) Itallows reducing emissions between 596 and 23.55 kg per day (Section 4.2) of CO% more
than when EVs do not use the algorithm in this study;

{b.2) This research shows that not only the number of EVs is important to increase the energy
available but the way of choosing the engineers’ locations. The algorithm proposed in this
study allows establishing the optimal locations. Therefore, a design center could obtain
more energy by using a specific number of EVs as described in Section 4.4;

{b.3) The contribution of V2G to the building energy demand ranges between 0.5% and 1.3%,
when using the algorithm proposed in this study in a small design center (Section 3.2).

(c) V20 and Vehicle-to-home (V2H) compatibility Even though battery performance is not degraded
due to charging and discharging processes, current policies keep the user from participating in
V20 and V2ZH at the same time. The EV charging fee is higher than the savings obtained when
using V2H. Consequently, V2G is not compatible with V2H. However, policies cannot be changed
if the power of renewable energy installed is not increased. Therefore, renewable energy mix
vs, non-renewable energy is not high enough. Consequently, the policies to promote EVs are as
important as increasing the power of the renewable energy installed (Sections 3.5 and 4.2)

(d) Cybersecurity As detailed in the cybersecurity section, some policies to assure that an electronic
control unit (ECU) is not viclated imply that the electronic control unit is no longer available.
In this present study, 190 kg of waste is generated every year taking into account the electronic
control units scrapped. Consequently, some techniques used for ECU orbersecurity are not
eco-friendly, and mome research should be done into this topic to betfer integrate orbersecurity
and eco-design (Section 3.4).

Supplementary Materials: The followmng are available online ab http:/fw wowemdpa comy 19696 1073/13/15/39497/s1,
A beta version of the application coded in Python is provided. The full version cannot be provided as the company
which has collaborated in this study has not authorzed it The measumements obtamned when deving EVs ane not
provaded as the company whech has collaborated mn Bus study has not authoreed b

Author Contributions: [LB-I and PM.O-C were primanly responsible for creating this manusenpt. DUB-TL
and EM.O-C weee responsible for creabting the applicabion m Python and obtamed all measurements performed m
thas research. AC.-5. and |.-].B.-F. analyzed the data obtained as well as polices and collected data and information
from the French System Operator. All authors have read and agreed to the published version of the manuscnpt

Funding: This mesearch recewed no external funding,
Conflicts of Interest The authors declase mo confluct of mnberest.

Appendix A How to Configure the Calls to Here® API

Here® APl is able to provide a great deal of information about how to go from A to B. However,
the calls to the Here® API must be done properly. In this research, the APl is called by using the
pseudocode shown in Figure Al. The string PARAM must be built. The following parameters

are indicated:

(A) apiKey. This key is generated when a user is registered on the Fhre'ﬁ'dmt]cupers' website. Replace
XXX by your key;

(B) Waypointl and waypoint]l contain the latitude and longitude information about the origin and
destination locations which are stored in the location_coor dictionary in Python. The Geopy
package can be used to obtain coordinates;

(C) Mode. This parameter contains important information for the Here® API such as the type of
route (the fastest, the shortest) and traffic state;

(M Asstated in Section 2, a consumption model has to be indicated by using consumptionmodel
and customsonsumptiondetails.
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The response variable stores the answer from the Here® server.

““"Routing the fastest™
PARAM = (“apiKey = OO(X" +
“Eewaypoinl = geo!” + str(location_coor [1]) + " + str{location_coor|2]) + “waypoint] = geo!*-

str{Jocaban_coor[3]) + °." + str{location_coorfd]) + “demode =
fastestcantrafficenabled&consumptionmodel = standard&” +

“oustomnconsumptiondetalls = «

“spoad 0,1.7, 1011 430115010701 1100,1 21220,1 A140,1 8 =

“ascent. 30 0;descent, 10 Lauxdliarycorsumption 0 Sacoeleration 0.2 deceleration, 0.3 »
“ElegAttributes = links trafficTime&glink Attributes = consumption dynamicSpeedinio”)

response] 1] = roating| PARAM)

vvRouting the shartest™ ™
PARAM = (“apiKey = XOOOXXX™ +

“fewaypoins) = goo!” + str(location_coorf1]) = °.7 + str({location_coar|2]) + "dewaypointl = good e
strlocation_coor[3]) « =" * str{location_coor|d]) + “&mode = fastesticar trafiicenabled™)

response] 2] = routing{ PARAM)

Figure Al Pseudocode to obtain the desired Her® answer.

The answer from Here® is a json file. The reader can find a great deal of information such as
the speed estimation taking into account traffic conditions (frafficSpeed parameter), time elapsed fora
specific speed and consumption, etc. The reader can easily estimate the average consumption in kWh,

the average speed, etc.
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Figure A2, Here® answer. Json format
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Abstract Energy consumption in the transport sector and buildings are of great concern. This re-
search aims to quantify how eco-routing, eco-driving and eco-charging can increase the amount
of energy available for vehicle-to-building. To do this, the working population was broken into
social groups (freelancers, local workers and commuters) who meside in two cities with different
climate zones (Alcald de Henares-Spain and Jaén-Spain) since the way of using electric vehicles is
different. An algorithm based on the Here™ application program interface and neural networks was
implemented to acquire data of the stochastic usage of EVs of eadh social group. Finally, an increase
in the amount of energy available for vehicle-to-building was assessed thanks to the algprithm.
The results per day were as follows. Owing to the algorithm proposed a reduction ranging from
06 kWh to 2.2 kWh was obtained depending on social groups. The proposed algorithm fadlitated
;";}:,E,‘ an increase in enetgy available for vehide-to-building ranging from 13.2 kWh to 33.6 EWh depending
on social groups. The results show that current charging policies are not compatible with all social

Citatiom: Borge-Dicz, O groups and do not consider the renewable energy contribution to the totalelectricity demand.

Orega-Cakesas, FM
Calmenar-Santos, A ; Blanes-Teird, [
Cantribution of Driving Efficiency to
Vehicke-to-Building, Eneygis 2021, 14,
3483 hittpec/ /doi orgy 105350,

Keywords: vehicle-to-building; driving efficiency; renewable energy integration; vehicle-to-grid;
energy consumption
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Academic Editars: Francisee 1L Introduction

G Martoya and Rob Shipman When it comes to Spain, the transport sector is the main culprit for discharging
pollutants into the atmosphere as well as consuming vast amounts of energy [1]. Recently,

Focsived: 16 May 21 the private research center named Economics for Energy has confirmed this statement

Accepied: § June 2001 in its latest transport report as this trend will certainly continue in the vear to come due

Publishert: 11 fune 2121 to mobility needs [1]. As published by the Spanish Government, the energy consumption

linked to transport has been increasing since 2013, just after the economic crisis from

Publisher's Notes MDPLstaysneutal ) ii74 714 TT to 1,196,381 T] in 2018 (latest data available) |2]. The same trend can be found
with mgard to jurisdicional claims in g (0}, emissions which accounted for 115,402,074 t in 2013 and 128,275,075 t in 2020 [2].
published maps and institutianal affl- Electric mobility playvs a key role when redudng greenhouse emissions as shown by
Pillay et al. [3]. In their esearch, they showed how emissions could be reduced in South
Adfrica up to 12.3% considering a specific e-car, e-truck and e-bus penetration in the market.
re‘_ﬂ. Bastida-Molina, Hurtado-Pérez and Pefialvo-Lépez drew similar conclusions proving that
3 emissions can be reduced by increasing the number of electric vehicles (EVe) and boosting
Copyright & 2L by the athar the number of MW of renewable energy (RE) [4]. As they stated in their research, a 1000%
Licensee MDFL Basel, Switsrland  RE soneration will be needed in order to reduce up to 74 million tons per year. Zheng et al.
This article is an open scmss artick  gieplay i their research that, from 2011 to 2017, 682,047 piug-in EVs were sold in ffve provinces
diwibued wnder e wrms ad e Ching, with 18.3 billion electric vehicle kilometers traveled, 3.0 TWh of electricity consumed,
sonditions of the Cwative Commars g pogiyction in gasoline consumption of 1.6 billion liters and in CO, emissions by 611,824 tons [5].
Astribution [CC BY) li=nac (hitpec// Deespite these results, some nesearch is focused on the impact of EVs on the environment

" i o/ . - . .
:::'L = e o and tries to evaluate whether they are more sustainable than traditional powertrains
¥
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such as internal combustion engine vehicles. Helmers et al. made an interesting study
comparing the environmental impacts of petrol, diesel engines and natural gas engines as
well as EVe. They proved that producing battery cells with enewable electricity decnases
the environmental impacts of EVs considerably [6]. In addition, EV impacts can be meduced
even more by making a better use of mineral resources [6]. Messagie et al. proved that EVs
are the most sustainable means of transport aking into account the whole life arele [7].

EVs are useful, not only for being zero-pipeline vehicles, but for being a key element
in several important techniques such as whicke-to-grid (V2G), vehick-to-home (V2H)
and, generally speaking, vehicke-to-X connections [8-11]. V2G aims to use EVs as virtual
power plants in such a way that the energy stored in EV batterdes could be injected into
the electricity nebwork when needed in order to reduce consumption peaks and emissions
amonyg others [12]. As detailed by Bibak and Tekiner-Mogulkog, V2G is currently facing
several barriers and obstackes such as high investments needed to apply this technology,
stochastic nature of EVs (arrival and departune imes, km covened, etc.), sodal issues and,
finally, battery degradation [13]. V2G success is based on the participation of the EV
owner. Consequently, the willingness to pay is an essential concept that has already been
discussed in some research [14,15). This willingness can be defined by the maximum price
that can stimulate an EV owner to inject the energy available from the EV battery into
the grid. Other approaches linked to social issues were introduced by Noel et al. In their
dissertation, they proved how concepts such as tinkering, testing and tacit knowledge
(As discussed by Noel et al, tinkering is defined as “user modification of a technology
te develop new innovations and uses”. Testing “deals intently with experimentation
in technology, espedally between the designers of a product or artifact and its users”.
Finally, tacit knowledge “is the embodied knowledge a user may have in learning to utilize
or modify a echnology™) may accelerate the adoption of V2G [16]. Therefore, policies
are an essential topic as discussed in several studies [17,15]. An important advantage
of V23 is its capacity for better integration of the RE into the system as detailed by
Mwasilu et al [19]. At this point, it 1s vital to consider that the usage of V26 must be reliable;
in other words, it must guarantee the system reliability, and EVs can play an important
roke toensume it. To assure this, this study has proposed the usage of artificial intelligence.
Rahbari et al. proposed a solution based on a neuro-fuzey inference system in order to
integrate better REs and EVs into the grid considering generation source intermittency
and energy usage inconsistency [20]. Mozafar, Moradi and Amini proposed a genetic
algorithm-particle swarm optimization algorithm aiming at reducing power losses, voltage
fluctuations, charging and demand supplying costs as well as EV battery costs [21]. Battery
degradation is an important topic to be considered when assessing the V2G participation.
Recent studies show that calendar ageing is influenced by such factors as standing time,
the state of charge and temperatume whereas oycling ageing is affected by number of
charges, the depth of discharge and charging rates [22]. Finally, egarding EVs, another
important topic to be considened is aperiodic phenomena and failures in the development
of the electromobility systern, as they have an impact to increase or decrease the EV
demand as shown by Wroblewsky et al. [23]. As shown in their research, the fmpact
of aperiodic failures of the economic operation of a given drive systam s significant, which is
closely related to the nature of the speed profile, and it mainly affects the operation of the drive
system. In addition to this, these phenomena affecting the operation of the selected drive
system as well as environmental and infrastructural factors, determine the application of
a given electromobility concept. Consequently, the highest frequency of such phenomena
is, the worse economic justification for EVs in comparison to conventional solutions is [23].
Similar studies from Wrdblewsky related to aperiodic phenomena which deal with other
powertrains can be found in the erature [24].

Vehicle-to-building (V2B) is an important topic analyzed in this research. As stated by
Odkhuu et al. V2B allows bidirectional chargers and small-scale renewable energy resources, such
as photovol tafc systems and small-scale with turbines [25]. Consequently, it is possible to draw
and transfer energy from/to buildings depending on the battery status. In addition to
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this, V2B technology offers important services to reduce the on-peak load of the building's
power consumption through peak shaving, load shifting, valley filling, better inte gration
of RE and back-up in case of electricity shortage [25]. A V2B system is mainly composed
of EVs, local distributed energy generators, critical loads, a control system in charge of
building energy management (BEMS) and static storage. The aim of the BEMS is to run
algorithms to obtain economic evenues, such as peak reduction [26]. Some research shows
that an important reduction of fossil electricity is obtained due to the RE contribution
when charging EV batteries whose energy will be transferred to the building as detailed
by Bucnomano et al. [27]. Zhou et al. describe in their research the main advantages
of integrating EVs with RE such as cutting energy consumption of buildings, reducing
the import/export pressure on the electric grid and shifting peak-loads to sub-peak or off-
peak periods [28]. There are technical issues linked to V2B technology, such as the stochastic
characteristic of driving schedule of EVs [29,30], which our research is focused on. Other
topics are related to infrastructune and lifetime of EV batberies [31]. Ghaderi showed in his
research that V2B offers significant profit even considering the battery degradation based
on a scenario composed of six EVs and a V2B system [32]. Gagre et al. proved in their
research that V2B is economically viable in regulated markets [33]. Similar studies linked
to economic viability for similar technologies such V2G can be found in the lterature [34).

All aforementioned technigues ame based on EVs and, if their energy efficiency was im-
proved, the amount of energy available to be used would be increased. Eco-driving (EDR)
and eco-routing (ER) are key elements to improve energy efficiency. ER consists of finding
the most energy-efficient route for a vehicle to travel between two points in such a way that
an optimal way to reduce energy consumption is offered to drivers. Thibault and Sciaretta
proposed an energy consumpton model which considers speed fluctuations and road
infrastructure to reduce consumption [35]. Some elements such as slopes have a significant
influence on energy consumption and are considered in some ER algorithms [36). Other
authors have proposed the usage of evolutionary algorithms [37]. When it comes to EDR
and pollutants, research is focused on this topic no matter what types of powertrains are
used. Orfila, Saint-Pierre and Messias proposed an Android application based on EDR
assistanoe for internal combuston engines [35). Similar research can be found for hybrid
cars and EVs [39,40].

Emission reduction is of great concern in the European Union (EU) and EDR and ER
claim to play a key role. From 2010 o 2013 the ECOWILL (Widespread Implementation for
Learner Drivers and Licensed Drivers) project which was supported by the Intelligence
energy Furope Program of the European Commission was conducted. This project was
linked to qualify and certify driver instructors and roll-out EDR short-duration trainings
for licensed drivers [41]. Due to this project, many European countries had a strong
commitment to boost EDR in driving schools. As stated by Botte et al., cooperative-intell igent
tramsportation systems (C-IT'S) represmt the set of technological and fundional elements that allow
specific communication tasks idemtiffed as V2X [42). C-ITS should ensure environment-friendly
driving through in-vehicle technologies such as EDR as stated in the JRC Science for Policy
Report published by the Furopean Commission [43]. In addition to this, the EU offers
the opportunity to manufactures to consider CO; saving from innovative technologies
which cannot prove their CO; reduction effects under the st procedure used for vehicle
type approval [44,45]. Among these innovative kechniques, one can find EDR. In addition
to this, one can find initiatives and projects which consider ER and EDR at the same tims
such as a project called REDUCTION performed in the EU [46]. This project developed
state-of-art methodologies for ecological routing, ecological driving, multi-modal ecological
routing, in addition to cuthing edge onboard communication devices [46]. Fmally, eco-
charging (EC), and generally speaking, smart charging is relevant to many topics such as
RE, electricity market, etc. In 2019, the EU signed the EU's Paris Agreement commitments
for reduding greenhouse emissions focused on energy performance in buildings, RE, energy
efficiency and electricity market design among others [47]. In addition to this, corrently, one
of the most important initiatives in the EU is the European Green Deal (EGD) which aims to
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make Europe the first climatke-neutral continent. The EGID nests on three pillars: meduction
in greenhouse emissions by 2050, stimulation of economic grow th without linking it to
the use of resources, and the involvement of all members of society in the implementation of
this new strategy [48]. To achieve the goals of the EGD, many actions need to be undertaken
in all sectors of the economy, such as: investing in environmentally frimdly technologies,
supporting industry to innovate, rolling out cleaner, cheaper and heal thier forms of private and public
transport, decarbonizing the mergy sector, ensuring buildings are more energy efficient and working
with international partners to improve global environmental standards [49,50). Additonally, EGD
aims to improve and promote the integration of KE into the transport and electricity sectors
by drawing on several research studies that exist on this subject [51-54]. As suggested by
Gil-Garcia et al,, it is imperative to consider the initiatives focused on EVs if the objective is
to reduce emissions and increase RE's penetration. They have concluded that renewable
penetration of at kast 82% is necessary to fulfil the emissions-reduction target by 2050 [51].
According to Keller et al., large-scale deplovment of RE generators and EVs is expected
o meduce emissions in the electricity and transport sectors [54]. Their research shows that
electrifying all of the existing EVs will require a 60% increase in the generation capacity,
and the levelized cost of electricity would increase only by 9%. Consequently, emissions
reduction in transport, as well as RE inkegration, is a topic of great conoern. Research
shows how EDR, ER, and EC can contribute to sustainable mobility emissions reduction
in transport and better integration of RE, reduction in the energy consumption of buildings,
and clean energy.

Based on aforementioned policies, research which assesses the impact of EDR, ER
and EC on several techniques such as V2G, V2B and VX should be conducted. In this
current research, the authors have studied this topic in depth by taking into account several
important topics. Firstly, the stochastic usage of EVs according to social groups (freelancers,
local workers and commuters) as their way of using EVs is different  Consequently,
the results shown in this research will be highly valuable for policymakers. Secondly,
the impact of EDR, ER and EC is assessed considering climate zones in Spain. Finally,
the compatibility between VZX techniques has been analyzed in Spain based on the already
installed RE power. This research aims to:

(a) Analyze how EDR, ER and EC based on EVs can improve the amount of energy avail-
able ina V2B system. An algorithm coded in Py thon based on the Here™ application
program interface (APL) and neural networks is presented to enhance the amount of
energy available for V2B [55].

(b}  Assess how important is to consider social groups (freelancers, local workers, com-
muters) to calculate the energy available for V2B as the way of using EVs is different.

(¢} Quantify the reduction of energy consumption of buildings.

(d)  Analyze if current charging policies are coherent considering the social groups repre-
senting the working population and RE contribution in the Spanish electric system.
This paper is structured like this. Section 2 describes the method, including the cities

chosen for this research and the description of the algorithm used. Sections 3 and 4

detail the results and discuss the main findings. In addition, a validity section including

a sensitivity analysis and threats to validity analysis is displayed in this Section 4. Section 5

analyzes the conclusions of this study. A beta version of the application coded in Python is

available in Supplementary Materials.

2. Methods
2.1. Description

The method followed in this research is depicted in Figure 1. The main idea be-
hind this method is to choose two mpresentative cities, buildings and residents of those
buildings in order to assess the improvements introduced by EDR, ER and EC based on
an algorithm implemented on Python and neuwral networks. Firstly, the cities subjected to
this study are chosen as detailed in Section 2.2 considering climatic zones, traffic conditions
and population among others. Secondly, the buildings used to measure improvements




Tesis Doctoral

EIDUNED Programa de Doctorado en Tecnologias Industriales

Titulo: Validacion electrdnica de vehiculos. Nuevas metodologias y posibles aportaciones al
transporte sostenible.

Autor: Pedro Miguel Ortega Cabezas | 30/08/2021 | Pagina 248 de 292

Energies 2021, 14, 34583 S50f30

in energy consumption when using EDR and ER are selected (Section 2.3). In Section 2.4
the participants, who are residents in the chosen buildings, are determined. In Section 2.5,
the algorithm based on EDR, EC and ER concepts is described in detail. In Section 2.6
the energy consumption estimates of the buildings are made, and, owing to the algorithm,
the improvements are assessed. Section 2.7 displays how statistical analysis of data coming
from EV consumption is made. Section 2.8 describes the equipment used in this study.
Finally, EC, EDR and EC contribution is assessed.

Choice of the city

Choice of the buildings

| Choice of the |
| participants |

Energy consumption
estimate

Eco-driving,
Eco-routing contribution —

assessment O

Figure 1. Methodology used in this research.

Algorithm implementation

2.2. Choice of the City

Spain has different climatic zones but, as shown in Figure 2, two of them prevail
in the country: the Mediterranean and Continental ones. The former is characterized by
hot dry summers and mild winters. This climate can be broken down into three subtypes.
The latter is characterized by wide diurnal and seasonal variations in temperature and by
low, irregular rainfall with high rates of evaporation that make the land arid. To do this
study more representative, two dities belonging to different climatic zones were chosen:
Alcald de Henares and Jaén (Figure 2). Due to the differences, the consumption patterns
are different.

B ’
g S

Figure 2 Spanish climate.

Alcald de Henares belongs to the Community of Madrid (Spain), 32 km away from
the Spanish capital. To be more specific, this city is the second biggest one in this Commu-
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nity. Its population is 197,345 inhabitants in 2020 based on the data provided by the Spanish
National Institute of Statistics. Generally, traffic jams are often reported in the city. Aiming
at monitoring the traffic state, the townhall has installed 17 cameras mainly located down-
o, This city is also interesting as it is connected to one of the most important roads to
enter Madrid.

The population of Jaén which is located in the south of Spain is 112,757 in 2020 according
tor the data provided by the Spanish Matonal Institube of Stabistics. This city has installed
cameras in strakegic points aiming to improve the traffic in the city due to its high intensity

Taking into account all the data mentioned above, a comparison bebween bwo similar
cities located in different climatic zones can be made.

2.3. Choice of the Buildings

Several factors influence energy consumption when it comes to buildings. As detailed
by Huebner et al,, different variables such as building factors, socio-demographics, att-
tudes and self-reported behavior in their research affect energy consumption in different
buildings [56]. To be mone specific, 39% of the varability inenergy consumption is linked
to buildings, 24% to social-demographic variables, 14% is linked to heating behavior and
only 5% is linked to atitudes and other behaviors [56]. This study was based on a sample
of 924 English households.

Hueber et al. did also research about the aforementioned topic focused on electricity
consumption instead of energy consumption by using an 845 English household sam-
ple [57]. In their research, they showed that 34% of variability in electric consumption
came from appliance use and lighting while 21% was linked to socal-demographic van-
ables. Harputlugil and de Wilde analyzed in-depth the interaction between buildings and
humans when it comes to energy consumption. In this case, one important conclusion
is that lifestyle is an essential factor to be considered to understand energy consumption
profiles and occupants” patterns [58]. Pan et al. concluded the importance of having a good
understanding of how occupants use the appliances of buildings in order to improve
energy efficiency [59]. Moreover, like this the occupants” behavior could be addressed to
a more sustainable one. Finally, Yousefi, Gholipour ¢t Yan proved that cccupants’ behavior
and envelope materials play a key role when choosing the envelop material types [60].

Considering this, the conclusions that can be drawn when choosing buildings for this
study are:

a.  Omentation of buildings is a key factor when it comes to electricity consumption and
energy in general

b.  Based on the previous studies, a different ooccupation rate for each flat must be
considered.

¢ As EVs will be used to assess the energy available for V2B technology, different social
sectors must be considered.

d.  Finally, different work timetables should be considered in this study.

24. Choice of the Participants in This Research
In this study, the authors have proceeded to choose partidpants according to their

professions and the number of kilometers covered. This is a key point to be taken into

account in order to obtain more accurate results, Based on this, one can distinguish:

(a) Freelancers. They cover a considerable mumber of kilometers on a daily basis accord-
ing to statistical data published by different institutions [61]. Consequently, they ane
supposed not to inject a large amount of energy when using the V2B technology.

(b) Commuters. Commuters can choose bebween using the public transport and their
own vehicles to get to work. In this study, commuters are supposed to drive towork
by using EVs. Thanks to statistical methods described in Section 2.8, the daily mileage
and energy consumption will be assessed.

(c)  Local workers. Again, local workers can use the public transport or their vehicles to
et o work. In this study, local workers who use their vehicles to go to work have
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been considered. In this case, the number of kilometers covered is supposed to be

low. Consequently, they can contribute in a very important way when using the V2B

technology.

All assumptions made about kilometers covened on a daily basis have to be confirmed
based on statistical methods. Consequently, the reduction of emissions and energy con-
sumption is influenced by the type of workers mix living in a building. The number of
participants is shown in Table 1: freelancers, local workers, commuters and other occu-
pants of the household who do not belong to these social groups (mainly students and
the unemployed). Pobential deviations in the assumptions earlier described are considensd
in the sensitivity analysis displayed in Section 4.5. In this research, we have proceeded to
choose medium size or big apartments which consume vast amount of energy. Tt is true
that houses could have been chosen, but it was not done as almost all occupants werne
freelancers or commuters. Consequently, we wen unable to draw a conclusion n regard to
other social sectors. Finally, the aim of the authors was to choose buildings with a different
mix of freelancers and commuters as they ame supposed to be willing to invest in EVs
taking into account that local workers cover a small number of kilometers, but they could
b forced to invest a large amount of money in EVs,

Table 1. Number of participants in this research.

Building  Location  Orientation Sn‘:'_;:;ﬁ;] Decupants E?J:“: Commutbers WT;?ckfm Freelancers 05:1::.55
A Alcald South W 5 15 5 2 B
B Alcald North 85 45 My 8 3 9 i
C Alcald West 10 32 15 i 2 7 17
D Jadn Sonsth 75 = 0 10 2 " z
I Jadn North Bl 45 H 11 2 7 B
I Jan West il 12 10 5 1 4 2

2.5, Algorithm
The algorithm proposed in this study is based on ER, EDR and EC concepts. It was

coded by using the Here® APl which offers several location services with customization

of navigation maps, current traffic conditions and historical traffic data patterns among
others. One of the most important features of the Here® AP is the energy consumption
models, Due to them, when they are properly set up, the energy consumption for a specific
trip can be easily assessed, which this research does.

To better understand what the algorithm does, seven different stages can be distinguished:

L Phase 1. Consumption models are tuned. As shown later, energy consumption models
must be tuned by using real time driving data of the specific driver. This factor is of
great significance in order to apply the EDR concept properly.

2. Phase 2 The destination is chosen by the driver. This algorithm offers a web interface
that the driver can use in order to type the destination.

3. Phase 3. The Here™ AP s in charge of determining the best route available. Tt must
be stated that the way how the algorithm plans the best routes belongs to the Hene™
competenaoe. The Here™ AP is called by using the python code.

4 Phase 4 Here™ proposes different routes based on the energy consumption models
already tuned. This topic makes Here™ consider EDR and ER concepts. Here™ can
propose three types of routes. The first one is called the fastest, which is the one that
requires less time. The second one is known as the shortest, which atbempts to find
the one which requines that less distanoe is covered. The last one is the balanced one
which tres to find a compromise solution between distance and time. It is only use
for trucks
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n

Phase 5. Once the Python code obtains the three routes and the energy consumption,

the algorithm can easily determine the final energy available of the battery and

if a charging process will be needed. It must be stated that the initial autonomy of
the EV before starting the trip must be specified by the drver before keaving,

6. Phase 6. The algorithm chooses the route which implies that energy consumption
is the lowest based on the data obtained in phase 4.

7. Phase 7. The python code runs a block known as the EC block. Its aim is to determine
the RE contribubion as well as the energy structure generation {wind energy, photo-
voltaic, ete.) by using different types of neural networks. Thanks to this, the drivers
obtain information about when the charging process is greener and kess pollutant.
The Here™ API includes energy consumpton models that aim to estimate energy

consumption based on several parameters, such as speed and auxiliary energy consump-

tion (heating and cooling systems, for instance). When tuning the consumption models,
each parameter has to be specified in kWh and based on its dependence with the EV
speed (when possible, as some of them, such as radio consumption, are not dependant on
speed). These values weme calculated by acquiring the data after the drivers participating
in the study drove the EVs for several months, Data were collected using laptops equipped
with Inca® software and input/ cutput from the ETAST supplier (Figure 3) [62,63]. After

having analy zed the data acquisition, the consumption models can be tuned (Appendix A).

Figure 4 shows how this was performed. The process consists of specifying energy losses

depending on acceleration, decelkerations, slopes, etc. whose values were obtained by ana-

Iyzing the data acquisitions thanks to MDA software [64). Once this is done the experiment

can be reproduced easily. The Hene™ API can assess and return an estimate of energy

consumption for the fastest, the shortest and the balanced routes. The algorithm chooses
the ome with less energy consumption. Finally, based on the battery capacity before the trip,
the algorthm can determine if the EV will have to be charged during the trip.

Bus CAN, FlexRay

e X

CAN

=

ESd11
)
e S | - -’ *
Inca software
Invertes

ES411 ]

= 5’ '| Battery

Figure 3. ETAS® input/ output modules connection.

-
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Pairs speed-consumption in kWh
A
consumptionmodel=standard
customconsumptiondetails=
5|:|eed,D,1.?.10.1.4,3CI,1.l,SI.'.I.l.D.TD.1.4,IGG,I.Z,LZD,1.4.14D.1.E:
ascent, 30.0;df5¢s~nt,1{!.ﬂ|auxil i.ar-,-mnsumprian,ﬂ.ﬂ}ar_releration,ﬂ.2;dﬂ(c|eratinn,[ﬁl.?.|

L] v L J
Losses due to slopes  Awxdliary consumption Losses due to accelerations
m kWh m kWh and decelerations in kWh

Figure 4. How to configure the consumption model.

Finally, the assessment of how green the charging process is must be determined
by using the EC block. This part of the Python code is responsible for predicting when
the charging process should be done based on the RE contribution. Owing to this, the driver
will be informed about the best moment to charge EV to reduce greenhouse emissions
during charging. One of the main characteristics of this block is that it can predict the energy
structure (solar energy power, wind power energy, nuclear energy, and so on). The main
tasks of this EC block are as follows:

{a) Based on the consumption models already tuned, analyze in-depth information
regarding the battery capacity and energy consumption to cover a journey set by
the driver.

(b)  Estimate when the charging process should be done according to the analysis obtained i a.

(c)  Assess the RE contribution calculated using the Gated Recurrent Units (CRU) net-
works and nonlinear autoregressive (NAR) networks as shown later [65-68].

After executing the EC block, a scom is calculated based on the RE contribution following
Equation (1). The higher this score, the mone the contribution of RE in charging EVs.

RE;
REJ.mu,d

EC (1)
RE, ; is the RE contribution to the total electricity demand at # (in MW), and REpg g
is the maximal RE contribution (in MW) during the day when the charging process takes
place. RE + and REmax g are calculated using the GRU neural networks. The RE contribution
is assessed as follows (2):
RE ,
b = RETNRE @

RE( is the RE contribubion (in %), RE is the total electricity generated by RE sources
{in MW), and NRE is the total electricity generated by not RE, such as coal (in MW).

RE_ s and REygy 4 are estimated using the Spanish system operator data published daily,
wherne one can find the COy generation structure and the day’s total electricity demand [69).
The electricity demand and total RE generation usually follow the same patiemn. Generally
speaking, only weekends and seasons ane the relevant parameters to be considered. Conse-
quently, recurrent nevural networks play a key role in predicting the electricity demand for
a desired period of the day to midnight in the algorithm proposed in this study, The Python
code analyzes the data provided by the neural nebworks and assesses the maximum RE
contribution of that specific day by following Equations (1) and (2).
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Recurnent networks face technical issues when predicting long-term series due to
the vanishing gradient problem when the recurrent neural networks are trained with
gradient-based learmning methods and backpropagation. These methods imply that neural
network weights are updated proportionally to the partial derivative of the error function
with nespect to the current weight in each training iteration. The gradient may be vanish-
ingly small. Consequently, the weight may not change, and the training process might
be stopped. Long short-term memory (LSTM) or GRU networks are used to make more
accurate long-term predictions. In this mesearch, the authors chose the GRU networks since
they are mone computationally efficient than LSTM networks. GRU is a recurrent neural
network composed of update and reset gates. Basically, these are two vectors that decide
what information should be passed to the output. The special characteristic about them is
that they can be trained to keep information from long ago without washing it through
time or remove information irmelevant to the prediction [66-68).

Figure 5 shows the pseudocode of the GRU networks employed in this study. The data
used to implement the GRU network were provided by the Spanish system operator for
the last four years. The first three-vear data are used to train the network, and the last-
year data are employed to test the network performance. As usual, when implementing
a neuronal network, all the input and output data must be processed to make them
range between 0 and 1 to assure opimum nebwork performance. The CRU nebworks
were implemented using the keras package of Python. Toe do this, some paramefers
must be configured. The Sequential parameter specifies that the model is sequential,
and the output of each layer is the input for the next laver. In this study, the Dropout
function was employed. Dropout is a technique in which randomly selected neurons
are ignoned during training to emporally remove their contribution to the achivation of
the downstream neurons on the forward pass and ensure that weight updates ame not
applied to the neuron on the backward pass. This technique menders the network less
sensitive to the specific weights of neurons. To analyze the error loss, the mean squared
error, since it is highly recommended for mgression problems, was chosen. To optimize
the model using an optimization algorithm, the Adam method, due to its computational
efficdency, was used.

The algorithm proposed in this study integrates a code in Python that i able to
estimate the structure generation for the next two hours based on the data provided by
the Spanish system operator. This estimate is made by using NAR networks, which ane
widely used to manipulate and predict ime series [66-70]. NAR networks are descrbed
mathematically as follows (3):

B =Flwlt -V 4wt —2)+ ...yt —d) +et) (3)

f is the nebvork output for a specific set of input data, £(t) mepresents the error bebween
the prediction values §(f ) and the actual ones y. Finally, d is the number of delays mvolved
in prediction. When designing neural networks, some parameters can be chosen flexibly by
the designer. These parameters, it should be noted, exert a significant impact on prediction
accuracy. Some of them are the number of hidden layers and the number of neurons used
ineach layer. Despite this flexibility, these numbers must be chosen to achieve two goals:
the first is to obtain a good prediction accuracy, and the second s to avoid the network
from becoming too complex. Figume 6 shows how the accuracy of the nebwork varies
depending on the delay parameter When a high value is chosen for d, the predicted value
changes very slowly. However, if d is too low, the network cannot properly follow the trend.
Consequently, d must be specified empirically to take the optimal value since d debermines
how important the past values are for the predichion. When generating electricity using
RE, sudden changes in the RE generation structure can happen due to weather conditions.
These changes may not be predicted using the past values. Consequently, in some cases,
NAR may notbe as accurate as it should be. Therefore, in the algorithm proposed in this
study, the accuracy remains on the GRU networks and not on the NAR ones. Even if it has
not been imple mented in the curnent version of the algorithm, them is a technical solution:
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MATLAB® can update the network and correct predictions continuously fort + 1,4 + 2,
t + 3, and so on, if the real value of t is known. As the Spanish system operator provides
data every hour in real-time, this solution can be applied. In this research, the optimal
value for d was 3. The pseudocode used for coding the NAR networks is shown in Figure 7.
The trainkm funchion was emploved to train the network to update bias and weights
using the Levenberg-Marquardt optimisation. This choice was based on the fact that it is
the fastest backpropagation algorithm despite its major usage of memory.

Import packages: numpy, pandas, keras, tensorflow, skleamn

fimport data provided by the Spanish System Operator
pd. read_csv_file (data_2016, 2017, 2018, 2019)

#Preparation of the data used as inputs of the GRU network
X=reshape_data_inputs

frescale data to 0-1 scale

minimum = amin(X, axis=1) reshape
maximum = np.amax(X, axis=1).reshape()
X = (X-minimum) | {maxdimum-minimum)
Y = {Y-minimum} ; {maxinmum-miniomum)

network parameters. & model is a stack of layers
mode] = Sequential ()

fAdding layer with the number of inputs specified

modeladd (GRU (128, input_shape={data), retum_sequences=True])

model add(Dropout{0.1)) # Dropout = 10%

¢ Whether to return the last output in the output sequence, or the full sequence.

model add (GRU (4, retumn_sequences=True) fAdding layer with the number of inputs specified
model add(Dropout(0.1)) # Dropout = 10%

model add{GRU(32, return_sequences=True)) ) #Adding layer with the number of inputs specified
model add(Dropout(0.3)) £ Dropout = 30%

#0ptimizer choice and error measurement

model compile(loss='mean_squared_error, optimizer="adam’)
#Training

his = model fit(X, Y, batch_size=2, nb_epoch=3, verbose=1)%,
callbacks=[TQDMNotebookCallback()])

Figure 5. GEU network code.
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Figure 6. Inaccuracy in predictions when using different d values.

data = Spanish_system_operator_data; % loading data

net = narnet(1:3,10); % three delays and 10 hidden laver size.
[Xs, X4, Al datas] = preparets(net, },{],T); % preparing data to train
net = train(net, Xs. datas Xi,Ai); %train the network

[ X AL] = net(Xe 2, Al); %enetwork performance asssssment

[netc, Xic.Aic] = closeloop(net Xf.Af); Yopredicting results in close loop

Figure 7. NAR network code in MATLAB®,

2.6. Energy Consumption of EVs

The participants wene driving EVe during the winter from December 2020 to January
2021 and during the summer from June 2020 to July 2020. These dates wem chosen o
consider the temperatune effect. The trips were randomly chosen according to the participants’
professional and personal needs. This is a key element to consider the stochastic usage of EVs.

27. Statistical Analysis

Toestablish the average consumption of EVs foreach social group, a statistical analysis
must be done. Owing to this, the energy available for V2B is assessed for freelancers, local
workers and commuters. As per the first analysis of the data collected, these data were
closed to a normal distribution. The Rsoftwane, and mone specifically the PASSWR package,
was used to confirm this assumption [71]. The main advantage of this package is that
the data can be explored in depth thanks to the statistical parameters such as kurtosis,
skewness and pwvaloe. Kurtosis 15 a measure of relative peakedness of distribubion. It is
a shape parameter that characterises the degree of the peakedness. A distribution is said
tor be leptokurtic when the degree of peakedness is |‘|igh_'r than 3: it is mesokurtic when
the deges of peakedness is equal to 3, and it is platykurtic when the degmee of peakedness
is less than 3 [72-74]. Skewness mefers to a distorbon or asymmetry that deviates from
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the symmetrical bell curve or normal distribution in a set of data. When the data under
analysis are close to a normal distribution, the skewness is close to 0. Symmetry, it is
vital to note, does not infer that the data follow a normal distribution. Consequently,
the aforementioned analysis must be carefully conducted. The p-value is the probability of
finding the observed, or more extreme, results when the null hypothesis (Hy) of a study
question is troe.

In addition to the statistical parameters described earlier, several plots were used to
confirm that the data analvzed follow a normal distribution: histograms, Q-0) plots and
boxplot. The histogram represents the frequency of occurrence of specific phenomena
that lie within a specific range of values, which ane arranged in consecutive and fixed
intervals. The quantile-quantile or Q-0 plot is an exploratory graphical device used to
check the validity of a distributional assumption for a data set. A boxplot, sometimes
called a box and whisker plot, is a type of graph used to display patberns of quantitative
data [7374].

Finally, it is essential o describe how statistical outliers wene assessed. These points ane
the ones whose values differ significantly from the rest of the observations. This difference
is linked to vadability. In order to detect them, the following tools have been used:
histograms, z-scones and interquartik rangge [74]. The z-scores method measures how many
standard deviations an element is from the mean. The interquartile range is a measure
of statistical dispersion, being equal to the difference between 75th and 25th percentiles,
or between upper and lower quartiles. As the data were analyzed on a daily basis, statistical
outliers were mainly linked to unusual traffic conditions such as traffic accidents.

2.8. Equipment Used
The means employed wene the following:

L Vehicle control units (VCU) designed by important European suppliers.

2. EVs provided with a 40 kWh wene employed. Their autonomy was 250 km with
a maximum speed of 144 km/h.

3. The INCA™ software was used since it was necessary to read the memory posiions
of the VCU [62]

4. The MDA software was employed to visualize the dat file and analyze the trend of
the software variables [A4].

5 Here®™ and Open Charge Map® APIs [5575].

6. The ES411 and ES592 modules from ETASY were used since they allowed connecting
the laptop to EVs to record all the software variables specified using Inca®.

7. Power meters. Manufacturer Gafild. Operating voltage 230 AC. Max. current 16 A,

3. Results
3.1, EV Consumption

The algorithm proposed in this iesearch aims to improve energy effickency by consider-
ing the stochastic usage of EVs. To do this, many measurements wemne performed on social
groups such as freelancers, local workers and commuters. To assess each social group’s
average energy consumphion when using and not using the algorithm, the collected data
were statistically analyzed as described in Section 2.8 The results obtained after this analy-
sis are depicted in Table 2 for Alcald de Henames and in Table 3 for Jaén. First of all, it must
be taken into account that all these data are close to a normal distribution. This assumption
was confirmed by assessing different parameters such as skewness, kurtosis and p-value.
When it comes to freelancers, skewness s close to zero. Consequently, the distribution
is symmetric. Kurtosis aims to prove that the data distribution tails are not dissimilar
from normal distribution ones. The pvalue represents the null hypothesis the data follow
a normal distribution. When the p-value is greater than 0.05, the null hy pothesis is con-
firmed. One important characteristic of skewness and kurtosis is that they are sensitive
to the sample size. Therefore, the Q-0 plots and histograms were used to confirm that
the data colkected follwed a normal distribution. Based on this statistical analysis, the hy-
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pothesis Hy was confirmed. In addition to energy consumption, it is essential to establish
the mumber of kilometers by following the same statistical method. Regarding freelancers,
the numbser of kilometers was found to range from 95 km to 110 km per day. When it comes
to local workers and commuters, the number of kilometers covered varies from 57 km to
70 km per day. Finally, commuters cover between 4 km and 6 km per day. When it comes
to Jaén, the number of kilometers travelled by freelancers ranges between 78 km and 90 km
a day. Regarding commuters, they drive between 3.5 km and 5.5 km daily. Finally, local
workers cover bebween 3.2 km and 5.3 km a day. The main differences between both cities
are analyzed in Section 4.1, These results are complementary to other studies. Zhang et al.
ditailed how large-scale EV development impacts the stability of electric grid as well as
decisions linked to the construction of new facilities (charging facilities). They conducted
a depth-study of stochastic usage of EVs based on several factors such as daily distance
travelled, energy consumption, ete. [76]. Similar research was done by Shi et al. showing
interesting data about the average speed and consumption based on stochastic usage of
EVs [77]. The impact on the electricity grid can also be stochastic as shown by Schey,
Scoffield and Smart [75]. All this research did not consider social groups which are a key
element for future energy policies due to the fact that their usage of EVs is different as
proved in this study.

Table 2 EV consumption in kWh in Alcala de Henames.

Factor Freelancers Commuters Local Workers
AU NA @ Au @™ NAW AU NAD
Mean 24 262 Q 105 33 39
Std deviation 0.6 0.4 03 032 032 029
Kurtosis 3T 4.0 i7 45 41 4.2
Skewness —0.135 —-0.121 —0.041 —0.032 —0.025 —nois
p-value 0.395 0.401 0401 0415 0.396 0.399

M MA. means no algorithm is used; AU means the algorithm is used.

Table 3. EV consumption i kWh in Jaén.

Factor Freelancers Commuters Local Workers
AL MNAL 2 AL NA. @ AL NA @

Mean 21 29 B.5 a5 43 49

Std deviation 0.7 0.3 04 0.36 0.36 0.31

Kurtosis 36 41 35 4.3 40 41
Skewness —0.145 —-0.111 —0.045 —0.03 —.02 —noi3
p-value 0.385 0.301 0411 0.405 0.356 0349

M MA. means no algorithm is used; AU means the algorithm is used.

3.2. Energy Consumption of Buildings

In order to verify the improvements introduced by the algorithm based on EC, ER
and EDR, it is essential to measumne energy consumption of the buildings chosen for this
case-study. To do this, smart counters and power meters wene installed in each participants
apartment. Consequently, it was possible to measure the energy consumption of all facilities
of the apartments such as: electric heating, air conditioning, lighting, TV sets, fridges,
microwave ovens, vitroceramic hobs, washing machines and dishwashers. All these
e asurements wene performed in the climatic areas described in Section 2.

When analyzing the Spanish electricity demand curve, there are bwo main consump-
tion peaks. The first one is usually between 12 am. and 1 p.m. and the other one from & pom.
to 10 pom. depending on the season. There are two main differences bebween the summer
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and the winter curves. Firstly, the electricity demand is lower in the summer. Secondly,
the peak between 12 am. and 1 p.m. is higher than the other one in the summer. Therefore,
it is important to check the energy consumption pattern of the buildings chosen in this case
study. Figure 8 shows the winter energy consumption for buildings A, B and C which are
located in Alcald de Henares. As one can see, the energy consumption trend is similar to
the Spanizh one as there are two peaks present. However, there are important diffe rences.
Firstly, from 4 p.m. to 6 pan. the energy consumption decreases as the energy consumption
pattems of buildings A and C follow the Spanish one. Nevertheless, it is not the case for
building B. Secondly, the trend followed by buildings A and C has similarities comparing
to the Spanish trend, but this first energy consumption peak lasts less Hme than expected.
Figure 9 shows results during summertime. As expected, two consumpton peaks ane
present and the first one is the most important. Again, in this case, building B has a different
behavior in comparison with buildings A and C as its consumption is higher during the off-
peak periods. As explained in the discussion section, these particularities of electricity
demand curves can be analyzed considering the number of occupants of the apartments
as well as the diversity of social groups they belong to. The reader can find the curves for
the second climatic zone in the Supplementary Diata as the conclusions are similar except
for the fact that total energy consumption changes slightly. This varation is totally normal
as in Jaén the consumption is slightly lower as stated by the Institute of Diversification and
Energy Saving of Spain. This analysis was done in the winter and in the summer when
temperatures ane the coldest and the hottest, respectively. The conditions of the electricity
system cannot affect the results of the experiment

Mh-01h 0(4h-05h 08h-0% 12h-13h 16h-17h  20h-21h

—t'-:|r'.'-'.||1'||_11i-:|r'. for I,:I,Iilx_lillj: B in wanter —\'_';l'\'='_|1n'|_1li;|"| for I,"'LIiI\IiHj; A mowinber

s Comsumption for building O in winter

Figure 8 Winter consumption curves for the buildings located in Alcala.
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Figure 9. Summer consumption curves for the buildings located in Alcala

Varations of energy consumption depending on climatic zones have been studied
widely in the scientific literature [79-52]. Energy consumption profile is an essential topic
to be considered as shown in a lot of research. Csoknyai et al. analyzed in detail energy
consumption and household composition (couple with children, couples without children,
single, single with children and other) [83]. Kavousian, Rajagopal and Fisher focused
their efforts on analyvzing pattern energy consumptions of buildings based on classifying
the occupants into age groups [84]. Laaroussi et al. conducted research into how occupant
presence and behavior influence energy consumption [85]. However, the research does
not take inte account social groups, occupants present, EDR, EC and ER at the same
time. Table 4 quantifies how energy consumption of the building can be reduced when all
these factors are considered at the same time, As one can see, the contribution to V2B is
different for each building due to the number of freelancers, local workers and commuters.
Consequently, it is essential to discuss this topic in the next section. Although the results
depicted in these two tables imply that all participants in this research contribute to V2B,
this assumption might be false. Therefore, a sensitivity analysis is done in Section 4.5.

Table 4. Energy available for each building in Alcald de Henares and Jaén on a daily basis.

Fresl Liocal Wiorks: G b
reclancers ocal Workers ammuters Ene

TRy Erergy
kWh kWh Wh KWh EWh EWh Available for A ailable
Number Available  Available  Number Awailable Awailable Number Available  Available VIBALL for V2B NA
AL NLA ALL MA AL NA

Bailding A § 1 104 2 7a4 712 5 155 1475 3564 3l
Huilding B 4 144 1242 E] 1kl 1oes 4§ 48 236 5021 4685
Buidlding C 7 1z L] 2 7ad 712 6 156 177 4 L
Bailding D 4§ 152 138 z 714 ol 10 e LY 305 L= 512
Building E 7 k] 1157 2 714 i 1 365 3355 5509 8184
Huilding F + i LT 1 a7 351 5 1575 1525 269.2 i

MLAL means no algonthm is used; AU means the algosithm & used.

4. Discussion
4.1. EV Consumption

The energy consumption of EVs is stochastic as already proved in the professional
literature [76,77]. This mesearch aims to show that social groups are so important that
they should be considered when analysing the stochastic usage of EVs, As described
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in Section 3.1, freeelancers covered many kilometers on a daily basis. Firstly, the results
for Alcald de Henares show thateven though freelancers” contribution to V2G and V2B
may not be important, ER and EDR can improve energy efficiency up to 8.4%. Due
to the fact that freelancers are a much consuming energy social group when it comes
to EV usage, they are forced to participate in V26 or V2B, but not in both of them as
discussed in Sechion 4.3, Regarding commuters, the energy efficiency enhancement can
reach 14.3% owing to the algorithm proposed in this study. In addibon, the amount of
energy available for V2B participation is high and owing to ER and EDR it is even higher.
Finally, local workers would be the biggest contributors to V2B if they had an intention
to buy EVs. However, EVs high prices can pose a serious obstacle for a large number of
local workers, It must also be stated that the energy efficiency gain for this socal sector is
lowy (0.6 KWh). These data are valuable for policy makers as they show the social groups
which might contribute most to V26 and V2B technologies. When it comes to Jadn and
using the algorithm, one can find improvements in energy efficiency up to 81%, 10.5%
and 12.2% for freelancers, commuters and local workers, respectively. It i3 important
to remark that the number of kilometers covered in both cities for each social sector are
similar After having analyzed the data collected during the trips, bvo conclusions are
drawn. Firstly, people are mone likely to get caught in traffic jams in Alcald de Henares
than in Jaén. Consequently, a higher consumption is expected. Secondly, the difference
between both cities is more remarkable in the winter. Az Alcald is colder than Jaén, EV
performance is affected by temperature. This conclusion is aligned with other mesearch.
Sagaria, Neto and Baptista proved that energy consumption can vary between 25% and 30%
depending on the location whene the EV is used- in the northern or southern countries [86].
On the other hand, the difference between both cities is not big enough in order to find
sigmificant distincHons in EV charging patterns contrary to the conclusions drawn by
Yan et al. [57].

4.2. Energy Available for V2B

The number of KWh available for V2B purposes depends on three factors. The first one
is the share of EVs in the market. The second one is energy effidency linked to EVs. This pa-
rameter should be improved by means of EDR and ER in order to increase the amount of
energy available to be used for V2B. Finally, the third one is the social groups to which
the participants belong to, as the way of using EVs is completely different. This research is
focused on the bwo last concepts. As shown in Figure 10, in the buildings chosen for this
case-study, most of the people belong to the social groups of freelancers and commuters.
Buildings [ and E ane the ones which achieve more significant savings in energy due to
the enhancement in terms of EV energy consumption discussed in the previous secton.
Az detailed earlier, freelancers fail to contribute in a significant way owing to the number
of kilometers covered. However, even if local workers are the less important group, on
some occasions such as the case of building B, they can contribute in a very important way
as the number of kilometers covered is very low and, consequently, the energy available
for V2B is high. When it comes to the usage of the algorthm proposed in this research,
improvements which range from 13.2 kWh to 33.6 KkWh can be obtained on a daily basis
based on the results depicted in Figure 11.
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Figure 11 V2B improvement owing to ER and EDR.

Considering Figures 10 and 11, commuters and local workers are the most important
contributors to V2B. Consequently, policies should be addressed in order to increase the EV
presence in these two social groups. Of course, freelancers are an important group to be
considered based on an environmental point of view to reduce emissions but not based on
their potential contribution to V2B.

The energy consumption which took place when freelancers, commuters and local
workers were outside was not considered. Therefore, the household composition studied
by Csoknyai et al. is not considered [83]. As shown in Figure 12, local workers make
the first energy consumption peak last more time (Buildings A and B). Secondly, local
workers and commuters make the second consumption peak earlier. All these consumption
peaks can be reduced due to EDR and ER algorithm.

The energy self-sufficency of the buildings subjected to this study depends on the par-
ticipation of the EV owners as shown in the sensitivity analysis (Section 4.6.1).
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Figure 12. Electric energy consumption considering social groups.

4.3. Social Group Presence in Buildings
During this research, the authors have established which sedal groups contribute
mome to V2B, Consequently, it is of paramount importance bo establish the percentage
of people who belong to each social group. A binomial distribubon was emploved to
determine the percentage of workers who belong to each social group:
(@) Set an initial hypothesis based on the number of people belonging to each social
groups, To do this, a sample of five buildings for each city was chosen.
(b} A second sample was used in order to confirm or reject the hypothesis by using
Equations (4) and (5):
P — ol

Hp 18 true if —/——— <

"u'll Pall—pp)

M

4)

5]

M

Ho s false if L2 -,
"u"lll Po(l—rn) z
T
1 is the sample size, fis the probability of success for the sample considened, py is
the probability of confirmation of the hypothesis, and o is the significant level.

The results obtained are shown in Tables 5 and 6. Based on the data obtained in these
tables and the consumpton estimate shown in Tables 2 and 3, it is important to focus
policies on these bwo social groups in order to increase kWh available to reduce electricity
comsumption in buildings

5]
£

(5)
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44 REand V2B

It is important to check the trend of electricity price, RE daily contnbution and EV
charging price on the Spanish market. As shown in Figures 13 and 14, the EV charging
price is set by the Government and from 1 p.m. is more expensive than the electricity
price in the sport market. When it comes to RE contribution, the highest value is reached
between 1 pm. and 8 pm. During the night, when EVs ane supposed to be charged,
the contribution is not extremely high comparing to the nest of the day. EVs are charged
when RE contribution and the price are low. This policy is contradictory as EVs contribute
to the reduction of pollution because their energy may be used to reduce the peak energy
consumption from 7 p.m. to 10 p.m., but to do this, EVs must be charged before 12 am.
At that moment, the RE contribution is the lowest. The main conclusion is that promotion
of RE to decarbonize the electricity system, and policy prices are as important as policies
to promote EVs penetration into the market or charging points implementation. Like
this, the charging process can be performed when RE contribution is high. Regarding RE
in Spain, the number of MW available has been almost stable since 2012 It must be stated
that establishing the optimal sizing of RE facilities under high EV integration is a relevant
topic researched in several studies [87).
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Figure 13. RE contribution, electricity price and EV charging price. June 2020,
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One important point is that V2B must be compatible with other techniques, such as
V2G. In this case, some important remarks must be made. Based on the total amount of
energy available to be used for V2, freelancers would tend to participate in V2B rather
than in V20, as they get more profit when using this energy to reduce their home energy
consumption. When it comes to local workers, they could participate in V26 and V2B.
The main issue is that they ane not the most representative social sector. Finally, commuters
seem to be a social sector that could also take advantage of both technologies. In order
to extend the number of people who could participate in V26 and V2B, the fee to charge
EVs in the second off-peak consumption should be reduced similar to Figure 15. To do
this, RE should be promoted and increased in order to support energy demand to charge
EVs [88]. Some research deals with the RE integration topics when using EVs. Pearre and
Swan concludes that “With 2 10% adoption rate of EVs, time-of-day charging increased local
renewable energy usage by 20% and enables marginal wind energy converters to upgrade” [59).
Colmenar et al. proposed a novel grid technique in order to optimize the operation of
RE and EVs to increase penetration of RE [90]. In our current research, RE, EDE, ER and
EC are considered simultaneously. It is essential to highlight the importance of EC block
which aim is to determine the energy structure generation as well as the RE contribution.
Consequently, the EV owners know in advanae, when it is the best moment to charge
their vehicle based on an environmental point of view. As described in Section 2, this
block can provide accurate forecasts owing to the implementation of neural networks,
It must be stated that the network performance was assessed with an average value of
2.25 % 1077, Finally, the algorithm presented in this research uses the Open Charge MEIP@
APIwhich aims to inform the driver where the closest charging point is. Therefore, by
using the information provided by this API, the energy consumption estimate assessed
by the Here™ API and the consumption models tuned properly, the driver can decide
if it is possible to postpone the EV charging to a better slot in which the RE contribution
is higher. Consequently, the Open Charge Map® AP is also useful to make the charging
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Figure 15. EV charging prie proposal.




Tesis Doctoral

EIDUNED Programa de Doctorado en Tecnologias Industriales

Titulo: Validacion electrdnica de vehiculos. Nuevas metodologias y posibles aportaciones al
transporte sostenible.

Autor: Pedro Miguel Ortega Cabezas | 30/08/2021 | Pagina 266 de 292

Energies 2021, 14, 3483 23 0f 30

4.5. Policy Implications

As discussed earlier in this paper, EDR, ER and EC are not subject to policies in many
cases. Only some recommendations have been made and a few initiatives taken as detailed
in the introduction [41-43]. Taking into account the results of this research and the main
goals of important initiatives such as the EGD, ER, EDR and EC must play a key role vis-a-
vis addressing important issues such as the better integration of the various measures to be
adopted for RE and emissions reduction. Additionally, it must be highlighted that although
algorithms, such as the one described in this research, have low implementation costs,
their contribution to V2B is significant. Finally, the authors recommend factoring in social
groups while developing policies as the usage of EVs is different and the contribution
therefore to V2B can have significant variations. Hence, it is essential to promote EVs with
the help of social groups even as the needed investments continue to be made in new
RE facilities.

4.6. Validity of This Research
4.6.1. Sensitivity Analysis

It is important to assess the contribution of EDR and ER to V2B taking into account
the participation of EV owners. Several factors such as battery degradation and policies
influence this participation. In this sensitivity analysis, several participations have been
considered when the number of participants was between 25% and 75%. As Figure 16
shows similar results as Figure 11. The gain goes from 4.225 kWh (25% for Building F) to
106.775 kWh (75% for Building E) on a daily basis.
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Figure 16. V2B contribution.

4.6.2. Threats to Validity
In this section, the actions taken to reduce these threats are displayed in Table 7.
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Table 7. Factors chosen forvalidity of this research assessment.

Id Factor Factor Description

When choosing the cities for this study; several factors were taken into account such as

the size of the city, population, traffic analysis, distribution cameras controlling the traffic,
1 Choiee of the city the car park tend, etc. In addition, climactic zones wem also considered to check as

the battery performance may change Taking into consideration these factors, the authors

concluded that Jaén and Alcala de Henares met the requirements for this research,

Mot all users have the same driving profile. It would not be accurate to estimate energy
without considering this factor. The authors have considered it to be of paramount
importance to give a breakdown of the population of these two cities. Firstly, freelancers

2 Choice of the social groups  as they use Evs frequently, and they ae supposed not to have important amount of
energy to contribute to V2B, Secondly, people who usnally use public transport to
commute. Therefore, their contribution to V2B will be important. Finally, other workers
who work outside Alcala and Jaén or work in Alcala and Jaén.

An analysis was done based on an in-depth literature review (Section 2.3) in order to

3 Choice of the buildings determine the optimal criteria for choosing the buildings considered in this research.

5. Conclusions
Emissions linked to the transport sector and building are of great concern nowadays.
Consequently, improvement in both fields must be performed. This mesearch proposed
an algorithm based on the Here® application inkerface (one of the most important digital
maps suppliers), neural networks, electric vehicles, eco-routing, eco-driving and eco-
charging concepts. By using this algorithm, the increase in energy available to be used
in vehicle-to-building echnology was assessed. However, there is one important topic
to analyze the energy available such as the stochastic usage of electric vehicles. To be
more specific, it is essential to classify the working population into social groups such as
freelancers, local workers and commuters, Due to this, many data werne collected in real-
driving conditions from drivers who belonged to different social groups as their way of
driving is different. Finally, all these data acquisitions wene conducted in two cities (Alcald
de Henares—Madrid-Spain and Jaén-Spain) which ane located in different climabic zones.
The main conclusions that can be drawn are:
(a) Energy savings
As shown in Section 3.1, this algorithm introduces reduction in energy consumption
when driving electric vehicles. As it could be expected, energy consumption is
different depending on the social group. Consequently, the contribution to vehicle-to-
building technology differs. Regarding Alcala de Henares, energy efficiency maches
2.2 kWh for freelancers per day. When it comes to commuters, this gain neaches 1.5
kWh a day and, finally, 0.6 kWh and for local workers on a daily basis. Regarding
Jaén, the savings are similar The energy efficiency reaches 1.9 KWh for freelancers
per day. When it comes to commuters, this gain is 1 KkWh on a daily basis and, finally,
0.6 KWh for local workers a day.
b} Contribution to vehicle-to-building
Vehick-to-building is based on the principle that the electric vehicle owner will partici-
pate and inject energy stored in the electric vehicle battery into the building. However,
it is essential to debermine energy available and, again, the fact of taking into account
social groups influences energy available to be used for vehicke-to-grid technique.
Regarding Alcald de Henares, energy available ranges between 112 KWh and 144
EWh a day depending on the social group mix existing in the building. In regard
to Jaén, energy available ranges between 76 kWh and 152 kWh a day depending
on the social group mix existing in the building. Finally, it must also be aken into
account that energy consumption pattern may change depending on the social groups
that occupants belong to as discussed in Section 4.2,
(c) Charging policies
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In order to make the charging process greener, it is necessary to charge electric
vehicles when renewable energy contribution is higher. Based on the analysis of
building consumption done in this research, the energy consumption pattern can differ
depending on the social group that the occupant belongs to. The algorithm provided
in this research can determine when the contribution of renewable energy is higher.
Due to this, when its contribution is higher, the charging price is more expensive.
This paper proposes possible changes to charging fees to make vehicle-to-building
and vehicle-to-grid compatible as discussed in Sections 3.2 and 4.4. In order to apply
this fee, the increase in megawatt of renewable energy installed is as important as
increase in the number of electric vehicles.

Supplementary Materials: A beta version of the application coded in Python is provided at https://
www.mdpi.com/article/10.3390/ en14123483/ s1. The full version cannot be provided as the company
which collaborated in this study has not authorized it. The measurements obtained w hen driving
Evs are not provided as the company which collaborated in this study has not authorized it
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and agreed to the published version of the manuscript.
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Appendix A. How to Configure Calls to Here™ API

When assessing the best route to go from A to B, Here® APl is a very powerful tool
as it can provide a lot of information linked to the established route. The way of calling
this API when coding in Python is easy. However, some factors must be taken into account.
Figure A1 depicts the pseudocode employed in this case-study in order to call the Here™
APL As one can see, one important parameter is known as PARAM which is composed of
several variables such as:

(a) apiKey. Itis a key that must be generated when someone is registered in the Here™
developers” web. In Figure Al, the key is represented by XXXX and, of course,
the reader should type their own key.

(b) When going to A to B, waypoint0 and waypoint] represent the latitude and longi-
tude data of A and B. These values must be stored in Python by using a dictionary
(location_coor). The main question is how to obtain the latitude and longitude. In this
study, Geopy was used.

(c) Mode. Fora more accurate assessment of the route, the reader should specify the type
of route (the fastest, the shortest) and traffic state.

(d) InSection 2, the way of tuning the consumption model was explained. The Python
code sends energy consumption models to Here™ API by employing consumptionmodel
and consumptiondetails v ariables.
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“Routing, the fastest™™

PARAM=("apikey=XXXX" +

“dowayvpontlegeal”  + strilocation_coor(1]) + %%+ str{location_coor[2])  +
"&waypointl=geal "+

str(location_coor{3]) + . + str{location_coor[4]) +
“gmode=fastestcartrafficenabled&consumphionmodel=standard & +
“eustomeonsumpliondetails=" +

“speed 0171014301 L50,1.0,70, 1.1, 100, 1.2, 130,14, 140, 1.5;" +

*ascent, 0.0 descent, 1 0.0:auxiliarvconsumption, 0. 8;acceleration, .2 deceleration, 1.3"
+
“drlegAttributes=links, traffic Timedlink A ttnbutes=consumption.d ynamicSpeedInfo™)
response| | [=routing(PARAM)

“Routing the shortest™ ™
PARAM={"apiKey=XXXXXX" +

“dwaypointlegeal”  + strilocation_coor(1]) + %%+ str{location_coor[2])  +
“Erwaypointl=geol "+
sirflucation_ce|3]) T - T slef o livn_coor[4]) T

“gmode=fastestcartrofficenabled™)

response|2 |=routing( P ARAM)

Figure A1 Peeudocode to obtain the desired Here™ answer.

When the Here™ API determines the best route, it sends a jeon file to the Python code.
When analy zing the structure of the file provided by Hene™, a lot of important information
can be collected such as traffic condition, fime needed to cover the route, ete. (Figure AZ).
Based on these parameters, the average values of some parameters such as speed or energy
consumption can be estimated easily.
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The Ewopean Green Deal aims to make Ewrope the first climate-newtral continent and redsce green-
howse gas emissons by 2050,

This mesearch offers proposals for the European Green Deal based on sustainable transport, clean
energy and reduction in the energy consumption of bulldings. An algordthm based on the Here®
application programming interface, newral networks, data from the Spanish transmision system oper-
ator, eco-routing, eco-driving and eco-charging s proposed. Its contribution to wehicle-to-home,
renewable energy integration, and vehicle-to-home and vehicle-to-grid compatibility &5 analysed by

Viehi de- tn-home using data acguisitions of the trips made by drivers from different social groups.

Vihide-to-grid The algorithm allvws a daily energy saving of up to 22 kWh for freelancers, 15 k'Wh for commuters
Ero-routing and @6 kWh lor local workers The vehicle-to-home contribution increases from 18 MWh to 553 MWh
Eco-driving per year. Finally, newral networks allow better integration of renewable energy.

Electric wehickes

The contributions tothe European Green Deal are as illows! energy efficiency improves when policies
are addressed to the ad equate social sector combined with eoo-driving and eco-euting; newral networks
allow for achievinga better integration of renewable energies as they can predict when its contribution is
higher; and policies to make vehicle-to-grid and vehicle-to-home compatible with reduced emissions
must be developed.

22021 Elsevier Ld. All nghts reserved.

1. Introdwuct on partners to improve giobal envronmentol saondards™ [23). This

research foouses on the concepts of sustainable mobility, re-

The European Green Deal (EGD) aims to make Europe the first
dimate-neutral continent The EGD rests on three pillars: a
reduction in greenhouse emissions by 2050, stimulation of eco-
nomic growth without linking it to the use of esoures, and the
imeolvemnent of all members of society in the implementation of
this new strategy | 1]. To achieve the goals of the EGD, many actions
need to be undertaken in all sectors of the economy, such as:
“mesting i envimnmentolfy-friendly technologies, supporting in-
dustry to imnovate, roling out deaner, cheaper and healthier forms of
private and public ransport, decorbonizing the energy sector, ensuring
buildings are more energy effident and working with infernational

* Carmesponding authar
E-mail add ress: acolmenar@isecuned =5 (A Gol menar-Samnbos |

hittps: jfdoi arg/ 1001016/ j energy 2021120532
(360-544 272 2021 Esevier Ltd. All rights ressrved.

ductions in the energy consumption of buildings, and clean energy.
In regard to sustainable maobility, the aims of the EGD are to reduce
greenhouse gas emissions by 90% to achieve smarter traffic man-
agement, and to promote alternative modes of transport. To realise
these initiatives, it will be vital to encourage the use of electric
wehicles (EVs). With regard to the goal of clean energy, the EGD
aims to inrease the proportion of renewable energy (RE) in the
electridty sector. The European Union intends to “prioritize energy
effidency and dewelop a power secior based lorgely on renewable
energy sources” |4). Finally, improving the energy effidency of
buildings will involve prioritising the “design and consumption of
new retmfitting of exdsting buildings as zero-emission/zero polution,
positive energy powerhouses with sustanaoble green neijghborhoods”
| 1]- One of the major components of this tmnsiton will be energy-
positive buildings that incorporate sustainable and RE technologies.
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In 2017, road transportation accounted for 73% of the total de-
mand from the transport sector, avalue that was 34% higher than in
1990 |5]. EVs will play a key mle in decarbonising the transport
sector and achieving an 80% reduction in greenhouse gas emissions
by 2050 | 6] Even if the entire lifecycle is considered, the sum of
emissions from all activities assodated with EVs (inthe production,
maintenance and end-of-life stages ) is lower than those for tradi-
tional wehides, despite the need for an improved battery produc-
ton process | 7—9]. Mew research also indicates that EVs are already
cheaper than diesel or petrol vehicles; this was shown by Car-
rington |10], who analysed several factors such as cost over four
years, purchase price, fuel, insumnce, taxation and maintenance.
Colmenar et al [11] demonstrated that the right polides are
essential to encourage the widespread use of EVs by analysing the
profitability of an electric transportation model. The main problem
associated with EVs is their stochastic use. Zhang et al performed
an interesting analysis of usage patterns, with a fomuis on important
parameters such as charge consumption, the state of charge before
and after charging, single-trip distances, the daily distance traw-
elled and energy consumption |12 ], and found that drivers" working
hours and resting routines had an important influence on energy
consumphon. Weldon et al. explored the usage patterns of EVs in
Ireland, while Shi et al. analysed similar patterns in Shanghai, the
dty with the largest numberof EV's, and highlighted the advantages
aof EVs based on their average speeds and the kilometres travelled
on a daily basis | 13]. Their main results indicated that EV owners
tended to use their vehices frequently and that their trips were
short in terms of distance, but they did not investigate whether
these patterns arose from concerns over battery life or consumer
preferences | 14].

Vehicle4o-grid (V2G) technology allows for better integration
of RE and reductions in peak energy usage |15,16]. Hofmann et al.
|17] showed that EVs cause zero pollution in the context of decar-
bonisation of the elecricity sector in China. This conclusion was
supported by Thiel et al [18]. Vehicle-to-home (V2H) technology
allows for reductions in emissions linked to building s, as EV owners
can supply their homes with the energy stored in EV hatteries.
Colmenar et al. [19] highlighted the benefits of V2H in terms of
increasing the penetration of RE and reducing costs. Moori etal. [20]
focused on how VIH contributes to achieving the energy re-
quirements for net zero energy buildings. By combining V2H with
the best design altematives for energy-effident buildings and solar
photowvoltaic sources to meet the remaining energy demand, con-
sumption of grid electridty can be reduced by 68% compared to a
comventional building design. V2H and V26 have also certain
dmawhacks, as the supplementary use of the battery implies that the
service life of the battery will be reduced Darcovich et al. [21]
proved that the V2H technique provides useful services with
acceptable levels of battery degradation under certain conditions.
Lazzeroni et al. developed an approach for battery management for
EVs with the aim of minimising electricity costs based on the
driver's behaviour and the battery constraints |22 ]

Eo-driving (EDR] minimises fuel consumption and emissions,
asdrivers are informed about the effidency of their driving [23]. Qi
et al. |24] carried out research into EDR by guantifying the energy
that was saved when this approach was applied to EVs, Sabrina
etal. |25] published a study in which continuous and on-demand
feedback was given on driving behaviour and a safety system was
implemented Zhanet al. |26] showed how enerey effidency can be
enhanced by systems that monitor the EV battery. Eco-routing (ER )
can be used to plan the most efficient route from point A to point B,
taking into consideration several parameters such as the mreal-time
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traffic conditions, the types of road, the number of passengers and
the cargo weight |27,28]. Munzio et al |29] proposed 2 model that
considered speed fluctuations and the road netw ork infrastructure
when setting a route. Some sy stems have been developed hased on
the idea of collecting energy consumption data under real-world
driving conditions to find the optimal route |30). ER, EDR and
eco-charging (EC) @n reduce emissions and improve energy effi-
ciency, as they reduce energy consumption and contribute to better
integration of RE into the EV lifecycle [3132].

In this research, we put forward several proposals for the EGD
that are linked to sustainable mobiity, the energy effidency of
buildings, and dean energy. Compared to previous smdies, this
research presents interesting and novel results in several areas, as
followes:

a. We show how the usage of EDR and ER algorithms impacts
energy efficiency, including the stochastic usage of EVs and so-
cial groups (freelancers, commuters and local workers). Real-
world data were collected, both with and without the use of
an algorithm based on the Hered application programming
interface (AP} |33], neural networks, data published by the
Spanish transmission system operator, ER, EDR and EC This
study takes into consideration all of the social groups in the
working population, such as freelancers, commuters, etc., sinoe
factors such as their modes of driving and the numbers of kil-
ometres travelled are different In addition, several types of
wehides were considered in order toobtain more representative
data.

b. We explore the contribution of V2H to the reduction of emis-
sions | 34,35 ] while camying out an in-depth analysis of the in-
fluence of EDR and ER on the stochastic usage of EVs. The energy
savings and the contribution to V2 H technology when using the
algorithm are quantified in order to assess the reductions in the
energy consumption of buildings.

. The contribution of RE is assessed with the aim of informing the
driver of the optimal time to charge the battery. Many algo-
rithms have previously been proposed for the integration of RE
by finding the optimal moment to charge an EV |36 ] However,
these algorithms do not take into account the tariff and regu-
lations on EV charging established by the government and the
concepts of EDR and ER at the same time. This topicis discussed
in the present research.

d. Many research studies have fomused on a variety of topics linked
to BGD, such as the relevance of sustainable soil management,
health improvements, economic aspects, etc. This study reports
novel data on driving efficiency based on the usage patterns of
EVs |37,38] We identify candidate targets, the considerations
that will be necessary in order to increase the presence of EVs,
and their contribution to V2H and V2G when developing new
palides based on the real-world data collected in this research
and our algorithm based on ER, EDR and EC

. We camy out an analysis of the compatibility between V2G and
W2H that takes into acoount a rangeof social groups (freelancers,
local workers and commuters ).

The emainder of this paper is organised as follows, Section 2
describes the method used in this research, including the charac-
teristics of the dty analysed in our case study, a description of our
algorithm and the statistical methods used to analyse the data
collected in this research. Section 3 dismusses the energy con-
sumption by EVs in all sodal groups and the potential contributions
to V2G, among other factors. Section 4 discusses our results and
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proposes guidelines for the EDG. Finally, Section 5 summarises the
main conclusions of this paper.

2 Method
21 Descripdon

Two key aspecs were considered in this research: an analysisof
the working population of the dty chosen for our case study, and
the proposed algorithm The former imvobees classifying the pop-
ulation into different social groups, ie. freelancers, commuters and
local workers, since the ways in which they use EVs are different.
Data acquisition both with and without the proposed algorithm
was camied out to recond the usage of EVs by the drivers partid-
pating in this research. All of the trips analysed in this study were
made according to the users’ needs (aleatory trips/not previously
planned). The algorithm was implemented in Python using the
Herew® APl |33), and was designed to determine the best mute
hased on EDR and ER models that were built by analysing data from
a wehide control unit (WCU), together with data on traffic condi-
tions, drivers’ habits, and potential recharge needs, among others
|3339]. The use of EC can tell drivers when a recharge process
should be performed, ie. when the contribution from RE is higher
{see Fig. 1)

22 Selection criteria used for the case study

Alcala de Henares is a city located 32 km from Madrd, the
capital of Spain. According to data published by the Spanish Ma-
tonal Institute of Statistics, it had atotal of 198,750 inhabitants in
2018. Traffic was monitored using 17 cameras distributed across the
whaole of the dty (Fig. 2) |4041). On the outskins of the dty
(marked in black}, the cameras were mainly concentrated towards
the south(Fig. 2). Fig. 3 show s the main directions for road access to
Madrid. They are highly conflicting points in matters of traffic
density [40,41]).

Considering the population, the size of the dty (the second
largest in the Community of Madrid), the traffic conditions and the
location, this dty was a good candidate for the present research.

Energy 228 (H021) 120532
2.3. Working population in alcola de henares

The usage of an EV depends on the profile of the driver (the
number of kilometres travelled, the mode of driving, etc). A
random sample of 100 people was used to investigate the usage of
EVs To ensure that the sample was representative, particpants
were dawn from different districts of the city and from various
sodal groups. Table 1 shows the questions asked in the survey
administered to this sample.

The method used to assess the number of workers belonging to
each sodal group shown in Table 1 was as follows:

a. An in-depth analysis of all data published by the Town Hall, in
order to estimate the percentage of the working population in
each social group.

b. Confirmation of these estimates by using statistical methods to
accept or discard the null hypothesis, H,, whose probability is
equal to the one established in a} To do this, a binomial distri-
bution B{1,p} is used, where p is the probability of success. The
Hvalies are analysedin the Results section using Equations (1)
and (2} below |42]. For ecample, for the freelancer group, pis the
probability of choosing afreelancer, and 1—pis the probability of
choosing 2 member of the sample from another sodal group,
such as commuters or local workers.

Hals acceptied iflp_—Pu_ll =2y {1}
N }

Ha is rejected if——-—“:I — Pl »2a (2)
N EY

where n is the sample size, § is the probability of success for the
sample studied, p, is the probability to be confirmed ( hypothesis ),
and = is the significant level.

2.4, Description of the algprithm
The steps of the algorithm are illustrated in Fig. 4 The energy

consumption models offered by the Herese AP@ were tuned [43 ]
Each driver was asked to spedfy his or her destination using the

Fhise 6

Huusaien] dita analyss

Ehase 7
Aty of e conlibilens i
sustamable mobility, reduction
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ot il ings and cleas entngy

Ehec ] Lhased Phase 3
[ ity [k pih analysis of the I Implementation of the
for the case siudy workisg population et eccithm in FiEon

i mider of freclnmcers @10

ST
by Vi, with and withont
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and eco-charging

Phase 4

— Zglection of equipmeni
for research

Fig 1. Flow diagram af the method applisd in this stady.
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Table 1
Questions asked in the survey

Questions

Prafession (freelancer, commuter ar Jocal warker )
How many kilometres do you travel on a daily basis?
Do you comumute?

Do you use public transport?

Are you willing to buy an EV?

web interface, and the algorithm planned the best route using the
Hered APl and Python. The Here®w APl has a parameter called
Routingmode, which has an attribute called Type. Type can take
three different values depending on the type of route: a route that
minimises the travel time, a route that minimises the distance
covered, and a balanced mode, which searches for an appropriate
balance between distance and time (applicable only to trucks ). The

way in which the algorithm plans the best moutes belongs to the
Hered® know-how. The Python code obtains the mutes from the
Heredt APl (the shortest, the fastest and a balanced moute) to the
destination and the energy consumption for each one The algo-
rithm chooses the route for which the energy consumption is the
lowest. Finally, the Python code calls a block called EC which is
responsible for assessing the RE contribution and the energy
structure generation (wind energy, photovoltaic, etc) using a
neural network. The driver is then given information on the times
when the charging process will produce the least pollution

The Herew APl provides models that can be used to estimate the
energy consumption based on multiple parameters such as the
speed and the auxiliary energy consumption (from a radio, for
example). To tune these models, the value of each parameter in
kWh must be known for varying speeds (although some parame-
ters are not related to speed, such as auxiliary systems). These
values were assessed by acquiring data from the participating
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The Here® APT is called

Phase & Plase 7
The algorithm chooses the | The eco-charging block is
Phe 1 optimal route considering the run
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—— results of phase 5
Consumption models . :
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L
Phase §
Phl“ﬂ.‘ ] Thn.' cln'- er ncl::i';'nl».:\ I:|'||: BC-
- T e driving function of the
Phase 2 The algogithin estimates the energy - vehicle
Destination is st consumplion estimaie, the armval ime
by the driver and the battery autonomy for cach route
- 'y
L]
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x The driver travels 1o the
Phase 3 Phase 4 destination
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fastest, shormest and balanced
rodites

[Fig. 4. Main steps ofthe algarthm.

drvers over the pernod of one month Laptops equipped with Incas
software and inputioutput from ETAS® supplier modules were
used for data acquisition (Fig. 5] |44,45]. The values of these factors
were set by tuning engineers, who analysed the data using MDhoo
software |46). Once these values were known, the energy con-
sumption models were tuned following the official documentation
from Here®. When the energy model consumption had been tuned
and introduced into the Python code, Hered® was able to return an
enegy consumpton estimate for all possible routes (fastest,
shortest and balanced routes). The mute with the lowest con-
sumption was chosen. Based on the capacity of the battery before
the trip, the algorithm assessed whether a charge would be needed
during the trip.

The last phase of the process was to run the EC block and to
assess the EC score. This block was used to esimate when the
charging process should take place and to measurethe contribution
of REs to this process. The EC blodk was also used to estimate the
enerEy source (coal, gas, photowvoltaic, ete L The overall process was
composedof three phases. In phase 1 several factors were assessed
in depth, including the battery capacity and the energy consump-
ton for a specific journey (the energy consumpton was assessed
earlier, by employing the energy consumption models). The opti-
mum time for the charging process was then determined in phase
2. The contribution from RE and the most likely mix of enegy
sources (coal, gas, photovoltaic, etc.) was then obtained by using
gated recurrent unit (GRU) networks and nonlinear autoregressive
(MAR) neural networks in phase 3 [47—50), and this is described in
mare detail in a later section. At the end of the process, the EC was
caloulated, including the contribution from RE. The EC score @n be
used to estimate the level of polluton from the charging process,
based on the contribution from RE Its value is assessed using
Equation {3):

RE;.
jr'E::wl:.d'

where RE;; is the contribution from RE to the total electridty

EC= 3)

demand at £ {in MW) and REgyg, 4 is maximal contribution from RE
(in MW} during the day when the charging process takes place.
Both parameters are assessed by employing neural networks. The
contribution from RE is given by Equation {4):

RE

RE ~ g —NRE

(4)
where RE: is the contnbution (in %), RE is the total electricity
generated by RE sources (in MW and MRE is the total eledricity
generated by non-RE sources such as coal {in MWL

RE:; and REman s wemne estimated hased on data from the Spanish
system operator. These are published on a daily basis, and give the
C0; generation structure and the total electricdty demand for the
day |51]. Electridty demand and total RE contribution are station-
ary series. Only some aspects must be taken to into acoount, in
particular weekends and seasons. The use of a recurrent neural
network is themefore essential in order to predict the electricity
demand for a spedfic day from a desired time to midnight. Our
Python code was used to examine the information output by the
neural network and to calculate the maximum contribution from
RE for each day, using Equations (3] and (4.

Recurrent networks present problems when used for long-term
predictions, due to the vanishing gradient issue that arises when
they are trained with gradient-based learning methods and back-
propagation. When these methods are used, each of the weights in
the neural network receives an update that is proportional to the
partial derivative of the error function with respect to the current
weight, in each iteration of the training process. In some @ses, the
gradient will be vanishingly small and the value of the weight does
not vary, which may stop the training of the neural network. Long-
short term memory or GRU approaches can be employed to
impmove long-term predictions. In this study, GRUs were used due
to their computational effidency (low memory requirements). A
GRU is a recurrent neural network consisting of update and reset
gates (Fig. 6} |47 -50]

Mathematically, the process is as follows [47 50
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a} Update gate for ime step ¢
The update gate z; is calkculated using Equation (5

o= (W o +US why y) (5)

where x, are the inputs presented to the network, W' is the matrix
of weights, kb ; stores the information from the previous step t-1
and ¥ iz its matrix of weights. Both mesults are added, and a sig-
maoid activation function is applied to normalise the result to be-
tween zero and ope. The update gate allows us to determine how
much of the information from previous steps should be passed
along to future steps.
b} Reset gate for ime step ¢
This caloulation is given in Equation (6.

Fe=a o (WM x £ U o by ) (6)

The meanings of these variables are the same as in Equation
(5 ) mwept for 1y, which is the reset gate. The reset gate repre-
sents previous information which should be forgotten.
¢} Curment memory content

The new memory content kf uses the reset gate to store
relevant information from the past

by =tanhiW % +re < U © hy_q) 7

The meanings of these variables are the same as in Equations
(5)and (6] @ represents the Hadamard product.

d} Final memary at the current step
In this step, the vector k is caloulated using Equation (8.
This wector stores the information for the current unit and
passes it down to the network. To do this, the update gate is
needed.

he=ze by g +(1-20) Ok, (8

Fg. 7 shows pseudooode for the GRU networks used in our
approach To reproduce the experiment, data from the Spanish
systemn operator for the last four years were needed. The first
three years of data were used as inputs for the network, and the
last year of data was used as a target to train the network. All
data were rescaled to between zero and one with the aim of
ensuring network performance. The nebworks wemr para-
meterised using the kemes package. The Sequential parameter
was first applied to the code to specify that the model was
sequential, and the outputof each layer formed the input for the
next layer. We also used a dmopout function, a technigue in
which randomly selected neurons are ignored during training.
This means that their contribution to the adtivation of down-
stream neurons is temporally emoved on the forward pass, and
weight updates are not applied to the neuron on the backward
pass. The mostimportant advantage of this technique is that the
network becomes less sensitive to the specific weights of the
neurons. From the possible methods that could be used to
analyse the error loss, the mean squared error was chosen, an
approach that is widely recommended for regression problems.
The Adam optimisation algorithm was applied mther than a
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dassical stochastic gradient descent procedure to update the
network weightsin an iterative way, based on the training data.
The main advantages of this approach are its straightforward
implementation and computational efficiency. The other details
used to implement the networks are shown in the pseudocode
(Fig. 7).

The algorithm assesses the structure generation for the next 2 h
using the data published by the Spanish system operator (C0-
genemtion structure and the total electricity demand for the day)
and an NAR neural network. An NAR network is helpful when
manipulating time series and predictions. The network was oeated
and trined in an open loop, and the targets are used as feedback.
The networks are then checked using a dosed loop [49,50,5253).
The NAR network is ecpressed in Equation [(9):

Fit)=flvit—1) =yt -2)+ . +yit —d)+e(t) 9)

where f represents the network response based on the previous
input data, and #t} is the difference between the predicted value
¥(t) and the actual y. The number of delays establishes the d values
to be considered for the prediction. The number of hidden layers
and neurons per layer is flexible, in omder to achieve the best per-
formance of the neural network. This number must be carefully
choser, as the network may become highly complec. Fig. B illus-
trates the effect of choosing the value of the delay parameter when
making predictions. A high value of d implies that the predicted line
series changes more slowhy. When d is lower, the predicted line
series follows the real wind power value more accurateby. [fd has a
wvery low value, then the predicted line seres no longer follows the
real value of the wind power. It is themrefore clear that d has an
important influence on the weights given to pastvalues. Significant
changes in trends are therefore not detected, which may be due to
the weather conditions. Due to this, MAR networks are employed in
this study as an estimation and the acouracy remains on GRELU net-
works. However, this technical issue does not hawe a significant

impact, as Matlaba allows for the predictions to be corrected if the
predicted values are known. This is the case for this application, as
it can predict t+1, t+2, t+3 ... at a specific moment ¢ At ime +1,
the neural network can be updated, since the predicted valie and
the real salue are known in real time (since the Spanish system
operator publishes the necessary data in meal time) Good pre-
dictions can be obtained for the next 2 h when a value of d=3 is
applied and when the data from 2019 supplied by the Spanish
system operator are used. Fig. 9 shows pseudocode for the MAR
network implemented in Matlabio, The NAR networks were trained
using the trminim function, in which the bias and weights are
updated using Levenberg-Marguardt optimisation. This is the
fastest backpropagation algorithm, although it requires more
memary than other methods.

25 Equipment
The equipment used in this research was as fol lows:

1. The software and hardware for the VWU were designed by a
majar automotive supplier.

2. The vehicles used by freelancers had a maximum torgue of 340
Mm and a maximum power of 160 EW (40 kWh @padty). The
battery capacity was 40 kWh. For the local workers and com-
muters, all of the vehides used were equipped with a 40-kWh
battery. Their range was dose to 250 km. The maximum speed
was 144 kmjh, and the engine torgue was around 320 Nm.

3. INCA software from ETAS® was used to read the software
variables from the VO memorny |44]

4. MDW software from ETAS® was used to analyse all acquired data
|46].

5. Here® and Open Charge Mapdo APls were used to determine the
best route and the locations of the chargers | 33,39].

6. ETAS modules, including models ES411 and ES592, were usedto
connect the laptops to the EVs in order to acguire the data.
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Import packages: numpy, pandas, keras, tensorflow, sklearmn

#import data provided by the Spanish System Operator
pd.read csv_file (data_2016, 2017, 2018, 2019)

#Preparation of the data used as mput to the GRU network
Xereshape_data_inputs

fnormalise data to a [0,1] scale

minimum = amin(X, axis-=l).reshape
maximum = np.amax(X, axis=—1).rechape()
X = (¥-minimum} / (maximum-minimum)
Y = (Y=minimum) / {maximum=minitmum)

faetwork paramelers, A model is a stack of layers
mode] = Sequential()

#Add a layer with & specified number of inputs
medel.add(GGRUCT2E, mput_shape=(data), retum_sequences=Truc))
modeladdi Dropout{. 1)) # Dropout = 104

# Determine whether to return the last output in the output sequence, or the full sequence.
modeladd(GRUBA, retum_sequences=True) #Add a laver with a specified number of inputs
madeladd{Dropout(D. 1) # Dropout = 107

modeladd(GRUZ, retum_sequences=True)) ) #Add a layer with a specified number of inputs
model.addi Dropout{0.3 ) # Dropout = 30%

# Choice of optimiser and error measurement
model compile{loss="mean_squared_error’, optimizer="adam’)

#Training
his = model fit(X, Y, batch_size=2, nbh_epoch=5, verbose=1)# | callbacks=[TOQDMMNotehookCallbacki} |

Fig. 7 Peeudomde for the CRU nawodc

Kurtosis is a statistical measure that defines the ectent towhich the
1LHH tails of a distribution differ from those of a nomal distribution.
Thus, kurtosis identifies whether the tails of a given distribution
contain extremne values. The value mepresenting a normal distri-
bution is three, Ther are three types of kurtosis: in mesokurtosis,
the value is close to three; in lepto kurtosis, the value is signifimntly
higher than three, meaning that outliers are present; and in pla-
tykurtosis, the extreme values are less thanthe nomal distribution.
Skewness essentially measures the symmetry of the distribution.;
for a normal distribution, the value of the skewness should be close

Bk 500

D500

000

Wind power {in MW

5x00

1 2 3 4 H &
Moty ol froints predacied to zem. It is important to note that symmetry does not imply that

— Rzl Wind Power e Wind Forer (d=E the data correspond to a normal distribution, and the aforemen-
Wind Power {d=2) Wind Powrar a=1) tioned parameters must be analysed in more depth. The p-value or
probahility value is the probability of obtaining test results at least
Fig. & Difleren s between prediced and real values. as ettreme as the results actually observed during the test,

assuming that the null hypothesis is correct |42 |
Plots are an important method of analysing data. Three types of
26. Datz analyss plot were used inthis research: histograms, (-0 plots and boxcplots.
A histogram can be defined as a graphical representation inwhich a
The collected data had an approximately normal distribution, gmoup of data points are organised intouser-specified ranges. A Q-3
andwe confirmed this assumption using the following method. The plot allows us to assess whether data have a particular theoretical
package named PASSWR from R software was used |54] to carry our distribution, such as a normal distribution. & box plot is a graphical
an exploratory study of the kurtosis, skewness and pvalue.  rendition of statistical data based on the minimum, the frst
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net

[Y.Xf.Af]

data = Spanish_system_operator_data; % loading data

net = narnet(1:3,10); % three delays and 10 hidden layer size,

[ X5, Xi,Ad,datag] = preparets(net, | }.{ }, T} % prepare data for training
traininet, Xs datas, Xi, AT Yelrzin the network

netXs, Xi, Al Yhasscss the network performance

[mete, Xic, Alc| = closeloop(net. X1 Af); Yepredict results using a closed loop

[Fig. 9. Peeudocods for the MAR network.

guartile, the median, the third guartile, and the maximum The top
of each rectangle shows the third quartile, a horizontal line near the
middle of the rectangle shows the median, and the bottom of the
rectangle represents the first quartile [42]

3. Results
3.1 Numbers of people in exch sodal group

We determined the number of people in each social groupusing
a statistical method that is described in a later sedtion

a) Freelancers

Freelancers typically tavel a large number of kilometres on a
daily basis. The numbers of freelancers inAlcald are shown in Fig. 10
and Table 2, based on the data provided by the Town Hall. This
trend will be essential when we establish our hy pothesis Hs using
the binomial distribution, as described later | 55,56 . Table 2 shows
the numbers of freelancers and the total numbers of workers
dassified by age. Most of the freelancers were between 35 and 54
years old In the last two years, the numbers of freelancers were
very close to 14.5%, and this value has followed a very stable trend
(Fig. 10). The maximum percentage was slightly higher than 6% in
2015 and the minimum valhe was 142% in 2096. The last known
valie was 146% In this research, we assumed that the percentage
of freelancers was 146% when developing our hypothesis H,. This

Table 2

Numbers of freelancers.
Age Total no. af workers Total no. of freslncers
2024 a417 1444
25-7 10900 1591
3034 12514 1827
353 1506 21492
404 172813 2601
45-4 16774 2449
5054 14,550 2124
5554 12580 1838
[ 11,7048 11

121,743 12,782

sample of 100 people was taken with the aim of assessing the
number of people in each sodal group in the working population
{freelancers, commuters and local workers). The total number of
freelancers in the sample was 15, and all of these used a vehide to
eet to work. Our assumpton was therefore supported; the per-
centage of freelancers used in the remainder of this study was
14.6%, and this figure was used in Equations | 1} and (2} presented in
Section 2.3 |42).In this case, only one sample was necessary, as the
initdal assumption was established based on the statistical data
published by the Town Hall (Table 2 and Fig. 10)

b} Workers who do and do not commute

Table 3 shows the numbers of people in the different social

value was confirmed statistically, as desribed in Section 230 A
17
‘E 16
3 s
e
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groups considered as the initdal hypothesis. These values were
established as a baseline for the sensitivity analysis (described in
Sedtion 3.3). Commuters and local workers use their own vehicles,
but no statistical data about the numbers of commuters and local
waorkers in the dty are published by the Town Hall. Consequently,
the statistical method outlined in Section 2.3 was used to deter-
mine the number of commuters and local workers on a statistical
hasis, To do this, two samples were used:

= A sample consisting of 100 participants provided information
about the numbers of people commuting (47%) and local
workers (11L7%) who used their own EVs Regadding the
numbers of commuters who used public transport, estimates
showed that 7147000 people (32486 people on a daily hasis)
used trains to commute to their jobs [5556). & was assumed
that these workers did not have EVs, as they could only have
been used to reach the station. Consequently, we did not
consider the ownership of EVs by this gmoup of workers. The
results from the questions shown in Table 1 indicated that only
Iz ofthe sample of people who used public trans port would be
willing to buy EVs.

= A second sample of 50 individuals was used to confirm the
numbers of local workers and commuters based on Equations
(1}and (2 ). Table 4 shows how the acceptance of the percentage
of each socia group was conducted.

32, Consumpton by eoch sooal group

The data collected on freelancers, commuters and local workers
helped in making statistical estimates of the consumption by EVs
and the improvement in energy effidencgy obtained due to the al-
gorithm. Mumerous measurements were performed to assess the
different driver profiles for freelancers, local workers and com-
muters. All of these measurements needed to be analysed statisti-
cally to estimate the average EV consumption by each group. The
method described in Section 2.6 could be used, as the data
appeared to have an apprmoximately nomal distribution. Table 5
shows the statistical results for each sodal group, obtained by
analysing the consumption data for the trips performed both with
and without the proposed algorithm. The most important param-
eters are the skewness, kurtosis and p-value. For the freelancers,
the skewness was almost zero, meaning that the distribution was
symmetric. The kurtosis values showed that the data distribution
tails did not differ from those of a normal distribution. The p-walue
represents the null hy pothesis: the data follow a normal distribu-
tion The null hy pothesis can be considered to be troe if the p-walue
is less than 0.05. Since the skewness and kurtosis are sensitive to
the size of the s=ample, 2 normality test was also carried out hased
an the Q-0 plots and histogram The results showed that the hy-
pothesis H, was confirmed The number of kilometres travelled
ranged from 95 to 110 km per day. For the local workers and
commuters, the amalysis was similar. The p-walue confirmed the
hypothesis H.. This condusion was supported by using the

Energy 228 (2021) 120532

graphical method based on Q-0 plots, box plots and histograms,
The number of kilometres travelled ranged from 60 to 75 km and
3—5 km per day. for the commuters and local workers, respectivehy.

33 Sensitivity analysis

Omne aim of the EGD is to improve energy efficiency of buildings.
The impact of W¥2H in terms of ER, EDR and EC on the energy con-
sumption of buildings is therefore analysed here. The trend towands
EV ownership in Alcald, which is likely to continue in the years to
come, means that itis necessary toesimate the energy available for
V2H. Three potential scenarios linked to the trends in car park use
in Alcald de Henares and EV sales were considered in this study, as
shown in Table 6 |56). To assess the trends incar park use in Alcald,
historical data published by the Town Hall were used, and it could
be seen that:

a) Except for 2008, car park use was always less than 100,000
vehides,

b} Owver the last decade, the average rate of car park use was 95 208
wvehides.

A Q2% incement per year was therefore estimated. To take into
acoount amy possible errors in this prediction, several scenarios
were considered Regarding EV sales, our assumption was justified
based onseveral international trends. EV sales have been increasing
in mecent years, and some institutions have forecast that this trend
will continue in the future |57 | Other institutions have confirmed
this trend, and have estimated that more than 18 million EVs will be
on the road in 2030 |58 | These statements are also supported by
the fact that the battery cost is likely to have been reduced by 2030,
as highlighted by the International Coundl on Clean Transportation
| 59]. Based on this assumption and the estimates mentioned above,
EV sales are forecast to increase in 2021 and 2022, In Fig. 11, the
series entitled “Sales scenario” represents the increasing numbers of
EVs in Alcala according to Table 6 The series “EV presence” repre-
sents the annual ratio (in percentage) of the number of EVs using
cark parks in Alcala |56]. As we can see, this ranges from QB7%
{Scenario 3) to 3.85% (Scenario 1)in 2022.

All the scenarios shown in Fig. 11 were taken into account when
assessing the energy available for V2H, both with and without the
use of the proposed algorithm.

The trends in the number of freelancers, commuters and local
workers are linked to the economic climate in future years. Po-
tential scenarios will also be strongly influenced by the current
pandemic. Measures such as employment regulation plans and
economic aid have been introduced by governments to reduce the
impact of Covid-19 and to prevent companies from cutting jobs.
Unfortunately, some companies that are unable to cope with the
effects of this health crsis in the short term will disappear. In the
medium and longer term, an economic recovery is expected,
although some disagreement has expressed regarding the speed of
this recovery |60). Three scenarios (Table 7) have been drawn up

Tahle 3
Numbers of warkers.
Humber of warkers Percentage of warkers
Freelneers 12,782 1446
Commuters who use public ranspant 32486 247
Commuters who use their own vehides 57.220 ar
Local warkers 14305 1.7
Tota number of workers 1217493
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Table 4
Percentage of sach social group
Social group  How initial hypothesisis  Prohability of Probahility of  Imitial Semnd sample Probability of H, me=aming H, value=
obtaned suceess a5 assessed  Gilure hased  hypothesis wad to confirm sucosss based on [ iTipk]
hamsd an the fimt  an the first in¥ the hypothesis  the sscond
samiple sample samiple
Freslancers  Using statistical data 015 as 146 100 Mot ussd The percentage of freslineers Acospisd
published by the Town Hall was doss to 1468
Commuters  Based on thefistsampleof 0.45 55 47 50 a5 The pencentages of Acepied
wha used 100 indfviduals, 2= no emmumarters and local workers
their own  statistical data wene weere chse to 478 and 128
wehides  available respectively
Liocal wiarkers 013 ik 117 011 Aceepied
Commasers 0.z7 Lie ] 287 0.26 Acaepied
wha used
puhblic
{rams port
Table 5 o on an estimate in which the unemployment rate is inreased by
BV mnsumptian in kiwh 217% in 2021 according to estimates from the Spanish Mational
Factar Freslynosrs Commuisrs lneal workers Bank |60]. In 2021 and 2022, the unemployment rate will be
AL NA® o HAD AL NA® reduced by 2%, according to the estimates from the same institu-
= Taz p v PE _‘13 tion, meaning that in 2022, the figures for freelancers, commuter
deludn-iiﬁu'n 06 04 a3 1;11_'12 e P and local workers will be similar to those in 2020. The percentages
Kurbeis a7 A0 13 45 41 47 ofworkers in each social group and the numbers of EVs are shown
Skewmes 0135 a1 041 02 il s in the baseline column in Table 7. This scenario is linked to an in-
pvalus U395 0401 0401 0415 03 0399 crease in unemployment rate and stagnation in EV sales,

* MA meams that no algorithm was ussd.
B ALl meams that the algorithm was wed.

based on predictions made by the Spanish Mational Bank |60]).
= Scenano 1
The number of EVs is represented by the series entited “5ales for

scenario 1" in Fig. 11 The number of working people in the dty is
reduced by 5% for all social groups in 2020, This percentage is based

Table &
Estimades used in this ressarch,

= Scenario 2

This scenario attempts to model the impact of Covid-19 and is
based on a more optimistic increase in the working population. The
Spanish Mational Bank estimates that even if the working popula-
tion is reduced in 2020, the unemployment rate will fall in 2021
and 2022 We consider a more optimistic scenario than the Spanish
Mational Bank | 60], in which the unemployment rate will fall by 4%
percent for all sodal groups in 2021 and 2022, The number of EVs is

Seenaria Estimated sales Kate of @r park use in Alcald de Henares
Soenaria 1 Estimated 353 increase in BV sales 1.00ZL incremesnt
Sgenania 2 Estimaied 103 inease in EV sales 1.0NEZE increment
Sgenario 3 Noincrease in EV sales 1.0{ZE increment

Trends in EV use in Alcald de Henares

e 0%

I EV presence in car park {Scenario 3)

s Sales for scenario 2

220
Year

EV's using cer parks (%)

2021

2022

W EY presence in car perk {Scenario 1)
= Bales for scenamo 3

Sales for scenania |

Fig 11 Trendsin BV use

n
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Tahle 7

Seenarios for assessing the energy available for V2H
Factars Bazeline Soenario 1 Spemario 2 Scenario 3

200 201 2022 200 2an 202 2020 211 ARz

Mumber of EVs 850 50 50 850 1058 1164 1280 1956 26541 3565
Mumber of freslnaers 179782 16893 17230 17575 16,893 17568 1821 16493 17906 18480
Mumiber of mmumuters who uss their own vehides 57220 54359 554498 SH555 54,359 SE.571 S84 54359 51620 61,077
Number of local workers 14305 13530 13862 14,139 13,530 14,133 14698 13530 14,405 15,269

represented by the series entiled “Sales for scenano 2" in Fig. 11.
» Scemano 3

This scenario estimates the number of workers in each sodal
group under the condition of a significant improvement in the
eoonomic situation (an increase of 6% inthe working population ).
The number of EVs sold is represented by the series entitled "Sales
for scenario 3" in Fig. 11

The contribution to V2G5 from each sodal group is determined
by two factors. Firstly, its presence inthe wholeworking population
rather than on the exact numbers of members of each sodal group.
As mentioned above, freelancers acoount for 146%, commuters 47%
and local workers 12% (these are assessed statistically in Section
3.1). Secondly, the numbers of EVs are shown in Table 7. Since 267%
of the working population use public transport to go to work, the
pementage of freelancers, commuters and local workers was
increased proportionally in each scenario, as the total number of
vehides in Table 7 needs to be shared between these three sodal
groups. As stated in Section 3.1, only 2% of the sample of peoplewho
used public tmnsport would be willing to buy EVs. Fig. 12 shows the
contribution of EDR and ED to V2H in each scenario in Table 7 for
freelancers. It can be seen that the energy available for V2G is
increased in all scenarios when the proposed algorithm is used. The
energy gain is defined as the difference between the energy avail-
ahle for V2H with and without our algorithm, and this ranges be-
tween 82 and 343 MWh per year without enhancements in the
hattery capacty. Fg. 13 illustrates the results obtained for com-
muters. The energy gain ranges between 132 MWh (Scenano 1)and
553 MWh (Scenario 3) per year due to EDR and ER. The energy
available is greater as commuters cover fewer kilometres than
freelancers. Finally, Fig. 14 shows the results for local workers. In
this case, the energy gain mnges from 18 MWh (Scenario 1) to

75 MWh (Scenario 3) per year. These results show that it is notonly
essential to increase the number of EVs in omder to increase the
energy available for V2H, but also the sodal group in which the
presence of EVs is higher. Figs. 12—14 show that the EDR and ER
algorithm can significantly contribute to ineasing the energy
available for freelancers and commuters to VZH. EDR and ER have a
less significant impact for local wortkers, as the average mileage and
driving times are not as high as for freelancers.

4. Discussion
4.1. Sustainable trensport and energy consumpton of buildings

In this research, EDR and ER are used to prove that the energy
efficiency is enhanced considering sodal groups. Wang et al. [61)
and Shi et al. |13] analysed many of the factors that influence the
energy consumpton of EVs, and reported that 2% of the partici-
pants travelled mare than 90 km, 16% travelled between 60 and
90 km and 48% travelled between 30 and 60 km on a daily basis.
Other research has examined the distribution of the numbers of
trips per day |12]. However, this percentage can change in very
signifiantly when the research sample is divided into social groups
such as freelancers, local workers and commuters, as shown in the
current study. The fact that energy effidency can be improved
implies that the energy consumption of buildings will be reduced
thanks to V2ZH. As shown by Chen et al travel distance influences
V2H behaviour |62]. These authors modelled the travel behaviour
(km travelled) based on a mathematical pmhbahility assessment,
and showed that a range of between 20 and 60 km is most likehy.
However, this estimate is not acourate if sodal gmups are consid-
ered; in other waords, the energy available for V2H changes signif-
icantly depending on the numbers of freelancers, commuters, and
local workers. Our results show how these different social groups
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contribute to V26, as follows:
a) Commuters

Commuters frequently become stuck in traffic jams, since the
traffic situation is more complicated when leaving big and
medium-sized dties. The contribution toV2H when ER and EDR are
used is significant for this social group (Fg. 13} Energy savings are
increased when the ime spent by drivers in traffic jams is reduced.
An increase of between 132 and 553 MWh per year can be achieved
without the need to improve battery capadty, and policies
enoouraging the purchase of EVs should focus on commuters in
arder to contribute to reductions in local emissions and to inrease
energy efficiency due to the use of ER and EDR (Fig. 13). In Section
4.3, we discuss whether commuters and freelancers are expected to
participate in V2H and V2G at the same time.

b} Local workers

Local workers do not travel many kilometres on a daily basis.
The difference between using and not using EDR and ER does not
hawe a significant impact on energy effidency. Without considering
ER and EDR, the energy available for V2H is not high ( Ag. 14) as the
number of loal workers is low compared to commuters and

freelancers. Two condusions can be drawn. Fimty, improvements
in the energy available for V2H should focus on both increasing
battery @@padty and reducing harm due to charging and dis-
charging processes, as ER and EDR do not make an important
contribution to energy effidency. Secondly, drivers can participate
in both V2G and WV2H, as they do not travel many kilometres.

¢} Freelancers

Fredancers are a group of people who drive a relatvely high
number of kilometres in mixed traffic conditions, and the results for
this group therefore fall between those for commuters and local
workers. ER and EDR allow for increased energy savings and hig her
amounts of available energy for V2H.

Energy efficiency an be improved if policies designed to in-
crease EV sales are targeted at the appropriate social groups and
combined with ER, EDR and EC. If polides encoumge commuters
and freelancers to buy EVs, energy savings can be inreased when
ER and EDR are used Hence, the use of ER and EDR, when combined
with right policies, can help in achieving the goals of the EGD. This
is a novel result, as in many cases, research has focused on financial
incentives and subsidies to inorease the penetration of EVs in the
market | 63—65]. Although other topics have been considered in
research aiming to improve polides linked to EVs, as detailed by
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Melton, fAxsen and Moawed, sodal groups have not been consid-
ered | 66].

42. Clean energy

The EGD aims to decarbonise the electricty sector by promoting
the use of RE. The amount of RE used (in MW) must inrease ac-
wording to electridty consumpton Otherwise, investments in RE
fadlities will not be justified. Several algorithms have already been
pmoposed to combine the contributions from RE with the EV
charging process, as described by Sharifi, Banerjee and Feizollahi
|67} Much of the existing research foouses on time-of-use mech-
anisms that seek to transfer peak loads during rush hour |GE].
Howeever, the optimal integration of RE is not possible, as the costof
charging batteries is high when the contribution from RE is high.
Figs. 15 and 16 represent the cost of charging an EV, the electricty
price on the market and the contribution from BE in %. It can be
seen that when the contribution from RE is high, the oost of
charging an EV is highest due to the regulated price set by the
government. The main conclusion that can be drawn is that the
promotion of RE to decarbonise the electricty systemn and policies
on pricing are equally as important as policies that aim to promote
the penetration of EVs into the market or to implement charging
paoints. Itis only in this way that EV charging will be possible when
the contribution from RE is high. In Spain, the number of MW
available from RE has been almost stable since 2012, and this topic
is therefore a key concern in relation to the promotion of EVs in
V2H and V20 in Spain, as analysed in Section 4.3,

The EC block plays an essential role in achieving better inte-
gration of RE, as it can inform the driver of the best moment to
charge the EV battery with regard to the contribution of RE. Maost
drivers opt to charge at night rather than at a time when the
wontribution from RE is high, despite the recommendations from
the EC block (Fig. 7). The main reason for this is that charging at
nig ht is less expensive. The prices for charging EVs should therefare
be coherent with the contribution from RE. Likewise, RE installed
could be inreased as the consumption between 12 am.and 6 p.m.
(when RE contribution is higher) is also increased. The integration
of RE is an important topic that should be considered when
assessing the EDR in EVs, since no prior research has dealt with this
in depth |69,70).
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4.3, Compatbility between V2H and V2G

Some prior research has focused on polides that am to
encourage EV owners to particdpate inV 205G, as detailed by Colmenar
et al. |71,72], which can reduce energy peak consumption The
charging process usually takes place before sunset, and V2H isthen
used during the peak energy demand period and the EV is then
charged again afterwards | 19]. These policies do not guarantee the
compatibility of V2G and V2H, considering the price for recharging
EVs, even if EVs were promoted mom widely and the sales
inreased. Each sodal group considered here is discussed below.

a) Freelancers

The contribution from this group to V2H and V26 will be low
unless they charge their batteries during the day, before returning
home. The mlaton between the electricdty price on the market,
special fees for charging EVs and RE contribution needs to be
analysed(Figs 15 and 16). When the contribution from RE is higher,
charging EVs is expensive. This is the case after 12 am. as the
contribution from RE is high but charging EV is expensive. The
current fee established by the Spanish Government encourages
recharging EV's at night (Fig. 15). In view of this, current policies are
not suitable for this social group. During the first trimester of 2019
(Fig.15), when charging EV's was cheaper, the EC will be low for EVs
when using the algorithm as the contribution from RE is low.
Considering the available energy for V2H, itis likely that these users
will not contribute a great deal of energy to the grid, as it is more
cost-effective for them to provide their own homes with electricty.

b} Commuters

These are not candidates for partidpating in V26 and V2H, as
distussed in Section 3. The energy remaining in their batteries is
likely to be used for their own homes, considering the cument fees
for charging EV hatteries in Spain.
¢} Local workers

The only candidates for particdpation in V2H and V2G are those
who work in Alcala. Howewer, this sodal group is far from being the

January to March 2019
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mast representative one (as described in Section 3).

Assuming that Spain can achieve a high mix of REs and a high
penetration of EVs in the market, the contribution from EVs in
terms of V2H and V2G will only be ecologically fiendly when our
algorithm is used, for the following reasons:

a. The EC block an predict when the contribution from REs is
higher, with the aim of reducing emissions.

b. The method of driving (EDR) and ER are used to reduce the
energy consumption, as the best route is established based on
the energy consumption as assessed by EDR (consumption
models are tuned). Consequently, pollution will be lower and
EWs will be greener and more eco-friendhy.

. The driving effidency of EVs depends not only on EDR and ER.
but alko on the contribution from RE to the charging process.
COur algorithm predicts this using a neural network.

A4, Threats to validity

The actions that can be taken toreduce these threats are shown

in Table &.
Before the trips were performed, the following werifications
were carried on a daily basis:

a) The results published by the transmission system operator and
the those obtained from the neural nebwork were compared.
Fig. 18 shows the performance of the GRU network.

b} The neuml netwaorks were implemented based on the data from
the tansmission system operator for the previous day.

This procedure was applied to ensure that the neural networks
operated properly.

4.5 Limitotions and future research

In this research, the proposed algorithm was applied to a
medium-sized city. Future research should foous on using this al-
gorithm in larger cities in order to assess the available gain in en-
ergy for V2H. Another topic that should be considered is the
stochastic usage of EVs Although this research demonstrates the
importance of considerng the different sodal groups in the
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Tahle 8
Factors afferting the validity of this reseanch asses sment.
No. Factor Dhesiription
1 Gty chasen for this The chaice of Akcala de Henares (Madrid, Spain] for this cass study was maxde by carefully considering several key Botors, such as the siz
res=arch af the city, the popul ation, 2 traffic anal ysis, the distribution of cameras @ntrolling the traffic, trends incar parking. sic. After analysing

these fators. it was d =ermined that Alcalide Henares was the bestcityfar atrial of our approzch before attempting to mnducta studyin
a larger city such as Madrid.
2 Market penetration of Evs  The mumber of vehides in Akaldwas a key factor when assessing the available energy for V2H. Sinceitis noteasy to scurately estimate
the numberof EVs that will be ussd in the futur =, several so=namios wene constructed in ard=rto consid erd ifferent levels of penstration of
EV's into the market
3 Amalysis of the population Users hawe diffenent driving profiles, and an acourate estimate of the energy @mmsumed cannot be produced without considering this
factor. it was cnsidersd to be of paranount impaortance to ceate a breakdown of the population of Alcald de Henares. The first group
contzinad fresl ancers, who use EVs frequently and are asmmesd not io have significant amounts of energy to antribute to V2H The
secand group contained people who normail y use public transpaort to mmmute, who make an impantant contr ution to V2H, while the
final group contains ather waorkers who work loally or in other dties
All of the spenamios considered in this research took into acmunt official estimates. In this case, an estimation from the Spanish National
Bank was wsad to assess the energy efficiency and the contributions to VZH.

4 Seenanos mnsiderad in
this study

o ¢} The EC block used in this research allows drivers to charge
EVs when the contribution from RE is high. In this way, RE

gx10® can be better integrated in order to decarbonise the elec-

H . tricity sector (as described in Section 421

g s d} Freelancers and commuters whotravel many kilometres on a
E 0 daily basis are not likely to participate in V2H or V26 unless
= policies can be developed to ensure lower prices when the
g 2wwn contribution from RE is high. In Spain, prices are curently

higher when the contribution from RE is higher (as discussed
in Section 42}

&) Policies cannot change if the power currently available from
RE in Spain is not inoeased As desoibed in ), part of the
demand could be moved when the contribution from RE is
high, thanks to the EC block implemented in this algorithm
{as set out in Sections 4.2 and 4.3).

f} Our results show that current polides for setting the cost of
charging EVs in Spain are not compatible with a high
contribution to V2H and V2G from the different groups in
society (as described in Secion 4.3)

1 Il 4l &l al 131 [k} 141 160 131
umber of pouns lesied

Fig. 8. Performance of the GRU network.

population, other variables should also be studied with the aim of
improving the estimate of energy availahbility.

5. Conclusions

This research was conducted in the dty of Alcala de Henares
(Madrid, Spain} with the aim of inwestigating the impacts of EDR,
ER and EC on several factors linked to the EGD. To achieve this, a
novel algorithm was implemented in Python, based on the Hereaw
APL neural networks and data published by a Spanish system
operator in order to reduce energy consumption and identify the
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