universidad |
VO
SANJORGE >/1V

GRUPO SANVALERO

Modelizacion de los consumos de energia, agua
y emisiones, para poder aplicar estrategias de
eficiencia energeética en establecimientos

hoteleros de las islas Canarias.

Tesis Doctoral

Francisco Javier Diaz Pérez

Universidad San Jorge. Facultad de ciencias de la salud
Villanueva del Gallego, 2018



universidad \/ :
GRUPO SANVALERO Ar

Modelizacion de los consumos de energia, agua

y emisiones, para poder aplicar estrategias de

eficiencia energética en establecimientos

hoteleros de las islas Canarias.

Tesis Doctoral

Francisco Javier Diaz Pérez

Universidad San Jorge. Facultad de ciencias de la salud
Villanueva del Gallego, 2018

Director. Dr. David Chinarro Vadillo Director. Dr. Ricardo Diaz Martin

Director. Dr. Adib Guardiola Mouhaffel Tutora. Dra. Maria Rosa Pino Otin



DEDICATORIA

A mi mujer Cristina y a mis hijos Adrian y Orion, que
me han apoyado durante estos largos afios de

investigacion.



Dr. David Chinarro Vadillo, Vicedecano de Investigacion de la Escuela de Arquitectura y

Tecnologia de la Universidad San Jorge (USJ),

Dr. Ricardo Diaz Martin, Catedratico de Ing. Quimica y Materiales de la Escuela de Ciencias

Técnicas e Ingenieria de la Universidad a Distancia de Madrid (UDIMA),

Dr. Adib Guardiola Mouhaffel, Investigador postdoctoral Universidad de Las Palmas de Gran
Canaria (ULPG), y

Dra. M.2 Rosa Pino Otin, Vicedecana de Investigacién y Coordinadora del Programa de

Doctorado en Medioambiente de la Universidad San Jorge (USJ).

CERTIFICAN

Que el trabajo de investigacion recogido en la presente Memoria titulada: “Modelizacion de
los consumos de energia, agua y emisiones, para poder aplicar estrategias de eficiencia
energética en establecimientos hoteleros de las islas Canarias” presentada en la Universidad
San Jorge, ha sido realizado bajo su direccion por D. Francisco Javier Diaz Pérez y autorizan

su presentacion para optar al grado de Doctor.

Y para que conste, firmamos el presente certificado en Villanueva de Géllego (Zaragoza),
a 8 de julio de 2018:

Dr. David Chinarro Vadillo Dr. Ricardo Diaz Martin

Dr. Adib Guardiola Mouhaffel Dra. Maria Rosa Pino Otin



AGRADECIMIENTOS

El listado es largo y no me gustaria olvidarme de ninguna de las personas que me han ayudado
en estos afios, durante la investigacion y en la redaccion de este trabajo de investigacion.

Tengo que comenzar por mis directores y tutora de investigacion, que me han ayudado en todo
momento y han mostrado su apoyo incondicional al proyecto y a la investigacion realizada,

creando un grupo de trabajo multidisciplinar que tan buen resultado nos ha dado.

Al director Dr. David Chinarro, por sus correcciones concienzudas de los articulos, sus consejos
de redaccion, que tan bien me han venido para poder acceder a las publicaciones, y por su
conocimiento del método cientifico, el cual siempre me ha aconsejado seguir, asi como por su

gran accesibilidad a cualquier hora y dia.

Al director Dr. Ricardo Diaz Martin, que desde que lo conoci, siempre ha aportado ilusion y
optimismo y el cual me animé a realizar estos estudios de doctorado y siempre me ha dado tan

buenas ideas y consejos para poder continuar con la investigacion.

Al director Dr. Adib Guardiola Mouhaffel, que con sus vastos conocimientos en estadistica,
ingenieria energética y en la redaccion de articulos cientificos, hemos conseguido publicar en
multiples revistas que parecian inalcanzables. Siempre optimista, positivo y con infinidad de

ideas para poner en practica en la investigacion.

A la tutora Dra. Maria Rosa Pino Otin, que desde el principio confi en el proyecto y siempre
he tenido su apoyo, seguimiento y ayuda.. Alisando el camino y ayudando a sortear todos los
obstaculos administrativos para poder realizar este trabajo de investigacion.

A Sandra Corbeira, que confid en el proyecto y me animé a que lo hiciera en la Universidad

San Jorge.

A Iker Alday, que desde su puesto de direccion en una cadena hotelera, me ayudé a conseguir
los datos de consumos energéticos y financieros de multiples hoteles, sin los cuales no se podria

Ilevar a cabo esta investigacion.

A los jefes de mantenimiento, Lorenzo Martin, Claudio Pugliese y a Ramon Tarragona como
director técnico de una gran cadena hotelera, por su ayuda en la recopilacion, filtracion y
comprobacion de los datos de hoteles de la investigacion, y por hacerme participe de sus

cocimientos en gestion de consumos energéticos en establecimientos hoteleros.

A lgor Casas, por los datos de consumos energéticos y de agua de su complejo hotelero.



A Julian Loro y Virgilio Cabrera, que se implicaron en el proyecto de conseguir datos de
consumos y de generacion, poniéndome en contacto con muchos hoteles para poder

conseguirlos.

A Patricia Melian, Felipe Melian y Francisco Otero, por los datos de produccion y costos de

mantenimiento e instalacion, de plantas fotovoltaicas y sistemas solares térmicos.

A Andrés Rodriguez y Tony Gallardo, que desde el consorcio de abastecimiento de agua de
Fuerteventura y la reserva de la biosfera de Fuerteventura, me brindaron la posibilidad de

conocer las desaladoras de la isla y los datos de produccién de las mismas.

A Lorenzo Mufioz, por sus ideas en eficiencia energética, los consejos para realizar los calculos

de instalaciones y los datos de consumos en instalaciones térmicas de varios hoteles.

A la Direccion General de Salud Pablica del Servicio Canario de Salud, por darme acceso a los

datos de todas las piscinas censadas en la comunidad autbnoma canaria.

Al departamento de Turismo del Cabildo de Fuerteventura, por su gentiliza y rapidez al enviare
los datos de los establecimientos hoteleros de la isla.

Y principalmente a mi mujer Cristina y a mis hijos Adrian y Orion, que siempre han estado a
mi lado aguantado estos afios de investigacion, en los cuales no he podido dedicarles el tiempo
que se merecian, teniendo siempre su apoyo incondicional y mucha paciencia, apoyandome de
forma incondicional y en todo momento, para poder lograr la meta de poder realizar este estudio

de investigacion.

Nuevamente, muchas gracias a todos.

En Villanueva de Gallego, julio 2018.



iNDICE Y RESUMEN

INDICE Y RESUMEN

]
FRANCISCO JAVIER DIAZ PEREZ 1



iNDICE Y RESUMEN

INDICE
INDICE ...cuiiiiiiiieieeeiettiiceeee e e e e e e e e e ee e ettt aeaaaaa e esssseseeeaeeaeessessssssnsnnnnnnnns 1
indice tablas (Sin incluir las de las publicaciones) ................c.coevueiiiiiieiiiiieieee 6
indice figuras (Sin incluir las de las publicaCiones) ...............ccooueiieiiiiiiieiiiiiieiie 7
RESUMEN .1 iiiiiiiiitiiiiintiiiinsiisiesstosssstossssssssessssssssssssssssossssssssssssssssssssssnsssses 8
AB S T R A CT .. e e e 11
1. INTRODUCCION ..uuuiiireitiennieeereeeennnneaseeeeameeesreiieesessnsniissstesssssssnsssmmsnnnns 14
I I 1 1 (oo [FTodof o o TP PPR 15
1.1.1. Efecto invernadero y cambio climatiCo .............ooiiiiiiiiiiiiiiiii e, 15
1.1.2. Elturismo y lasostenibilidad ... 21
1.1.3. Los edificios turisticos de alojamiento ...............cooiiiiiiiiiiiiiiii 27
1.1.4. Laenergia en Canarias .........coueeruintententeattet et aeeteaneeeenneeneeerneaeeenns 29
1.1.5. E1agua en Canarias ........c.coueruinuintinitit ettt 35
1.2. Preguntas de 12 inVesti@acion ............ouiieieiirinintetiit e e e e e 39
0 13 1 0 1 V4 1 N 40
2. L. O JBIVOS. . .ttt 41
2.1.1. Resultados esperados con la investigacion ...............cccoooiiiiiiiiiiiiiine, 44
3. METODOLOGIA .. itteietteeetieeertneeerteertteertneeereeeessneessnesessnesessneessmesarens 45
3.1 Metodologia ... . e 46
3.1.1. Organizacién y procedimiento de investigacion ............c.evvvieiniinneeineennnennn. 51
3.1.2. Descripcion del flujo de investigacion ............o.vieuiviiiiiiiieiiieaieiieae e 53
4. RESULTADOS INVESTIGACION ..uuiivteierineerineeernneereneersneeiseeessneessniessnnnn. 61
4.1. Listado de publicaciones Y CONGIESOS .. .. ueuuinrint ittt et 62

4.2. Articulo 1. Mathematical Model of Supply Water of Consumption Systems in Hotels .. 64

4.2 1 RESUMEN ...t 64
ADSIIACE ..ottt e 65
INrOAUCTION ...\t e e e e 65
EXperimental ... ..o 66
ReSUItS aNd ISCUSSTON ... ..ttt 71
L0703 4 Ted 1B T ) & 71

FRANCISCO JAVIER DIAZ PEREZ 2



iNDICE Y RESUMEN

RETEIENCES . ..ottt e e e, 71

4.3. Articulo 2. Modeling of energy and water supplies in hotels in Lanzarote and Fuerteventura

with and without desalination plant (SWROP) ..., 73
43,1 RESUMEIN ..o e e 73
N 0] 1 - T PPN 74
1o [0 Tox o] PN 74
EXperimental ... ..o e 76

Data ANAIYSIS .. .t 78
Consumption Water Performance ............ccoooiiiiiiiii e 79
Water Consumption in Hotels without Irrigation ..., 82
Electricity CONSUMPLION ..ot e 82
ENergy PerformanCe ...........oouirii i 84
Study Mathematical Model ... 85
RESUILS aN0 DISCUSSION ...\ vttt et ettt e e e e ee e e e e e e e ee e e 89
(O] Tod 11151 ] S PP 90
RO ENICES ...t 90

Islands regarding mainland Spain ..............ooiiiiii i 93
A4 T RESUMEN ...eeit e e e 93
ADSITACE . .ottt e 94
INEFOTUCTION ...t e 95
MEENOAOLOZY ... v ettt e e e e e e 96

Footprint calculations ...........o.iiiiiiiii e e 98
The carbon footprint of tourism in the Canary Islands .................ccooiiiii 100
Carbon footprint Of €NEIQY .......oiii 100
Carbon footprint Of Water ...........oiiiiii i e 102
Total carbon footprint of accommodation ...............cooiiiiiiiiiiii e 105
L7034 Tod 131 T ) PP 106
REEIONCES ...t 111

by desalination plants: case study, the Canary Islands..................coooiiiiii e 112
4.5 1 RESUMEN ...t e 112

FRANCISCO JAVIER DIAZ PEREZ 3



iNDICE Y RESUMEN

ADSIIACT ... 113
INtrOUCHION .o .eee e e 113
MEthOOLOZY ...ttt e 114
Analysis of data ..o 116

Calculations Of Water LOSSES . ......ouuiinii i 116

Calculation of energy to produce the water .............c.cooviiiiiiiiiiiiiiiii e, 117

Calculations of CO2 emiSSIONS ..........euiuiuiiiiiiiiiiiiei e, 118
LD 10 0] () TP 120
CONCIUSIONS ...ttt e e e e 121
RETEIENCES ..o, 121

4.6. Articulo 5. Estimation of solar radiation of clear sky using non-linear methods. Case study:

FUEIEVENTUIA (SPAIN) ..\ eit ittt e e e e e e ere e e e e e 124
G O (TS 1 T PP 124
N 0] 5 T A PP 125
INEOAUCTION ...ttt et e et et et 125
MEthOAOIOQY ....eieie 126

Monthly irradiation calculation ... 126
AR I A e 127
FOUIOT .o 127
METNOOS ..o 128
ANAIYSIS AatA ... 128
RESUILS .. e 129
Discussions and CONCIUSIONS ........uiiuiiiiiti it aaas 131
RO ENICES ..ot 132

4.7. Articulo 6. Reduction of energy consumption in hotels with aerothermal energy. Case

Study: Canary IS1ands (SPaiN).........oeiiiii 134
A7 RESUMEBN ..ottt et e et 134
YN o1 T A PP 135
018 (010 107 5 [ ) 135
MEthOdOLOZY ... vt e 136
CalCUIUS ..o e 136
ReSUItS aNd dISCUSSION ......ueie et e e e e eaas 137

FRANCISCO JAVIER DIAZ PEREZ 4



iNDICE Y RESUMEN

01075707 1013 o) 4T P 138

R OTONCES ..o e 138
5. DISCUSION Y FUTURAS LINEAS DE INVESTIGACION ....cevuvieeernnieerennens 140
5. L. STNEESHS .ttt ittt bbbttt bbbt R bbb bbb r e e 141
5.2. CONEIIDUCIONES ...ttt b e bbb e e 142
TR TR B ol 1 oo USSR 148

5.1.1. Suministros energéticos y de agua. Emisiones asociadas ...........ccocevveverververierennnns 148

5.1.2 Reduccidn de CONSUMOS Y EIMISIONES .....cveevverieerieiiesieesieeiesseesteessesseesseessesseeseeensesnes 151
5.4. Futuras lineas de INVESIGACION ..........cccveiuieieiiciee ettt 158
B. CONCLUSIONES ...uuitiiiuiniiniiiiiiniiiniiiieiiietetetetesesssssssasnsmessssnisssisnsass 160
TN I ) o 1157 o] -SSR 161
T.REFERENCIAS ... utiiiiiiitiiiniiinetetatessetosssessssosssossssssssssssssssissssssssssssisssnss 164
ANEXOS. . iiiiiiiiuiiiiieiiiitiettitiutteesesessssssntsssssnssssssasssissssssssssssissssssnssssssnss 192
Anexo 1. Autorizacion y toma de CONOCIMICNTO ... ...ueueietieirtiniiieitiit e eeaeeaeeeenene 194

Anexo 2. Paper. Assement solar database regarding production values in Fuerteventura
photovoltaic INStallatioNns ... 201

Anexo 3. Capitulo de libro: Advanced Engineering Research and Applications. Volume -VII,
CRAPEEE B0 .. 218

Anexo 4. Congreso: International Conference on Recent Innovations in Engineering and
Technology (ICRIET-16), track IV, chapter 19............oooiiiii e, 259

Anexo 5. Congreso: 6™ International conference on advances in civil, architecture and
environmental engineering (ICCAEE-2018) ........c.oiiiiiiiiii e 277

]
FRANCISCO JAVIER DIAZ PEREZ 5



iNDICE Y RESUMEN

INDICE DE TABLAS (Sin las incluidas en las publicaciones)

Tabla 1.1. Valores porcentuales de utilizacion de EERR segun tipo utilizacion. ............... 16
Tabla 1.2. Distribucién emisiones de CO; de la industria del turismo mundial, afio 2.007 ... 17
Tabla 1.3. Distribucion de los consumos energéticos en el sector servicios del afio 2015 .... 20
Table 1.4. Distribucion de superficies terrestre declarada Reserva de la Biosfera .............. 26
Tabla 1.5. Distribucion de hoteles y plazas por categorias .............coooveviviiiiiiiiniinenn.n. 27
Tabla 1.6. Captacion de agua total suministrada y facturada en Canariasen Hm® ............. 35
Tabla 1.7. Dotacidn de agua objetivo para las islas de Lanzarote y Fuerteventura ............. 36
Tabla 1.8. Pérdidas de agua en las redes de distribucion ..., 37
Tabla 3.1. Principales datos de los hoteles de investigacion.....................cooeiiiviinenn.. 46
Tabla 3.2. Datos caracteristicos de las desaladoras de estudio...............ccoevevviiinninnnn.. 47
Tabla 3.3. Resumen de las caracteristicos de las piscinas de estudio.............................. 48
Tabla 3.4. Distribucion de piscinas en Canarias por tip0S............coovveviriiiriiniiieiainnnss 49
Tabla 3.5. Distribucion de piscinas en Canarias por islas................cccooeviviiiinineiin.. 49
Tabla 3.6. Datos caracteristicos de las estaciones generadoras fotovoltaicas.................... 50
Tabla 4.1. Listado de articulos publicados indexados .............ccveriiiiiiiiiiniiiieeenene, 61
Tabla 4.2. Listado de articulos publicados no indexados (ANeX0 2) .........c.oveviiiiinninnnn. 62
Tabla 4.3. Listado de capitulos de libros publicados (Anexo 3) ..........ccoovveiiiiiiniinnnn... 62
Tabla 4.4. Listado de congresos publicados (ANEX0 4) ........covviviiiiiiiiiiiiiiieeei, 62
Tabla 5.1. Emisiones estimadas anuales por categoria hoteleras en Canarias afio 2017....... 150
Tabla 5.2. Porcentaje de pérdidas en redes de suministro y aumento de emisiones del agua de
las desaladoras centralizadas respectode laslocales ..., 153

FRANCISCO JAVIER DIAZ PEREZ 6



iNDICE Y RESUMEN

INDICE DE FIGURAS (Sin las incluidas en las publicaciones)

Figura 1.1. Turismo mundial: gastos y turistas 1995-2015 ............ccoeiiiiiiiiiiiieieens 22
Figura 1.2. Tendencias y proyecciones del turismo 1950-2030 ............ccoviiiiiiiiininnnns 23
Figura 1.3. Pernoctaciones por categorias en las Islas Canarias del afio 2015 .................. 25
Figura 1.4. Porcentaje de generacion de EERR sobre el total en Peninsula y Canarias ........ 30
Figura 1.5. Potencia fotovoltaica instalada en Espafia 2006-2016 ......................ccevn.. 31
Figura 1.6. Emisiones en kg CO2/kWh de la electricidad 2.006-2.016 ................ccceueeeen. 32
Figura 3.1. FIujo de INVeStIgaCioN. ... .......oviuiniii e 52
Figura 5.1. Curvas de consumos de agua para hoteles 4 estrellas segun ocupacion. ........... 142
Figura 5.2. Modelo de calculo para calcular pronosticos de suministros y emisiones ......... 143
Figura 5.3. Curvas de consumos de energia para hoteles 4 estrellas segun ocupacion ........ 144

Figura 5.4. Curvas de consumos de electricidad para hoteles 4 estrellas segin ocupacion ... 144
Figura 5.5. Emisiones CO: de los clientes segun categoria y tipo de suministro .............. 145

Figura 5.6. Emisiones de CO debidas a la generacion de agua de piscinas turisticas segun tipo

B SUMINISIIO. .ottt e e e 146

Figura 5.7. Coeficientes de emisién mensuales promedio de la electricidad en suministro de

media tension de Canarias y Peninsula ......... ..o 148

Figura 5.8. Emisiones de CO> debidas a la energia y agua de hoteles de categorias 5,4 3 estrellas

en Canarias y Peninsula por cliente y dia ...........coooiiiiiiiiiii e 149
Figura 5.9. Porcentaje de emisiones y estancias segun categorias para Canarias 2017........ 150

Figura 5.10. Método de mejora de consumos e instalaciones en los establecimientos
NOTEIEIOS. . ..o e e 152

Figura 5.11. Incremento de irradiacién total y superficie necesaria de instalacion con la

variacion de inclinaCion de 10S COIECLOIES ......vveeeeeee e e 154

Figura 5.12. Irradiacion real calculada y pronosticada mediante el método ARIMA de tres

instalaciones solares fOtOVOITAICAS. . . ..ot e, 155

Figura5.13. Futuras lineas de investigacion ................oooiiiiiiii i, 158

FRANCISCO JAVIER DIAZ PEREZ 7



iNDICE Y RESUMEN

RESUMEN

La investigacion sobre la reduccion de consumos energéticos, emisiones de gases de efecto
invernadero (GEI) y la huella del carbono en los edificios turisticos de alojamiento, se puede
considerar que se ha hecho casi imprescindible, debido a las normativas de sostenibilidad
energética, medioambientales y a los requisitos de los diferentes turoperadores. En la
actualidad, con un promedio de 15.000 hoteles operativos en Espafia, los edificios en los que se
ubican estos establecimientos se han de encaminarse hacia su reestructuracion a corto o medio
plazo, para conseguir la meta de crear hoteles y edificios de energia cero (ZEB) o casi cero
(nZEB), y poder seguir con su actividad productiva de forma sostenible, cumpliendo con los

requerimientos actuales y futuros impuestos por las diferentes organizaciones e instituciones.

La realizacion de este estudio de investigacion se ha considerado necesario, para conseguir que
los edificios hoteleros actuales tengan una referencia sobre las técnicas mas apropiadas para
obtener prondsticos para poder reducir sus consumos energéticos y de emisiones actuales y
futuras. Esta investigacion se ha centrado en los establecimientos turisticos de las islas Canarias,
un destino cuyo equilibrio entre sostenibilidad y turismo se hace imprescindible para poder

seguir manteniendo el alto valor ecol6gico y medioambiental de este destino.

Inicialmente se ha buscado definir un modelo de prondstico matematico para el calculo de los
consumos de los diferentes suministros de los hoteles, que sea aplicable a cualquier
establecimiento que se quiera investigar, y cuyas predicciones obtenidas sean validas para los
estudios de reduccién de consumos 0 emisiones que se quieran adoptar. Se comienza por la
investigacion de los consumos de agua en hoteles de categoria 4 y 5 estrellas, comprobando que
dichos consumaos se corresponden con una funcion de regresion potencial, en la mayor parte de
los casos, respecto de la variable de ocupacion diaria de clientes. Para confirmar este método
de calculo para los pronésticos de consumos, se prueba también sobre todos los suministros de
un grupo de hoteles de 4 estrellas, para la energia total, la electricidad y el agua, comprobando
nuevamente que, mediante un modelo de regresion potencial, se consiguen unos coeficientes
de correlacion muy altos respecto de la variable estudiada de la ocupacién diaria. Con estos
resultados se puede afirmar, que los modelos regresivos son de gran utilidad para comprobar y
pronosticar los consumos de los suministros de un hotel o grupo de hoteles con caracteristicas

similares.

]
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El siguiente paso fue comprobar las emisiones producidas por la energia y el agua, de un grupo
de hoteles de categorias 3, 4 y 5 estrellas, que son los que reciben cerca del 95% de las estancias
turisticas hoteleras de las islas Canarias, por lo cual, sobre estos establecimientos son los que
hay que centrar las acciones a desarrollar e implantar de eficiencia energética. Con los
diferentes factores de emision de los suministros energéticos, se comprobo la huella del carbono
de alcance 1 y 2 de la energia utilizada, observando la importancia de la electricidad en las
emisiones totales de los complejos, que representan el 83% del total, pero corresponden sélo al
58% de la energia consumida, siendo este tipo de energia la principal a considerar su reduccion
para disminuir las emisiones de los edificios actuales. Estas emisiones se comprueban que son
casi tres veces superiores que las producidas en hoteles de Espafia peninsular, a igualdad de
consumos. Sobre estos mismos edificios también se estudié la huella del carbono de la
producciodn de agua industrial para sus consumos propios, mediante desaladoras locales situadas
en los establecimientos, o por suministros externos con desaladoras centralizadas, comparando
los resultados obtenidos con las emisiones que se generarian para el mismo consumo en hoteles
de la peninsula. Se evidencia como las desaladoras locales generan una menor huella del
carbono que las producidas por los sistemas centralizados. También se observa que nuevamente
las emisiones del suministro de agua son mucho menores en la peninsula, siendo un 88,7%
inferiores en la peninsula que, en las islas orientales de Canarias, para el modelo de suministro
externo centralizado. En este estudio, también se demuestra que la categoria de los hoteles
influye de forma importante en los consumos y las emisiones finales, siendo éstas, cerca del

doble en los hoteles de 5 estrellas que de los de 3 estrellas.

El destino de Canarias muestra una importante cantidad de piscinas en los establecimientos
hoteleros, por lo cual, se estudian las necesidades de agua para el mantenimiento de las mismas,
realizando los célculos de pronéstico de consumos de agua y de huella del carbono debidos a
la generacion de ésta. Basandose en los datos de consumos obtenidos de 42 piscinas de 14
establecimientos turisticos, se ha realizado un célculo para el conjunto de todas las piscinas
turisticas de Canarias, para obtener una estimacion de las necesidades hidricas para mantener
todas las piscinas del archipiélago. Se demuestra que la variable del volumen de las piscinas es
el principal factor para el calculo del consumo totales de agua en las piscinas. También se
analizan las diferencias de consumos energéticos y huellas de carbono debida a la generacion
de agua en las diferentes islas del archipiélago, para los modelos de suministro local y

centralizado por distribucion mediante las redes de suministro actuales, demostrando que los

FRANCISCO JAVIER DIAZ PEREZ 9
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modelos de produccion locales son un 28% mas eficientes que los centralizados, debido

principalmente a las perdidas en las redes de suministro.

Debido a la importancia de los consumos y gastos de los sistemas de calentamiento para el agua
caliente sanitaria (ACS), se comprueba la viabilidad de utilizar equipos basados en bombas de
calor de alta temperatura con disipacion mediante aerotérmia, para reducir estos consumos y
gastos econdémicos respecto de los sistemas basados en energias fosiles. Se realiza el estudio y
seguimiento de dos instalaciones basadas en esta tecnologia, donde se han conseguido un ahorro
energético de mas del 60% y un ahorro econdémico, en el gasto de energia del ACS, superior al

70% , comprobando también la rapida amortizacion de estos equipos.

Una vez comprobada la importancia de la electricidad en los hoteles, asi como la huella del
carbono que este tipo de suministro genera en los mismos, se observa la necesidad de buscar
modelos de generacidn eléctrica alternativa que estén basadas en energias renovables (EERR)
para poder reducir la dependencia externa y la huella del carbono total del suministro eléctrico.
El modelo de generacion gue se ha investigado es el basado en los sistemas de generacion
fotovoltaicos, desarrollando un modelo de calculo de la generacion y de la irradiacion para
zonas geograficas con escasez de datos. Demostrando la viabilidad de utilizar modelos
matematicos no lineales como el Box-Jenkins, mas conocido como ARIMA, y el de las
transformadas de Fourier, mediante los calculos de prondsticos de produccidon de plantas solares
fotovoltaicas. Finalmente como anexo a la investigacion, se comparan las principales bases de
datos de irradiacion actuales respecto de los valores de generacion obtenido de instalaciones en
uso, generando un algoritmo de calculo de irradiaciéon para la zona geografica de estudio y
demostrando como los datos de la norma UNE 94003:2007 son con los que se obtienen unos

prondsticos méas acertados, respecto de la produccién real de las plantas revisadas.

Los resultados obtenidos en esta investigacion han demostrado la posibilidad de aplicar un
método eficaz para el calculo de emisiones, consumos energéticos y consumos de agua en un
establecimiento hotelero respecto de la variable de su ocupacién. También se ha evidenciado la
importancia de utilizar la generacion de agua de forma local y no centralizada, debido a las
grandes pérdidas en los sistemas de suministro. Se ha demostrado el valor del consumo de agua
de las piscinas y su cuantia en el total del destino. También se ha avanzado en el estudio de los
métodos de célculo de prondsticos de la generacién de electricidad en sistemas fotovoltaicos,

mediante alternativas basadas en modelos matematicos y en bases de datos.

]
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ABSTRACT

Research on the reduction of energy consumption, greenhouse gas emissions (GHG) and the
carbon footprint of tourist accommodation buildings can be considered to have become almost
essential, due to the energy, environmental and sustainability regulations the requirements of
the different tour operators. Currently, with an average of 15,000 hotels operating in Spain, the
buildings in which these establishments are located must move towards restructuring in the
short or medium term, to achieve the goal of creating zero energy hotels and buildings (ZEB )
or almost zero (NZEB), and to be able to continue with its productive activity in a sustainable
manner, complying with the current and future requirements imposed by the different

organizations and institutions.

The realization of this research study has been considered necessary, to ensure that the current
hotel buildings have a reference on the most appropriate techniques to obtain forecasts to reduce
their energy consumption and current and future emissions. This research has focused on
tourism establishments in the Canary Islands, a destination whose balance between
sustainability and tourism is essential to continue maintaining the high ecological and

environmental value of this destination.

Initially we have sought to define a mathematical forecast model for the calculation of the
consumptions of the different supplies of the hotels, which is applicable to any establishment
that wants to investigate, and whose predictions obtained are valid for studies of consumption
or emissions reduction that they want to adopt. It starts with the investigation of water
consumption in hotels of category 4 and 5 stars, verifying that these consumptions correspond
to a potential regression function, in most cases, with respect to the daily occupancy variable
of clients. To confirm this method of calculation for consumption forecasts, we also test all the
supplies of a group of 4-star hotels, for total energy, electricity and water, once again proving
that, by means of a potential regression model, very high correlation coefficients are obtained
with respect to the studied variable of daily occupation. With these results it can be affirmed
that the regressive models are very useful to check and forecast the consumptions of the supplies

of a hotel or group of hotels with similar characteristics.

The next step was to check the emissions produced by energy and water, from a group of hotels
of categories 3, 4 and 5 stars, which are those that receive about 95% of the tourist stays in the

Canary Islands, so which, on these establishments, are the ones that must be focused on the
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actions to be developed and implemented in the future. With the different emission factors of
the energy supplies, the carbon footprint of scope 1 and 2 of the energy used was verified,
observing the importance of electricity in the total emissions of the complexes, which represent
83% of the total, but they correspond to only 58% of the energy consumed, this type of energy
being the main one to be considered in the emissions of the current buildings. These emissions
are found to be almost three times higher than those produced in hotels in Spain peninsular,
with equal consumption. The carbon footprint of the industrial water production for its own
consumption was also studied on these same buildings, by means of local desalination plants
located in the establishments, or by external supplies with centralized desalination plants,
comparing the results obtained with the emissions that would be generated for the same
consumption in peninsular Spain. It is evident how local desalination plants generate a lower
carbon footprint than those produced by centralized systems. It is also observed that again the
emissions of the water supply are much lower in the peninsula, being 88.7% lower in the
peninsula than, in the eastern Canary Islands, for the centralized external supply model. In this
study, it is also shown that the category of hotels has an important influence on consumption
and final emissions, which are about twice as high in 5-star hotels as in 3-star hotels.

The destination of the Canary Islands shows an important amount of swimming pools in the
hotel establishments, for which, the needs of water for the maintenance of the same are studied,
making the calculations of forecast of water consumption and carbon footprint due to the
generation this. Based on the consumption data obtained from 42 pools of 14 tourist
establishments, a calculation has been made for all the tourist pools of the Canary Islands, to
obtain an estimate of the water needs to maintain all the pools of the archipelago. It is
demonstrated that the variable of the volume of the pools is the main factor for the calculation
of the total water consumption in the pools. The differences in energy consumption and carbon
footprints due to the generation of water in the different islands of the archipelago are also
analysed, for the models of local supply and centralized by distribution through the current
supply networks, demonstrating that the local production models are 28% maore efficient than
centralized ones, mainly due to the losses in the supply networks.

Due to the importance of the consumption and expenses of the heating systems for domestic
hot water (DHW), the feasibility of using equipment based on high temperature heat pumps
with dissipation by aerothermy, to reduce these consumptions and economic expenses is

checked regarding systems based on fossil energies. The study and monitoring of two facilities
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based on this technology is carried out, where energy savings of more than 60% and economic
savings have been achieved, in the energy expenditure of the ACS, over 70%, also proving the

rapid amortization of these machines.

Once the importance of electricity in hotels has been proven, as well as the carbon footprint
that this type of supply generates in them, it is necessary to look for models of alternative
electric generation that are based on renewable energies (EERR) to be able to reduce external
dependence and the total carbon footprint of the electricity supply. The generation model that
has been investigated is based on photovoltaic generation systems, developing a generation and
irradiation calculation model for geographic areas with scarce data. Demonstrating the
feasibility of using nonlinear mathematical models such as the Box-Jenkins, better known as
ARIMA, and that of the Fourier transforms, through the calculations of production forecasts of
solar photovoltaic plants. Also, as an annex to the research, the main current irradiation
databases are compared with respect to the generation values obtained from installations in use,
generating an algorithm for calculating irradiation for the geographical area of study and
demonstrating how the data of the standard UNE 94003: 2007 are the ones with which more
accurate forecasts are obtained, with respect to the actual production of the plants reviewed.

The results obtained in this research have shown the possibility of applying an effective method
for the calculation of emissions, energy consumption and water consumption in a hotel with
respect to the variable of their occupation. The importance of using water generation locally
and non-centrally has also been demonstrated, due to the large losses in the supply systems.
The value of the water consumption of the pools and its amount in the total destination has been
demonstrated. Progress has also been made in the study of methods for calculating forecasts of
electricity generation in photovoltaic systems, using alternatives based on mathematical models

and databases.

]
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1.1. INTRODUCCION

1.1.1. Efecto invernadero y cambio climatico

Los procesos que ocurren en el sistema climéatico de la Tierra son el resultado de las
interacciones entre la atmdsfera, la hidrosfera, la biosfera y la geomorfologia continental. Con
el estudio de las alteraciones y tendencias de los patrones climaticos observados en los ultimos
cien afios, debido a diversas causas, se llega a la acepcion general de cambio climatico. Las
emisiones de dioxido de carbono (CO2), consideradas entre los factores causantes, son
originadas tanto en los procesos naturales organicos e inorganicos como en los sistemas
generadores de energia masiva creados por el ser humano [IPCC,2013]. El Panel
Intergubernamental sobre Cambio Climatico (IPCC) que celebré del 13 al 16 de marzo de 2018
en Paris sus 30 afios [IPCC] de reconocida investigacion cientifica, sigue reafirmando en sus
informes que la actividad acelerada e incontrolada del hombre incide en la aceleracion del
calentamiento del planeta. Asumiendo esa responsabilidad o conciencia social respecto a las
causas antrdpicas, numerosos paises han introducido medidas politicas que inciden en la
regulacion de la produccion y consumo energético en las actividades econdmicas. Asi, la
eficiencia energética se ha convertido es un aspecto esencial de la estrategia europea para un
crecimiento sostenible para los horizontes 2020, 2030 y 2050 y una de las formas mas rentables
para reforzar la seguridad del abastecimiento energético y reducir las emisiones de gases de
efecto invernadero (GEI) y de otras sustancias contaminantes. La aplicacion de medidas de
eficiencia energética, asi como la integracion de los sistemas de energia renovable (EERR), son
tareas complicadas en el camino para conseguir el edificio energia cero (ZEB) [Attia, Mlecniki
et al, 2011] o casi cero (nZEB) [Crawley, Pless et al, 2009]. Teniendo en cuenta que el 40 %
del consumo total de energia y el 36% de las emisiones de gases de efecto invernadero en la
Union Europea (EU) corresponden a los edificios [EU, 2.010] y que el sector de la edificacion
se encuentra en fase de expansion, lo que hard aumentar el consumo de energia, la EU se ha
puesto una meta de la reduccion de las emisiones de CO- al 20% para el afio 2.020 respecto a
las de 1.990, y que el 20% del consumo total de energia provenga de las EERR Ademas, ya se
han establecido nuevos objetivos para futuras etapas [EU, 2017], fijando para el 2.030 una
reduccion del 40% de las emisiones respecto las de 1.990, el 27% de EERR, aumento de la
eficiencia energética en un 27-30% y un 15% de interconexion eléctrica, es decir, que la

electricidad generada en la EU debe poder transportarse a otros estados miembro. Para el afio
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2.050 la EU determina un 80-95% de reduccion de las emisiones de gases de efecto invernadero

respecto a los niveles de 1990.

Segun los datos actualizados de Eurostat [EU Eurostat, 2.017] sobre los paises de la EU que se
muestran en la Tabla 1.1, se comprueba como ain no se han alcanzado estos objetivos, siendo
el sector del transporte el que mas lejos esta de conseguirlo. La electricidad lo ha superado y el
sector de generacion de calor y refrigeracion esta también cerca de lograrlo, siempre que se
actue de forma apremiante, tanto en edificios de nueva construccion, como en las reformas de

los ya existentes.

ZONA TIPO 2.007 2.008 2009 2010 2011 2012 2.013 2.014 2015 2.016

Energia Total 10,5% 11,1% 124% 12,9% 13,2% 14,4% 152% 16,1% 16,7% 17,0%
Transporte  3,1% 39% 46% 52% 39% 56% 59% 65% 6,6% 7,1%

o Electricidad  16,1% 17,0% 19,0% 19,7% 217% 235% 254% 27.4% 28,8% | 29,6%
Calory 15906 133% 149% 150% 156% 164% 17,0% 181% 187% 19,1%
refrigeracion
Energia Total 9,7% 10,8% 13,0% 138% 13,2% 143% 153% 16,1% 162% 17,3%
5 Transporte  1,4% 22% 37% 50% 06% 07% 08% 08% 12% 53%
; Electricidad  21,7% 23,7% 27,8% 29,8% 31,6% 335% 36,7% 37,8% 37,0% | 36,6%
w Calory

0 0 0 0 0 0 0 0 0 0
refrigeracion 11,3% 11,7% 13,3% 12,6% 13,6% 141% 14,1% 157% 16,8% 16,8%

Tabla 1.1. Valores porcentuales de utilizacion de EERR segun tipo utilizacion. Fuente: Eurostat

A nivel mundial, alrededor de dos tercios de las emisiones globales de carbono provienen del
consumo de energia, y en estudios llevados a cabo por las naciones unidas (UN) [UN, 2013],
junto con la Organizacion Mundial del Turismo (OMT) y el IPCC [OMT-IPCC, 2.011], se ha
realizado un célculo estimativo de la emisiones mundiales de la industria del turismo para el
afio 2.007, contribuyendo el sector del turismo en un 5% a las emisiones mundiales de COx,
siendo el 21% de estas emisiones provenientes del sector de los alojamientos [Gossling, 2005],
lo que significa que més del 1% de las emisiones mundiales vienen del alojamiento del turismo,
por todo ello, los edificios junto con las instalaciones hoteleras que operan en areas geograficas
de gran concentracién turistica y uso intensivo estacional, suponen un importante reto para la

sostenibilidad de los destino.

En la siguiente Tabla 1.2 se puede observar la distribucion de las emisiones en el sector del
turismo, siendo el transporte el principal causante de estas emisiones, con un 75% de las

mismas. Estos valores de emisiones se prevé que aumenten hasta unos valores de 3.164 MTq

]
FRANCISCO JAVIER DIAZ PEREZ 16



1. INTRODUCCION

CO; parael afio 2.035, segun las previsiones del World Economic Forum (WEF) [WEF, 2.009],

por lo cual es necesario actuar de forma urgente sobre las fuentes de las mismas.

TIPO Millones Tq CO2 % Incertidumbre

Transporte aéreo 515 40% +-10%
Transporte por carretera 420 32% +-25%
Otros transportes 45 3% +-25%
Alojamiento 274 21% +-25%
Otras actividades 48 4% +-100%
Total, turismo 1.302 +-25%

Total, Mundial 26.400

% Turismo sobre el mundial 5%

Tabla 1.2. Distribucion emisiones de CO, de la industria del turismo mundial, afio 2.007. Fuente:
OMT-IPCC.

Actualmente se han empezado a realizar los primeros proyectos con éxito en edificios hoteleros
para convertirlos en ZEB y nZEB, existiendo ya varios ejemplos realizados por todo el mundo,
como el edificio Zero Carbon Building de Hong Kong [ZCB], el hotel Stadthalle of Vienna
[Stadthalle], o en los 16 hoteles del proyecto de la EU Nearly Zero-Energy Hotels (neZEH)
[neZEH] que estudio la viabilidad de renovacion de los hoteles existentes para convertilos en
ZEB 0 nZEB, proyecto en el cual se consiguié una disminucion promedio del 63% de los
consumos energéticos y un aumento en la utilizacion de las EERR hasta el 46% [Tsoutsos, et
al, 2016], [Tsoutsos, et al, 2017]. Estos casos de éxito ayudan a tener un referente para la
introduccién de la eficiencia energética y la sostenibilidad en el sector hotelero. La construccion
y reforma de hoteles, incorporando parametros de sostenibilidad al amparo de normativas y
certificaciones, esta siendo un objetivo estratégico, no sélo por el ahorro de costes y reduccion
del impacto medioambiental asociado a la actividad, sino también para atender la demanda
actual de los clientes que buscan alojamientos comprometidos con el medio ambiente y la
sostenibilidad del destino.

Los estudios sobre la posibilidad de conseguir que edificios actuales pasen a ser considerado
como ZEB o nZEB son diversos y también se han realizado en varios continentes, los cuales
nuevamente han demostrado la posibilidad de alcanzar esta meta energética mediante la
reestructuracion de las instalaciones, aumento de la eficiencia energeética y la autogeneracion
mediante EERR. El estudio de 2015 realizado por Ali AlAjmi, Hosny Abou y Adel Ghonemein
[AIAjmi et al, 2.016] demuestra la posibilidad de convertir un edificio publico en Kuwait
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mediante el modelizado de tres escenarios diferentes, en un ZEB con la comparacion de las
diferentes tecnologias, su viabilidad econdémica y las mejoras medioambientales conseguidas.
El estudio de 2016 de Ajla Aksamija [Aksamija, 2.016] explora la posibilidad de alcanzar los
objetivos de energia cero en la adaptacion de un edificio comercial existente en Massachusetts
(EEUU), mediante la maximizacion del ahorro energético, la simulacion de mdaltiples factores,
la mejora de la envolvente y la aplicacion tambiéen de EERR, principalmente la solar, para el
suministro energetico. Las investigaciones para el cambio de viviendas unifamiliares a ZEB
han sido realizados por varios autores, como Maurizio Cellura, Francesco Guarino, Sonia
Longo y Marina Mistreno [Cellura et al, 2.015]en Italia en 2014, o por Stephen Berry, David
Whaley, Wasim Saman y Kathryn Davidson [Berry et al, 2014] en Australia en 2014. En ambos
estudios se adecuan las viviendas mediante la reduccion de las necesidades energéticas con la
mejora de la envolvente de los edificios, el uso eficiente de la iluminacion natural y la
modelizacion de las necesidades energéticas a cubrir por las EERR. En estos casos se
comprueba la viabilidad de los sistemas y la posibilidad de conseguir los nZEB en viviendas de

climas templados o célidos.

La EU ha dado mucha importancia a la eficiencia energética mediante la publicacion de varias
directivas sobre la misma, como la directiva 2010/31/EU [EU, 2.010] sobre eficiencia
energética en edificios, la cual ha generado varios estudios como los de A. Garcia Hooghuis y
F.J. Neila [Garcia-Hooghuis y Neila, 2.013] sobre su aplicacion en los estados miembros o los
de M. Kraus, and D. Kube¢kova [Kraus y Kubeckovd, 2013] su aplicacion en edificios actuales.
Dicha directiva ha sido transpuesta parcialmente por el Real Decreto (RD) 235/2013 [Gobierno
de Espafia, Ministerio de la presidencia, 2.013] de certificacion energética en edificios y
modificada recientemente por el RD 564/2017 [Gobierno de Espafia, Ministerio de la
presidencia, 2.017]. Posteriormente, la directiva 2012/27/EU [EU, 2.012] relativa a la
eficiencia energética, fue transpuesta a la normativa espafiola en el RD 56/2016 [Gobierno de
Espafia, Ministerio de industria, Energia y Turismo, 2016], donde se pone de manifiesto la
importancia de fomentar la eficiencia energética de los edificios actuales y futuros, marcandose
plazos para conseguir los ZEB y nZEB en las nuevas construcciones, siendo las fechas limites
para empezar su aplicacion este afio 2.018 en las administraciones publicas y para el afio 2.020
el resto de edificios. La obligacién de aplicacion de la directiva en los diferentes paises de la
EU ha sido estudiada por Orsolya Banyai, Laszl6 Fodor [Banya y Fodor, 2014] y mas
especificamente centrandose en Lituania, por parte de A. Zigurs y U. Sarma [Zigurs y Sarma,
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2015]. También en los congresos nearly Zero Energy Hotels que tuvo lugar en 2015 en Niza,
Francia [neZEB, 2015], y la del siguiente afio en Madrid en 2016 [neZEB, 2016] ofrecieron a
los participantes la oportunidad de obtener nuevas perspectivas sobre las posibilidades de
innovacion energética en el sector turistico, conocer los proyectos en macha, aprender sobre las
herramientas y mecanismos usados en los edificios piloto y convertirse en un punto de
encuentro entre los actores clave involucrados en temas relacionados con el turismo y los

edificios sostenible.

Las empresas turisticas también han empezado a incluir la sostenibilidad medioambiental de
los establecimientos dentro de la responsabilidad social corporativa (CSR), cuyas actividades
medioambientales ya corresponden al 39% de las actividades realizadas por dichos
establecimientos, los cuales se han centrado en seis facetas principalmente [OMT, 2017]:

1. Lareducir la polucion ambiental,

2. Las certificaciones medioambientales,

3. Lareduccién de consumos energéticos,
4. Elaumento de la eficiencia energética,
5.  Laformacion del personal y

6. La adhesion a los acuerdos de turismo sostenible creados por diferentes instituciones y

asociaciones internacionales

Teniendo en cuenta las necesidades de disminucién de los consumos energéticos en los
edificios, y que segun datos del 2° plan de accién de eficiencia energética 2.011-2.020 del
Instituto para la Diversificacion y Ahorro de la Energia (IDAE) [IDAE, 2011] el consumo de
los edificios en el 2.020 habra aumentado un 2% respecto del 2.010, y donde se prevé un ahorro
debido principalmente a la aplicacion de las medidas presentadas en los edificios actuales, de
2.866,96 Ktep respecto del afio 2.007. Teniendo en cuenta que el consumo de los edificios del
sector servicios representan el 8,6% del consumo de energia primaria total de Espafia y dentro
de estos consumos totales, los edificios de este sector destinados a restaurantes y alojamientos
representan el 9% del consumo total, siendo éste el sector que mas utiliza la electricidad con un
68,2% del consumo total de este tipo de energia. Debido a la importancia de estos datos y
consumos caracteristicos, es imprescindible que las medidas de ahorro se implanten en estos

edificios.
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En la siguiente Tabla 1.3 se muestran los consumos totales de energia de las diferentes ramas

del sector servicios, asi como la distribucion del consumo de energia primaria segun usos finales

de la misma, en térmicos o electricidad.

Ramas Sector EERR Energia Total Consumo Total segtn Usos
i%rov;c'golsé Total ktep s(?b?ee?&\gl Total ktep %tgfakire Telztrg:Jcos Eleli:ttgrl)cos % Electric.
Comercio 472 0,1% 4.077 40,6% 1.619 2.458 60,3%

Oficinas 42,7 1,5% 2.781 27,7% 934 1.846 66,4%

Otros Servicios 71,24 6,5% 1.098 10,9% 431 667 60,7%
Hospitales 5,9 0,6% 929 9,3% 453 476 51,2%

'?:ftf"“ L7 19,8 2,2% 907 9,0% 288 618 68,2%

ojamientos
Educacion 5,7 2,4% 241 2,4% 115 126 52,4%
Consumo total 153 1,5% 10.036 100,0% 3.841 6.192 61,7%

Tabla 1.3. Distribucion de los consumos energéticos en el sector servicios del afio 2015. Fuente: IDAE.
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1.1.2. El turismo v la sostenibilidad

En las ultimas décadas el turismo no ha dejado de aumentar, incrementando su importancia
mundial, siendo el protagonista de las mayores subidas de sectores econémicos a nivel mundial
[OMT, 2016]. Esta dindmica, ha convertido al turismo en un motor clave del progreso
socioecondmico de los paises receptores del mismo, el cual afecta positivamente al empleo
directo e indirecto, la demanda de bienes y servicios, y la balanza de pagos por medio del gasto
turistico, lo cual implica un aumento de recaudacion por parte de los estados y un mayor nivel
de actividad econémica [Vega Altamira y Mufioz Vivas, 2007]. EI balance del turismo
internacional (tanto ingresos en destino como transporte de pasajeros) representa el 30% de las
exportaciones de servicios, pasando la cuota del turismo en las exportaciones totales de bienes
y servicios del 6% al 7% en 2.015, manteniéndose como el cuarto afio consecutivo en que el
crecimiento del turismo internacional supera al del comercio mundial de mercancias [OMT,
2016]. La expansion general del turismo ha sido beneficiosa, en términos econdémicos y de
empleo, para muchos sectores relacionados, lo cual produce un efecto multiplicador en la
economia de los paises receptores de turistas, siendo un pilar importante en la creaciéon de

empleo y mejora la economia local [UN, 2013].

A nivel mundial, la economia del turismo representaba ya el 9% del PIB mundial en el 2014,
con unos ingresos superiores a los 1.400 miles de millones de délares [OMT, 2015]. En los
ultimos 20 afios los ingresos del turismo han aumentado una media del 6,04% anual, y con un
aumento total del 195% de los ingresos, respecto del afio 1995 [The World Bank, 2016]. Junto
con el aumento de ingresos, también han aumentado la llegada de turistas internacionales a
nivel mundial, con un incremento mas moderado en estos 20 afios de 4,16% de media. Se puede
comprobar, por medio de una regresion, que los datos de gastos de turismo y llegadas de turistas
mundial de los ultimos 20 afios presenta una tendencia exponencial en ambos casos, como se
puede observar en la Figura 1.1. Se comprueba como el aumento de turistas también ha ido
acompariado de un aumento del gasto, pero teniendo éste un mayor crecimiento en estos afios,
lo que implica, que los turistas con el paso del tiempo han incrementado su gasto medio en los
destinos, siendo éste cuantificado en un 37% superior en estos ultimos 20 afios. Esto también
se puede comprobar, mediante el nivel de empleo mundial, donde el sector servicios representa

actualmente ya el 51% de la mano de obra mundial, y dentro de ésta, el turismo genera el 17,6%
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de los empleos de forma directa e indirecta debidos a la actividad turistica en los destinos [OMT,
2016].

Turismo mundial 1995-2015
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Figura 1.1. Turismo mundial: gastos y turistas 1995-2015. Fuente: OMT y The World Bank.

Este crecimiento sostenido durante estos afios de ingresos Yy turistas estd generando que el
turismo tenga una mayor importancia en el PIB de los paises receptores, como puede ser el caso
de Espafia, que en el afio 2.017 represento el 11,5% del PIB total del pais y el 13% del empleo
[Exceltur, 2018]. Se ha de tener en cuenta que en las proyecciones de la OMT presentadas en
la asamblea general del 11 de octubre de 2.011, se mostraban las estimaciones turisticas hasta
el afio 2.030, con unos valores pronosticados para ese afio de 1.800 millones de turistas [OMT,
2011], casi que duplicando los valores del 2.010, y con una tasa constante de crecimiento anual
del 3,3%, el cual no sera igual en todas las zonas geograficas, correspondiendo el mayor
crecimiento a los paises emergentes, con un 4,4% anual, los cuales duplicaran el crecimiento
de las economias avanzadas que tan solo se estima crezcan un 2,2% anual. Europa seguira
siendo el destino preferido de los visitantes, pero pasara del 51% actual al 41% de turistas
mundiales en el 2.030. Las zonas turisticas tradicionales de Europa y Ameérica concentran el
mayor numero de plazas hoteleras con tres cuartas partes del total, sin embargo, sus tasas de
crecimiento son menores que las correspondientes a otras zonas turisticas emergentes, como
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Asia Oriental y el Pacifico, lo que demuestra un desplazamiento de los flujos turisticos futuros
hacia regiones menos tradicionales. La capacidad hotelera mundial se ha estimado en 16
millones de camas en el afio 2.000, se pronosticado que ha aumentado un 65% a nivel global
en el afio 2.016, teniendo la mayor proporcion de camas en términos absolutos Europa, con un
40%, seguida por América con un 32%, repartiéndose el resto entre los otros continentes [OMT,

2001]. En la Figura 1.2 se observan las tendencias del turismo por zonas, hasta el afio 2.030.
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Figura 1.2. Tendencias y proyecciones del turismo 1950-2030. Fuente: OMT

Es muy importante tener en cuenta que el aumento del turismo ha de ir acorde con la
sostenibilidad de los destinos, principalmente en los que tienen alto valor ecoldgico, con un uso
responsable y eficiente de la energia y el agua, siendo primordial mantener la biodiversidad de
los mismos [OMT, 2010], [United Nations Environment Programme (UNEP), 2011]. Se han
de considerar las perspectivas futuras del cambio climatico esperado, con aumento de las
temperaturas y disminucion de las precipitaciones, por lo cual, las necesidades energéticas e
hidricas de la industria turistica, se incrementaran de forma considerable en los diferentes
destinos [OMT-IPCC, 2011]. El binomio agua / energia seguira aumentando, debido a las

necesidades de desalacion de agua para el consumo humano, al irse agotando los acuiferos

]
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actuales por la sobreexplotacion y falta de recarga de los mismos, debido principalmente a la
disminucion de las lluvias [Bates, Kundzewicz et al, 2008]. Teniendo en cuenta los diferentes
informes de la OMT [OMT, 2011] sobre la proyeccidon del turismo de cara al 2030, los informes
de la Organizacion Internacional del Trabajo (OIT) [OIT, 2010] sobre los cambios que van a
afectar a los trabajadores debidos al aumento del turismo en las proximas décadas, los informes
de la Agencia Internacional de la Energia (IEA) [IEA, 2014], también los informes de la EU
[EU, 2003] sobre los consumos energéticos y su evolucion estimada en el mundo y en Europa,
asi como los informes del IPCC [IPCC, 2015] sobre la proyeccion de cambio climético segun
las diferentes escenarios de emision esperada para el siglo actual, se pone de manifiesto con
todos estos informes, datos y previsiones, las necesidades urgentes de adaptacion de la industria
turistica a los cambios que se van a dar en las proximas décadas, obteniendo una vision global
de los futuros problemas para poder , de por donde han de evolucionar los destinos turisticos y

los complejos hoteleros, para poder adaptarse a estas transformaciones futuras.

Los territorios insulares, debido a su dependencia externa y lejania, suelen ser mas vulnerables
para el turismo, como es el del archipiélago de las islas Canarias, donde el sector turistico es su
principal motor de la economia, representando en el afio 2016 el 34,3% del PIB y generando el
39,7% del empleo en las islas [Exceltur, 2017], y motivo principal también, de su movilidad
laboral [Leon Santana y Godenau, 2015]. En estos destinos, se siguen con los mismos patrones
de expansion basados en grandes complejos turisticos de 4 y 5 estrellas, y segun datos del
Instituto canario de estadistica (ISTAC), estos complejos representan el 44,2% de los
establecimientos hoteleros abiertos y el 66,9% de las plazas de alojamiento ofertadas en las
islas [ISTAC, 2016]. En la siguiente Figura 1.3 se pueden observar el numero de
pernoctaciones del afio 2.015, donde se comprueba que los hoteles de 4 y 5 estrellas se llevan
cerca del 70% de todas las pernoctaciones anuales, y si a estas se afiaden los establecimientos
de 3 estrellas, entonces ya representa cerca del 95% de las estancias totales, por lo cual se ve
prioritario centrarse en este tipo de establecimientos, que son donde se concentran casi todas
las estancias de alojamiento de las islas. La falta de inversion en EERR, tanto por parte de los
complejos hoteleros como por las empresas generadoras y suministradoras de energia eléctrica,
han producido que las emisiones de GEI debidas al consumo eléctrico en Canarias, sean muy

superiores a las de Espafia peninsular.
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Pernoctaciones por categoria en las islas Canarias - 2.015
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Figura 1.3. Pernoctaciones por categorias en las Islas Canarias del afio 2015. Fuente: ISTAC.

Pernoctaciones

Comprobada la importancia a nivel mundial del turismo , asi como de los ingresos econémicos
generados para los paises receptores del mismo, es necesario centrase en una zona de alto valor
ecologico cuya sostenibilidad es muy importante y complicada, como es el destino de las Islas
Canarias, donde segun datos del Sistema de informacion medioambiental de Canarias (SIMAC)
el 63% de la superficie terrestre esta declarado reserva de la biosfera por la Organizacion de las
Naciones Unidas para la Educacion, la Ciencia y la Cultura (UNESCO) [SIMAC, 2016]. Este
archipiélago se considera un espacio que posee un valor singular, tanto a nivel ecolégico como
en capacidad de implementacion de modelos de desarrollo compatibles con su conservacion, lo
cual hace necesario un estudio del impacto del turismo en las islas para contribuir en las
actuaciones tecnoldgicas y estrategias politicas que ayuden a reducir los consumos y mitiguen
las emisiones generadas. Como se puede comprobar en la siguiente Tabla 1.4, las islas menores
tienen el 100% de su superficie protegida, y son sobre las cuales la sostenibilidad del destino
cobra mucha importancia, siendo las islas orientales mas aridas de Lanzarote y Fuerteventura
donde se han de centrar los estudios, ya que son las mas dependientes externamente, tanto de

la energia como del agua, la cual es necesario producirla industrialmente mediante desalacion.
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IsLAs e tegida ki deciaragion__ % Protegido
Lanzarote 846 846 1.993 100%
Fuerteventura 1.657 1.657 2.008 100%
Gran Canarias 1.560 656 2.005 42%
Tenerife 2.034 155 2.015 8%
La Gomera 372 372 2.012 100%
La Palma 708 708 1.983 100%
El Hierro 287 287 2.000 100%
Total Canarias 7.464 4.681 63%

Table 1.4. Distribucion de superficies terrestre declarada Reserva de la Biosfera. Fuente: SIMAC.

]
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1.1.3. Los edificios turisticos de alojamiento

Centrandose en los edificios del sector servicios destinados a establecimientos de alojamiento,
en Espafia se encuentra que el nimero total de los mismos varia debido a los cierres por
temporada, como se puede comprobar para los datos del 2.015 del Instituto Nacional de
Estadistica (INE), donde en el mes de agosto habia 16.836 hoteles abiertos que ofrecen
1.773.799 plazas hoteleras, valores que van variando durante los diferentes meses del afio, con
unos valores extremos de hasta en un -25% en los meses de invierno, por lo cual se ha
considerado un promedio de 15.000 establecimientos abiertos y 1.440.000 plazas de

alojamiento ofertadas [INE] para todo el afio.

En el destino estudiado de las islas Canarias, se contaba en el afio 2.015, con 626 hoteles que
ofertan més de 244.000 plazas hoteleras, y con un nimero de visitantes anuales cercano a los
13.000.000 de turistas, los cuales producen mas de 100.000.000 de pernoctaciones en los
establecimientos turisticos de las islas [ISTAC, 2016], siendo estos valores muy estables a lo
largo del afio, sin grandes cambios por temporada como los hoteles y apartamentos
peninsulares. Canarias también se diferencia del resto de Espafia en la baja variacion de las
plazas hoteleras, existiendo tan solo una diferencia de +0,5% de plazas y habitaciones durante
todo el afio, ya que es un destino que esta operativo todo el afio y de baja estacionalidad. En la
Tabla 1.5 se puede comprobar la distribucion de los establecimientos de alojamiento por
categoria, donde se puede observar que las categorias superiores de 3, 4 y 5 estrellas, abarcan

el 69,3% de los edificios y un total del 93,2% de las plazas turisticas ofertadas.

CATEGORIAS Hoteles % Sobre total Plazas % Sobre total

1 estrella 115 18,4% 4551 1,9%

2 estrellas 77 12,3% 11.984 4,9%

3 estrellas 157 25,1% 64.294 26,3%

4 estrellas 233 37,2% 137.618 56,2%

5 estrellas 44 7,0% 26.210 10,7%
TOTAL 626 244.657

Tabla 1.5. Distribucidn de hoteles y plazas por categorias. Fuente: ISTAC.

Hay que tener en cuenta, que los consumos energéticos de la industria turistica del sector
alojamiento en Canarias, representan ya el 15% del consumo eléctrico anual [Gobierno de

Canarias, Consejeria de Economia, Industria, Comercio y Conocimiento, 2016], y el 11% del
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consumo de agua [Delgado Diaz, Gonzalez Cabrera et. al, 2011], respecto del total de las islas,
valores variables segin las mismas. Considerando la importancia del turismo en Canarias, es
imprescindible la busqueda de modelos de consumos energéticos y de agua, sostenibles y
eficaces para poder aplicar estrategias de eficiencia energética en los establecimientos
hoteleros. Conseguir que los edificios hoteleros existentes, hagan una reconversion energética
para ser clasificados como ZEB o nZEB puede ser muy dificil y no siempre es posible o viable,
debido a las necesidades de renovaciones y reformas extremadamente costosas. No obstante,
ante las directivas legales promulgadas en favor de la sostenibilidad y la eficiencia de la energia,
se hace necesario investigar las metodologias que optimicen los procedimientos que se han de
aplicar a los edificios existentes, de forma que se maximice el cumplimiento de los criterios de
sostenibilidad y se logre una calificacion, lo mas proxima posible, al edificio de balance

energético cero ZEB o casi cero nZEB.

Para poder realizar un estudio de mejoras energéticas en los edificios hoteleros actuales, es
necesario conocer los consumos de éstos y la distribucion de los mismos, para saber donde se
pueden y deben hacer las mejoras y modificaciones de los equipos o sistemas. Los consumos
varian segun las zona geogréficas, instalaciones y categorias de los establecimientos, como se
puede comprobar por los estudios ya realizados en varios paises, como ejemplos, en los hoteles
del Caribe donde el 48% de la energia eléctrica se consume en el aire acondicionado (AA)
[Monzon-Alejandro y Colmenar-Santos, 2016], en Hong Kong donde el AA representa el 45%
del consumo eléctrico [Shiming y Burnett, 2002], en los hoteles de las Islas Baleares donde el
consumo de energia total se divide en un 22% para el agua caliente sanitaria (ACS), el 14%
para el AA y el 21% para la calefaccion [Moia-Pol, Karagiorgas et al, 2006]. En los hoteles
de Estados Unidos los consumos se dividen, de forma general, con la climatizacién con el 31%
el AA con el 15%, el ACS con el 17% vy el resto, para otros usos [HES, 2011], en Gran Bretafia
la distribucion tipica es del 47% en calefaccion y el 20% en ACS [The Carbon Trust, 2015],
en Grecia la distribucion tipica es del 35% en calefaccion, el 15% en AA y el 22% en ACS
[Karagiorga et al, 2007]. También las asociaciones turisticas junto con varias universidades
han realizado diferentes estudios para proporcionar puntos de referencia de consumos
energéticos, agua y huella del carbono a nivel mundial, teniendo en cuenta la diferenciacion por

categorias y tipos de establecimientos y su zona geografica [Chong y Ricaurte, 2015].
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1.1.4. Laenergia en Canarias

Canarias tiene una gran dependencia energética exterior, muy superior a la media de Espafia,
teniendo tan solo una produccion energética propia que representa el 1,5% de la energia
primaria del archipiélago, en el afio 2.015, siendo dicha cifra la aportada conjuntamente de
todas las energias renovables instaladas: eodlica, fotovoltaica, soltar térmica, hidro edlica,
minihidraulica y biogas de vertedero [Gobierno de Canarias, Consejeria de Economia,
Industria, Comercio y Conocimiento, 2016], mientras que en el conjunto de Espafia el valor se
elevaba al 6% para ese el mismo afio [Gobierno de Espafia, Ministerio de industria, energia y
turismo, 2016].

Centrandose en la energia eléctrica de Canarias, y segun los datos de infraestructuras
proporcionados por Red Eléctrica de Espafia (REE), se observa como el sistema de generacion
y distribucion eléctrico canario tiene la singularidad de que son seis subsistemas eléctricos
aislados y de pequefio tamafio [REE], uno por isla, menos Fuerteventura y Lanzarote que estan
unidos por un cable submarino, creando esta circunstancia un problema en la calidad del
servicio, ya que es mas complicado conseguir una estabilidad y seguridad en estos micro
sistemas que en los grandes macro sistemas de generacion, como son los peninsulares, donde
las variaciones de consumos o de generacion de EERR son mas facilmente asumibles. Debido
a la division en estas zonas del sistema eléctrico canario, la conexion de los equipos de
generacion de EERR se hace mas complicado por la dificultad de la gestion de los mismos. El
modelo energético actual canario, tiene como una de sus principales necesidades para poder
conseguir un sistema sostenible, la ampliacion de los equipos de generacion por EERR, tanto
mediante autogeneracién como por sistemas conectados a la red, ya que los valores de
generacion por EERR estan muy por debajo de los obtenidos en Espafia peninsular, donde este
tipo de generacion ha pasado de un 19,4% en 2.006 al 40,5% en el 2.016, mientras que en
Canarias, su valor se ha mantenido casi sin cambios, pasando del 6,2% de 2.006 al 8% de 2016
[REE, 2017]. Como se puede observar en la Figura 1.4, de la estructura de generacion de
energia eléctrica entre los afios 2.006 al 2.016, las EERR han tenido una tendencia alcista

durante estos afios, principalmente en el sistema peninsular [REE, 2017].
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Figura 1.4. Porcentaje de generacion de EERR sobre el total en Peninsula y Canarias. Fuente: Red
Eléctrica Espafiola (REE).

Este aumento de la generacion mediante EERR, en la peninsula principalmente, ha sido debido,
entre otros motivos, al incremento de las instalaciones generadoras basadas en la energia edlica
y en la energia solar fotovoltaica, siendo estas Gltimas las que mas aumentaron entre los afios
2.006 al 2.011 [REE, 2017], pasado de 125MW en el 2.006 a 4.560MW en el 2.012, debido
principalmente a las ayudas y los incentivos a la produccion de electricidad mediante EERR.
Este aumento continuado de instalaciones y la imposibilidad de sostenibilidad del sistema de
incentivos, obligo a los distintos gobiernos a ir recortando estas ayudas a la produccion,
comenzando este declive econdémico de incentivos en el afio 2.010 [Gobierno de Espafia,
Jefatura del estado, 2010] y terminando con la suspension definitiva de estas ayudas e
incentivos a la produccién en el afio 2.012 [Gobierno de Espafia, Jefatura del estado, 2012].
Esto significd una paralizacion de las nuevas instalaciones a partir de ese afio, como se puede
comprobar graficamente en la Figura 1.5 sobre la evolucion de la instalacion de potencia
fotovoltaica a nivel nacional, donde se observa como a partir del afio 2.012 la potencia
fotovoltaica instalada se mantiene constante sin un aumento apreciable de la misma. Debido a
esta suspension de las retribuciones a las EERR, en la actualidad las instalaciones con conexion
a red ya no tienen una rentabilidad comparable a los afios previos al 2.012, aun que, debido a
su duracion prevista de las instalaciones y equipos de 25 afios, no ha dejado de ser una mala
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inversion, pero con una rentabilidad muy baja, y teniendo en cuenta que se mantenga la

seguridad juridica en su regulacion [Guaita-Pradas y Mari Soucase, 2014].
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Figura 1.5. Potencia fotovoltaica instalada en Espafia 2006-2016. Fuente: REE.

Teniendo en cuenta esta desaparicion de incentivos y falta de subvenciones, las aplicaciones de
autoconsumo Y la integracién de placas fotovoltaicas en edificios (BIPV), se han convertido en
un modelo interesante para su instalacion e integracion en edificios actuales [Matallanas,
Castillo-Cagigal et al, 2011], que junto con otras EERR, se pueden realizar modelos de
generacion mixtos, como se ha comprobado en varias instalaciones [Gallo, Téllez Molina et al.
2014], [Badwawi, Abusara et al, 2015], [Kim, Kim et al, 2015] para cubrir las diferentes
demandas de energia de los edificios, con el fin de conseguir edificios ZEB o nZEB. Por parte
de la IEA, se ha realizado un estudio sobre el autoconsumo mediante energia solar fotovoltaica,
comparando e informando sobre las politicas de los diferentes paises respecto de la viabilidad

y legislacion sobre el autoconsumo [Masson, Ignacio Briano et al, 2016].

Esparfia es el cuarto pais de la EU, con mayor irradiacion media anual para su utilizacion en
generacion de EERR [Suri, Huld et al, 2007], 1o cual lo sitda en un puesto de cabeza para poder
conseguir altos rendimientos en las instalaciones solares fotovoltaicas o térmicas, siendo
cualquier instalacion de autoconsumo mucho mas eficaces en Esparia que en la mayor parte de

los paises de la EU. Las islas Canarias tienen una posicion geogréafica privilegiada para la
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aplicacion de estas tecnologias basadas en la energia solar, debido a su mayor irradiacion media

anual que el resto de las comunidades peninsulares [Aemet, 2012].

La utilizacion de las EERR, como se ha comprobado anteriormente, sobre todo en la peninsula,
ha conseguido disminuir los factores de emisiones de la electricidad peninsular, mientras que
en Canarias se ha quedado en unos valores que son un 262% superior que los peninsulares,
como se puede comprobar graficamente en la Figura 1.6 donde se muestran la evolucion de los
factores de emision de la electricidad entre los afios 2.006 a 2.016.

09 Emisiones de la electricidad
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Figura 1.6. Emisiones en kg CO./kWh de la electricidad 2.006-2.016. Fuente: REE.

Un dato importante para poder evaluar los gastos energéticos de los edificios hoteleros, son los
diferentes coeficientes de consumos totales de energia, los cuales se pueden realizar teniendo
en cuenta la superficie construida y calcular los kWh/m?_afio o teniendo en cuenta la ocupacion
media de los establecimientos, donde se puede obtener los coeficientes de
kWh/habitacion_ocupada_dia (kWh/h) o kWh/pernoctacion_cliente_dia (kwWh/p).

Son varios los estudios que se han realizado para obtener estos datos de coeficientes de
consumos, siendo muy utilizados por las empresas turisticas los referidos a la ocupacion de
clientes, donde se ha podido comprobar que los datos muestran una gran variacion dependiendo
de la zona geografica y las categorias de los establecimientos. Ejemplos de estos estudios son
los realizados sobre varios hoteles de Grecia [Karagiorgas, Tsoutsos et al, 2007] obteniendo
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valores promedio de 68,15 kWh/p en los hoteles de categoria superior y de 17,59 kWh/p en los
de inferior categoria, 0 en 200 hoteles de Taiwan [Chun Wang, 2012] donde los consumos
también se comprobaron que dependen de la categoria del hotel, con valores promedio por
habitacion ocupada entre los 26,7 kWh/h a los 9,4 kWh/h, siendo el 84% de la energia
consumida, energia eléctrica. Otros estudios han calculado la intensidad energética en KWh/m?
segun la superficie construida de los hoteles [Priyadarsini, Xuchao et al, 2009], [ Yao, Zhuang
et al 2015] sin tener en cuenta la ocupacion de los mismos.

Las emisiones debidas al consumo energético del turismo han sido estudiadas en varios temas,
siendo el del alojamiento de turistas el mas variable. La gran variedad en las emisiones en los
destinos es debido principalmente a los diferentes coeficientes de emision de los combustibles
utilizados y de la generacién eléctrica que varia mucho segun tecnologias y zonas geogréficas,
asi como el debido a la eficiencia energética de las instalaciones. Estudios realizados en varias
zonas de la isla de Menorca [Sanyé-Mengual, Romanos, et al, 2014] dieron un resultado de
emisiones medias 14,6 kgCO./pernoctacion_dia (CO/p). Otros estudios de las emisiones de 58
hoteles de lujo de Taiwan [Huang, Chun Wang et al, 2015] arrojaron unos valores medios de
29 CO2/p, o los estudios de dos hoteles de Gran Bretafia [Filimonau, Dickinson et al 2011] se
obtuvieron unos valores para las emisiones de 11,65 CO./p a 8,25 CO./p. También se ha
realizado una estimacion promedio para las estancias mundiales en hoteles [Géssling, Peeters
et al 2005] calculando un promedio de 20,6 CO./p. Estos estudios han acercado mas la
probleméatica de emisiones del turismo, debido al alojamiento.

Teniendo en cuenta la necesidad de reducir las emisiones y la zona geografica privilegiada del
archipiélago de las islas Canarias respecto de la radiacion solar, este trabajo de investigacién se
centra también en la importancia y posibilidad de instalar sistemas de autoconsumo de placas
solares fotovoltaicas, ya que estad es una energia limpia y renovable, mediante modelos de
prondsticos de irradiacidn solar. Este tipo de instalaciones tienen la posibilidad de ser modulares
y aumentar la potencia de las plantas generadoras de forma sencilla, mediante un aumento de
superficies de generacion, asi como la posibilidad de su integracion arquitectonica en edificios
actuales, lo cual lo hace muy recomendable para su instalacion en edificios hoteleros en uso,
para ayudar a conseguir de esta forma que dichos edificios sean ZEB o nZEB, existiendo
multiples ejemplos de su aplicacién como BIPV [Yoon, Song et al, 2011], [World Map of 360
international known nZEB] y en otro tipo de instalaciones como en aeropuertos [Ruther y
Braun, 2009].
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También hay que tener en cuenta la posibilidad de utilizacion de sistemas basados en energia
eléctrica para el calentamiento del ACS de equipos que se puedan considerar como renovables
como se define en la Directiva 2009/28/CE [EU, 2009]. Estos equipos poder considerarse
como equipos basados en EERR han de tener un factor del rendimiento estacion (SPF) [EU,
2008] diferente segun el tipo de equipo, como puede ser las bombas de calor de accionamiento
eléctrico cuyo SPF ha de ser mayor de 2,5 para ser consideradas renovables [EU, 2013]. Estos
sistemas se han estudiado en varias instalaciones para su utilizacion en edificios ZEB [Aste,
Adhikari et al, 2017] o en viviendas [Aira, Fernandez-Seara et al, 2017], asi como modelos
mixtos de bombas de calor y placas solares fotovoltaicas para la alimentacion del sistema
[Aguilar, et al, 2016], [Toradmal, et al, 2018].

Teniendo en cuenta la posibilidad de realizar sistemas de autogeneracion eléctrica mediante
placas solares fotovoltaicas en zonas con alta irradiacion, como son las islas Canarias, es
necesario comprobar que los datos estimados de produccion calculados mediante las diferentes
bases de datos (DB) y generar un modelo correcto de irradiacion para la zona de instalacion de
los establecimientos hoteleros, cuyos prondsticos se ajusten lo maximo posible con los valores
finales reales obtenidos, ya que los diferentes valores de las DB pueden generar diferencias de
estimacion muy altas, como se pudo comprobar en los estudios de datos de irradiacion
calculadas por satélites [Vernaya, Pitavala et al, 2014], [Suri, Remund et al, 2008] o en la
comparacion DB obtenidas por web para Polonia [Mazurek, 2014], donde se puede evidenciar
la sobreestimacion de los inviernos y la subestimacion los veranos. También se puede calcular
la funcidn caracteristica de irradiacion caracteristicas de cada zona mediante céalculos
estadisticos con los valores obtenidos en mediciones de campo, como se han realizado para
varios paises, en Turquia [Bezir, Akkurt et al, 2010], Tibet [Li, Ma et al, 2011], en la India
[Katiyar y Kumar, 2010], en Arabia Saudi [El-Sebaii, Al-Hazmi et al, 2010] o en Argelia
[Chegaar y Chibani, 2001] entre otros, comprobandose la validez de sus calculos obtenidos en

verificaciones posteriores.
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1.1.5. El agua en Canarias

El agua es imprescindible para el desarrollo humano, siendo en el origen en las islas muy
variable, desde encontrarse en acuiferos naturales hasta tener que ser generada industrialmente
mediante desalacion de agua de mar principalmente. En el archipiélago de las islas Canarias,
debido a la diferencia de sus zonas climaticas y geograficas, el origen del agua para el consumo
humano varia entre las diferentes islas, pudiendo proceder de aguas superficiales, subterraneas
0 desaladoras de agua de mar o salobre. En la actualidad, mayoritariamente el origen del
abastecimiento es la desalacion de agua de mar o salobre, que segun datos del Instituto Canario
de Estadistica (ISTAC) se sitta en el afio 2014 en el 90,5% del total suministrada y facturada
para ese afio [ISTAC, 2017], siendo este porcentaje variable entre las diferentes islas del
archipiélago. En la Tabla 1.6 se puede comprobar la evolucion y tendencia actual del suministro
de agua mediante desaladoras, donde en estos ultimos 20 afios ha aumentado el agua total
suministrada en un 75,8%, mientras que el origen de la misma también se ha modificado y ha
pasado a depender principalmente de la desalacion, con un aumento de un 204,9% en este
tiempo. Para el resto de los suministros de riego o industrial, se utiliza principalmente el agua
subterranea y superficial, aunque también se est4 imponiendo la desalada para estos tipos de

suministro.

1.996 2.000 2.005 2.010 2.014

Origen Agua
g g Hm3 % Hm? % Hm3 % Hm? % Hm? %

Superficiales  3.716  4,7% 18.961 17,6% 17.881 13,7% 47.386 326% 5404 3,9%

Subterrdneas 33.984 43,1% 11.657 10,8% 40415 31,0% 8.652 5,9% 7.803  5,6%

Desalacion 41125 522% 76.835 715% 71941 552% 89.535 61,5% 125.386 90,5%
TOTAL 78.825 107.453 130.237 145.573 138.593

Tabla 1.6. Captacion de agua total suministrada y facturada en Canarias en Hm®. Fuente: ISTAC

En las Canarias ya se han empezado a sufrir los problemas de la sobreexplotacion de los
acuiferos subterraneos, que segun datos del Instituto Tecnologico de Canarias (ITC) obtenidos
del proyecto ISLHaGUA [Pefiate Suarez, Martel Rodriguez, et al, 2008] en los ultimos afios
han acusado una disminucion en las reservas naturales de dichos acuiferos subterraneos en un
36,4% en Gran Canarias y en un 35,3% en Tenerife, por lo cual, este tipo de suministros esta
también migrando hacia la desalacién mediante plantas desaladoras. Segun datos del 2.013

existen en funcionamiento en toda Canarias unas 319 desaladoras, de las cuales 126 son

]
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exclusivamente para el riego, con una produccion de 119.518 m®/dia y las restantes 193 plantas
son para suministro de agua de consumo o mixta (consumo + riego) con una produccion de
484.725 m3/dia [Hernandez Suarez, 2013].

La necesidad de generacion industrial de agua en las islas ha creado un binomio agua / energia
que es debido a que el suministro de agua depende principalmente de las desaladoras como se
ha expuesto, y éstas dependen del suministro energético a las mismas, principalmente la
electricidad. Teniendo en cuenta el aumento de la poblacién y del nimero de turistas, las
administraciones han dado mucha importancia al consumo de agua, y mediante los planes
hidrolégicos de las diferentes islas, se intenta ir ajustando las dotaciones estimadas de agua,
para que se puedan ir aproximando a los consumos reales de las mismas, para de esta forma

mantener un equilibrio entre: necesidades, bienestar y sostenibilidad.

En la Tabla 1.7 aparecen los ejemplos de las dotaciones medias de agua aprobadas para la isla
de Lanzarote [Gobierno de Canarias, decreto 362/2015, 2015] y la isla de Fuerteventura
[Gobierno de Canarias, decreto 45/2015, 2015], cuyos valores estan muy lejos de los
consumos reales de los establecimientos actuales. Teniendo en cuenta que esta investigacion se
centra principalmente en estas dos islas, se puede comprobar como su clima se caracteriza por
su extrema aridez, ya que el 87% de la superficie de las islas se considera arida y el 13%
semiarida, un valor muy superior a la media del archipiélago donde es considerado arido el 43%
de la superficie [Tejedor, Jiménez Mendoza et al 2013]. Con estos datos de aridez y teniendo
en cuenta las muy bajas precipitaciones hidricas de las islas, las cuales la media anual esta entre
los 98mm de Fuerteventura y los 111mm de Lanzarote [AEMET, 2012], se entiende la
necesidad del uso del agua de desaladoras tanto para el consumo humano como para el riego,

usando también para esta Ultima agua regenerada de las depuradoras actuales.

ZONA Unidades Lanzarote Fuerteventura
Area urbana I/persona dia 150 180
Zona Turistica I/persona dia 200 250
Viviendas I/persona dia 100
Riego Maximo I/m? jardin dia 2,33 1,1

Tabla 1.7. Dotacion de agua objetivo para las islas de Lanzarote y Fuerteventura. Fuente: Gobierno

de Canarias.
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En los sistemas actuales de distribucion de las islas mediante desaladoras centralizadas, hay que
tener en cuenta las pérdidas de las redes y aljibes de distribucion los cuales actualmente tienen
unas pérdidas muy altas, que segun los datos oficiales de cada isla se encuentran entre un 23%
de minimo en la isla de Gran Canaria [Gobierno de Canarias, 2015], hasta unos valores
maximos del 48,7% en la isla del Hierro [Gobierno de Canarias, 2015], como se puede
observar en la Tabla 1.8 que muestra las perdidas en las redes de suministro de las islas, segin
los datos de diferentes planes hidroldgicos presentados y aprobados para las diferentes islas del

archipiélago.

ISLA % Pérdidas en la distribucion
Gran Canaria 23,0%
Fuerteventura 35,8%

Lanzarote 42,0%
Tenerife 35,0%
La Palma 43,0%
La Gomera 24,0%
El Hierro 48,7%

Tabla 1.8. Pérdidas de agua en las redes de distribucién. Fuente: Gobierno de Canarias.

Como se ha comprobado los suministros de agua del archipiélago son principalmente generados
industrialmente mediante desalacion de agua de mar o salobre, y cuyas desaladoras pueden ser
propias de los establecimientos o centralizadas con distribucion por las redes de suministro
actuales, crean una necesidad de reduccion de los consumos de agua debido a que esta
generacion tienen gran importancia para el consumo energético total del destino y de las

emisiones producidas.

Los consumos de agua, igual que la energia, también tienen una gran variacion segun las zonas
geograficas y categorias de los establecimientos. Ejemplos de estas variaciones de los consumos
se pueden observar en los estudios llevados a cabo en la mayor parte del Mediterraneo [Grenon
y Batisse 1989] donde se situa entre los 250 litros/pernoctacion (=I/p), en Marruecos [EU
Eurostat, 2009] donde dependen de la categoria y pueden variar los consumos entre 300 I/p a
600 I/p , en Australia [Bohdanowicz y Martinac, 2007] con unos valores promedios de 750 I/p,
en la isla de Zanzibar [Gdssling, 2001] con una media de 685 I/p. A nivel mundial se han
realizado estimaciones [Gdssling, Peeters et al, 2012] que sitdan el consumo promedio en unos

284 |/p, comprobando en este estudio como se puede llegar a valores extremos en algunos

]
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destinos de hasta 2.000 I/p. Estos estudios proporcionan unas estimaciones de los consumos del
turismo los cuales puede llegar a ser una proporcion superior al resto de los usos de las
diferentes zonas, como puede ser en Malta [Mangion, 2013] que representa el 38% de gastos
de agua de la isla. También las instalaciones de los establecimientos influyen en los consumos
de agua, comprobandose en la isla de Hawai [Gopalakrishnan y Cox, 2013] la importancia del
namero de campos de golf y de piscinas de los diferentes resorts sobre el consumo total de la
isla, o en el caso de la isla de Mallorca donde se evidencio la importancia de las piscinas en el
consumo de agua de los hoteles [Deyay Tirado, 2011]. En Canarias se hace necesario el estudio
de los consumos de las piscinas de los establecimientos turisticos, ya que segun datos del
Sistema de Informacion Nacional de Piscinas (SILOE) en éstas se almacenan cerca de 0,5 hm?
de agua dulce [Siloe]. La estimacion de los consumos de agua debidos a su mantenimiento se
presenta como un estudio fundamental para el control de consumos de los establecimientos
turisticos y de la huella del carbono generada por la producciéon de la misma, siendo la

modelizacion de estos consumos esencial para su optimizacion.

Varios estudios sobre las perdidas evaporativas de las piscinas han sido realizados por algunos
autores, iniciando las investigaciones Carrier en 1918 [Carrier, 1918], y continuando otros
investigadores con varios estudios teniendo en cuenta otras variables de calculo, como el
namero de usuarios dentro de la piscina, que puede llegar a incrementar el consumo entre un
40% y un 70% [Smith, Lof et al, 1999], [Shah, 2003], o segun el tipo de envolvente de las
piscinas interiores y numero de usuarios [Hens, 2009]. Shah realiz6 varios estudios para todo
tipo de vasos de piscinas, obteniendo diferentes correlaciones segun las caracteristicas de las
mismas [Shah, 2014]. Ademas de las pérdidas por evaporacién, también hay que considerar
otras debidas al funcionamiento general de las piscinas, los cuales son necesarios tener en
cuenta, como se comprobd en las piscinas de California (USA) [Koeller, 2010] donde la
evaporacion era responsable tan solo del 56% de las recargas de agua, mientras que a la limpieza
de filtros correspondian un 23% vy a las perdidas varias y otros motivos el 21% restante. Se
comprueba la importancia y necesidad de realizar estudios que tengan en cuenta todas las

pérdidas de agua y no solo las debidas a la evaporacion de las piscinas.
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1.2. PREGUNTAS DE LA INVESTIGACION

Una vez comprobado la importancia del sector turistico en la zona de estudio del archipiélago

de las islas Canarias, asi como su dependencia energética externa y la necesidad de generacion

de agua potable de forma industrial para el suministro a la poblacion e industria, se hace

evidente la necesidad de reducir los consumos energéticos y de agua, asi como aumentar la

eficiencia de los sistemas actuales y de esta forma conseguir la sostenibilidad del destino y la

autosuficiencia energética de los edificios turisticos alojativos. Con estas premisas Yy

necesidades mostradas, se han generado las preguntas principales que se intentan responder en

este trabajo de investigacion, que son:

>
>

¢ Cudl es el principal indicador del consumo energético de los establecimientos hoteleros?
Los consumos energéticos y de agua, ¢responde a alguna funcion caracteristica?
¢Cuales son los principales factores que influyen en los consumos energéticos y en las
emisiones de los establecimientos?

¢Es posible la modelizacién de los consumos energéticos, de agua y de las emisiones de
CO: en los establecimientos hoteleros?

¢Qué importancia tiene la generacion de agua en los consumos energéticos de los
hoteles?, y ¢ Cual es la huella del carbono asociada a esta generacion?

¢Qué sistemas son mas eficientes para el suministro de agua a los hoteles mediante los
sistemas de desalacion centralizados o los sistemas locales?

Las piscinas de los establecimientos turisticos, ¢Cual es la importancia de sus consumos
en los establecimientos?, y ¢En el total de Canarias?

A igualdad de consumos energéticos y de agua, los hoteles canarios respecto de los
peninsulares, ¢Cual es la diferencia de su huella del carbono?

¢Qué importancia tiene la categoria de los hoteles en sus consumos y emisiones?, y
¢Sobre qué categorias han de realizarse las mejoras para disminuir los consumos totales
del sector?

Tomando como base la energia solar fotovoltaica para un posible sistema de
autoabastecimiento energético en los establecimientos, ¢Se podrian utilizar otras
instalaciones en funcionamiento para realizar pronosticos de generacion?, ;Qué modelos
matematicos se pueden usar para realizar dichos pronosticos?, ¢Cudles son las bases de

datos de irradiacion con las que se obtienen prondsticos de generacion mas reales?
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2.1. OBJETIVOS

Como consecuencia de haber formulado unas preguntas de investigacion, se generan unas
hipdtesis como respuesta a lo que se ha planteado, mediante la definicién de los objetivos de

este trabajo de investigacion.

El punto de partida es analizar las actividades de un conjunto de edificios hoteleros y plantas
generadoras fotovoltaicas del archipiélago de las islas Canarias, en relacion con los consumos
energético de las fuentes de energia utilizadas, los consumos de agua, las emisiones de gases
de efecto invernadero (GEI) resultantes de la actividad, la generacion eléctrica obtenida de los
diferentes sistemas fotovoltaicos, las condiciones ambientales de las zonas de estudio y la

irradiacion solar caracteristica de la zona geografica investigada.
Los objetivos generales de este trabajo de investigacion son:

»  Identificar y verificar los modelos energéticos de los establecimientos hoteleros en el
ambito de estudio, asi como sus emisiones asociadas para poner de relieve los principales
origenes de emisiones de GEI, con el fin de determinar los modelos 6ptimos de reduccion

efectiva de los mismos, que facilite el logro para conseguir edificios ZEB o nZEB.

»  Analizar el aprovechamiento de la irradiacion local en el area geografica considerada,
para poder pronosticar la eficiencia y rentabilidad de la implantacion de EERR basadas
en sistemas de generacion solar fotovoltaica, en los establecimientos hoteleros, asi como
realizar la estimacion de su contribucion en la compensacion del balance de emisiones

GEI de los establecimientos de estudio.
Los objetivos especificos que se han buscado fueron:

»  Dentro de las herramientas, lenguajes de implementacion y técnicas matematicas de
modelizacion, investigar el método idoneo para identificar el modelo energético que
mejor caracterice los sistemas energéticos de los edificios hoteleros de estudio,
comparando los consumos de energia total y de las diferentes energias primarias de forma

independiente, generando sus modelos de consumo correspondientes.

»  Comprobar la importancia del agua y su influencia en los consumos energéticos de los
hoteles de estudio, realizando un modelizado de los consumos de agua para compararlos

con los consumos energéticos de los edificios de estudio, determinando qué modelo de
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consumo mejor se aproxima a la descripcion del comportamiento del binomio energia-

agua de los establecimientos de estudio.

»  Comparar los edificios actuales de las islas Canarias con otros edificios de la peninsula
con consumos equivalentes, justificando causalmente las diferencias de emisiones de GEI

encontradas segun los destinos, zonas geograficas y categoria de los hoteles.

»  Dentro de los consumos de agua de los hoteles, comparar y comprobar la proporcion del
riego dentro de los establecimientos y su dependencia respecto de los diferentes

indicadores climaticos (temperatura y la pluviosidad) de la zona geografica estudiada.

»  Debido a las caracteristicas climaticas de la zona en estudio, cuya agua de consumo es
necesaria generarla industrialmente, se comparar los sistemas de suministro y generacion
de agua mediante desaladoras propias o centralizadas con suministro por las redes de
abastecimiento actuales, asi como su influencia en la huella del carbono y emisiones de

GEI debido a los consumos de agua asociados a los complejos turisticos.

» Basado en los modelos establecidos para los consumos de agua y energia de los
establecimientos de estudio, evidenciar y cuantificar las emisiones de GEI que producen
y comprobar la distribucion de los diferentes combustibles en la huella del carbono de los

establecimientos.

»  Teniendo en cuenta la importancia de las piscinas en el destino vacacional de estudio
como son las islas Canarias, estimar el consumo de agua de estas instalaciones y las
necesidades energéticas asociadas a la generacion industrial de esta agua para el
mantenimiento de sus servicios, asi como las emisiones GEI asociadas. Llevar el ambito
de estudio al conjunto de todas las piscinas de los establecimientos turisticos del

archipiélago.

»  Debido a la importancia de las emisiones de GEI generadas por el consumo de agua en el
mantenimiento de las piscinas turisticas, llevar a cabo un estudio comparativo entre los
modelos de generacion de agua mediante desaladoras locales o centralizadas por

suministro por las redes de abastecimiento actuales.

»  Comprobar las diferencias de emisiones de GEI y consumos energéticos necesarias para
la generacion de agua en modo centralizado y si hay diferencias entre las diferentes islas

de suministro.
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»  Analizar modelos de reduccion de consumos energéticos en instalaciones de ACS
basados en tecnologias actuales y accesibles, que se puedan implantar en establecimientos

hoteleros actuales y comprobar los beneficios econdmicos que se pueden obtener.

»  Comprobar la posibilidad de utilizacion de datos de plantas solares fotovoltaicas
existentes para establecer pronosticos de irradiacion basados en modelos matematicos no
lineales, para facilitar las estimaciones predictivas de generacion energética sostenible en

edificios hoteleros existentes.

»  Analizar con que bases de datos se obtiene predicciones mas exactas de generacion
eléctrica con paneles solares fotovoltaicos compardndolos con los datos reales de

instalaciones en uso.

El alcance de la investigacion es de 12 hoteles de diferentes cadenas hoteleras espafiolas, 42
piscinas de 14 establecimientos diferentes y de 11 plantas fotovoltaicas generadoras en uso,
todos ellos situados en el archipiélago de las islas Canarias, que se definen en el apartado
metodologia de esta investigacion. El estudio de la huella del carbono y emisiones de GEI sera
de alcance 1 y 2, de aplicacion a los consumos energéticos y de agua de los diferentes

establecimientos.
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2.1.1. Resultados esperados con la investigacion

Con este estudio de investigacion se pretende dar respuesta a las preguntas planteadas con

anterioridad, y de forma concreta, conseguir los siguientes resultados:

>

Modelos y patrones de consumos de energia total, de electricidad y de agua en las
instalaciones hoteleras actuales, y la caracterizacion de los principales consumidores

energéticos de dichos establecimientos.

Un modelo de distribucion tipica de las emisiones de GEI, identificando los sistemas de
energia primaria que generan la mayor parte de las emisiones de GEI de los

establecimientos hoteleros de estudio.

Cuantificar la contribucion del consumo de agua en los consumos energéticos y emisiones
de GEI de los establecimientos de estudio, enunciando las mejoras necesarias para
conseguir reducirlas, pero sin producir un detrimento de los servicios hoteleros actuales

que afectan a los usuarios.

La configuracion de instalacion de piscina mas adecuada para reducir las necesidades de
agua en su mantenimiento, y cuantificar la importancia de las piscinas turisticas en el

consumo energético y de agua de los establecimientos.

Determinar el sistema de suministro de agua generada industrialmente mas eficiente y
con menor emisiones de GEI asociadas, para los establecimientos hoteleros actuales y las

diferencias entre las islas del archipiélago.

Algoritmo de aprovechamiento 6ptimo de irradiacion solar en las zonas geograficas de
estudio, para su uso en prondsticos de generacion fotovoltaica, basado en datos de

produccion de plantas de generacion fotovoltaicas actuales es funcionamiento.

En general, como resultado de esta investigacion se habra conseguido un procedimiento basado

en tecnologias y modelos matematicos agiles y efectivos para el diagndstico, el disefio de

actuaciones de reformas y la verificacion del estado energético como base para mejorar la

eficiencia energética y la reducir de las emisiones de GEI de los establecimientos tipo

estudiados, asi como demostrar la viabilidad de lograr cuantificar las necesidades reduccion

energética y de emisiones para lograr un edificio ZEB o nZEB siguiendo las pautas estudiadas

en esta investigacion.
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3.1. METODOLOGIA

La investigacion realizada estd basada en edificios turisticos de alojamiento con la categoria de
hotel, situados en el archipi¢lago de las islas Canarias, para lo cual se ha contado con los datos
suministrados por los departamentos corporativos y directivos de 12 hoteles de diferentes
categorias, de 3, 4 y 5 estrellas, como se puede comprobar en la Tabla 3.1 donde aparecen el

listado de los hoteles estudiados y sus caracteristicas principales.

DATOS EPG ESH HPE HT ESA ECA
Isla Fuerteventura Fuerteventura Fuerteventura Fuerteventura Fuerteventura Fuerteventura
Localidad Antigua Antigua Péjara Péjara Antigua Antigua
Categoria 5* 5* 4* 4% 4* 4%
Aifio construccion 2.002 2.006 2.000 2.004 2.003 2.007
Superficie 13.179 m? 41.806 m? 30.000 m? 34.879 m? 27.163 m? 34.670 m*
Superficie construida  8.124 m? 35.888 m? 25.912 m? 31.132 m? 22.710 m? 28.307 m?
Habitaciones 61 266 333 354 266 346
Plazas (camas) 122 532 678 710 532 692
Superficie jardines 15.000 m? 8.000 m? 11.000 m? 6.000 m’ 14.000 m?
N.° Edificios 1 1 7 1 1 1
N.° Plantas 3 6 10 7 7 5
Tipo suministro agua Pablica Pablica Desala@ora Desaladora Pablica Pablica
consumo humano propia propia
Tipo sqministro Depurada Desalaglora Desaladora Depurada Depurada
Riego propia propia
DATOS HRP HTI MSL ECE ESJ PPC
Isla Lanzarote Lanzarote Lanzarote = Fuerteventura Fuerteventura Fuerteventura
Localidad Playa Blanca Playa Blanca Tias Antigua Antigua Oliva
Categoria 4* 4* 4* 3* 3% 3%
Aiio construccion 2.001 1.997 1.988 1.998 1.997 1.993
Superficie 94.970 m? 38.622 m? 26.163 m? 15.424 m? 24.659 m? 12.000 m?
Superficie construida  46.297 m? 34.112 m? 24.507 m? 12.968 m? 33.421 m? 9.165 m?
Habitaciones 593 329 343 169 354 142
Plazas (camas) 1.286 658 718 507 1.170 388
Superficie jardines 35.000 m? 8.000 m? 5.000 m? 3.000 m? 2.500 m?
N.° Edificios 18 2 2 3 3 3
N.° Plantas 6 4 5 3 4 2
Tipo suministro agua Desaladora Desalac.iora Desalac.iora Piblica Pablica Piblica
consumo humano propia propia propia
Tipo sqministro Depurada Desalafiora Desalafiora Piblica Pablica
Riego propia propia

Tabla 3.1. Principales datos de los hoteles de investigacion.

De estos establecimientos se han recopilado todos los datos utilizados en la investigacion, los

cuales se han revisan con los responsables técnicos de cada establecimiento, filtrando los datos

|
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erroneos, debido principalmente a fallos en la recogida de los mismos o a otro tipo de eventos
casuales ajenos a la operativa habitual (fugas de agua, reformas instalaciones, roturas, etc.). Los
datos obtenidos corresponden a los afios entre el 2007 al 2017, con un minimo de 3 afios de

datos por hotel.

Para la realizacion de los célculos de emisiones de CO2, consumos de energia y agua, los datos
filtrados y revisados, se convirtieron a una misma unidad de medida para posibilitar la
comparacion entre ellos: el agua en metros clibicos (m?) y la energia a kWh, transformando los
valores de los diferentes combustibles primarios de acuerdo a los factores de conversion de
energia de cada uno de ellos, para posteriormente poder realizar los calculos de correlacion para

obtener las funciones caracteristicas de consumos y emisiones de los establecimientos.

Para poder realizar los calculos de emisiones y consumos de las desadoras, se obtuvieron los
datos de 5 desaladoras propias de los hoteles y de 3 grandes desaladoras para suministro
centralizado, todas ellas situadas en las islas de Fuerteventura (FU) y Lanzarote (LZ), como se
observa en la Tabla 3.2 que se muestran los principales datos de estas. Todas las plantas
desaladoras son de osmosis inversa y con aporte de agua bruta procedente de agua de mar
mediante sondeo de captacion o toma directa en pozos abiertos al mar. Para los célculos se han

tomado los ultimos datos actualizados de los afos 2015 y 2016, segun cada planta desaladora.

DATOS PRO GTA* COR HPE HT HRP HTI MSL*
Isla FU FU FU FU FU LZ Lz Lz
Localidad Pﬁirst:riel Tuineje Oliva Pajara Pajara ];fgja é)ll:gja Tias
N.° de bastidores 4 2 2 1 1 1 1 1
Produccion Max m*/dia 23.700 4.000 4.000 288 288 528 264 432
Produccion promedio m*/dia 21.299 2.695 3205 215 228 486 220 233
Coeficiente generacion kWh/m? 3,83 6,21 3,07 4,34 4,80 3,40 3,80 5,10

* GTA y MSL sin recuperacion de energia
Tabla 3.2. Datos caracteristicos de las desaladoras de estudio.

También se han realizado los calculos de los gastos de agua en piscinas con los datos de los
consumos de 42 piscinas de 14 establecimientos turisticos, proporcionados por la direccion de
los mismos. Los periodos de las muestras estan entre un minimo de 6 meses y un maximo de
10 anos, entre los anios 2007 al 2016. Los datos de consumo obtenidos fueron los de renovacion
de agua mensual, filtrando los valores erréneos y obteniendo los datos de consumo de agua

diaria por piscina. La Tabla 3.3 se muestra el resumen las caracteristicas de las piscinas.
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HOTEL Nombre Volumen Superficie Tipo Instalacion
ECA Grande 706 m? 589 m? No climatizada Exterior
ECA Clima 459 m? 356 m? No climatizada Exterior
ECE Infantil 20 m? 30 m? No climatizada Exterior
EPG Infantil 12m? 20 m? No climatizada Exterior
ESA Grande 841 m? 599 m? No climatizada Exterior
ESA Clima 298 m? 331 m? Climatizada Exterior
ESH Grande 756 m? 619 m? No climatizada Exterior
ESH Clima Int 135 m? 125 m? Climatizada Interior
ESJ Infantil 1 8 m? 10 m? No climatizada Exterior
ESJ Infantil 3 8 m’ 10 m? No climatizada Exterior
ESJ Grande 2 185 m? 162 m? No climatizada Exterior
ESJ Grande 1 300 m? 195 m? No climatizada Exterior
EVE Grande 90 m® 77 m? No climatizada Exterior
HC Infantil 14 m? 30 m? No climatizada Exterior
HC Grande 970 m? 613 m? No climatizada Exterior
HC Clima 220 m? 157 m? Climatizada Exterior
HC Clima Int 120 m? 100 m? Climatizada Interior
HOS Grande 1 350 m? 250 m? No climatizada Exterior
HOS Clima 215 m? 171 m? Climatizada Exterior
HPE Infantil 30 m? 50 m? No climatizada Exterior
HPE Grande 735 m? 525 m? No climatizada Exterior
HPE Clima Int 130 m? 86 m? Climatizada Interior
HRP Calimera 179 m? 440 m? No climatizada Exterior
HRP Cascada 262 m? 215 m? No climatizada Exterior
HRP Cocoloco 622 m? 429 m? No climatizada Exterior
HTI Redonda 385 m? 590 m? No climatizada Exterior
HTI Grande 450 m? 450 m? No climatizada Exterior
ORM Infantil 3 16 m° 8 m? No climatizada Exterior
ORM Infantil 4 16 m° 8 m? No climatizada Exterior
ORM Infantil 5 16 m° 8 m? No climatizada Exterior
ORM Infantil 7 16 m° 8 m? No climatizada Exterior
ORM Infantil 9 16 m° 8 m? No climatizada Exterior
ORM Infantil 1 77 m? 280 m? No climatizada Exterior
ORM Tobogéan 115 m? 105 m? No climatizada Exterior
ORM Oasis3 187 m? 262 m? No climatizada Exterior
ORM Oasis4 187 m? 262 m? No climatizada Exterior
ORM Oasis 7 187 m® 262 m? No climatizada Exterior
ORM QOasis 9 187 m? 262 m? No climatizada Exterior
ORM Olas 668 m? 540 m? No climatizada Exterior
ORM Clima Recep 320 m? 330 m? Climatizada Exterior
PPC Infantil 32 m’ 80 m? No climatizada Exterior
PPC Clima 185 m? 137 m? Climatizada Exterior

Tabla 3.3. Resumen de las caracteristicos de las piscinas de estudio.

En Espaiia, las piscinas publicas y privadas de comunidades de vecinos han de estar autorizadas
y registradas en el sistema nacional de control sanitario de piscinas (SILOE) /SILOE], que es

el sistema de informacion sanitario que recoge todos los datos de las piscinas y de su calidad
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del agua. Para el desarrollo de esta investigacion, se han obtenido los datos de todas las piscinas
registradas de la comunidad autébnoma de Canarias, con un total de 3.565 piscinas, de las cuales,
solo se han tenido en cuenta las piscinas con volumen superior a 5 m>, considerando que las
inferiores a este volumen tienen un consumo despreciable sobre el total para los fines de esta
investigacion. El total de piscinas mayores de 5 m? son 3.317, las cuales tiene un volumen de
agua almacenada de 894.384 m>. Dentro de esta cantidad de piscinas, estudiamos el conjunto
de las piscinas de los establecimientos turisticos representan el 57% del total, con 1.890
piscinas, y el 54,1% del volumen de agua almacenada, con un total de 484.290 m®. En la
siguiente Tabla 3.4, aparecen la distribucion de piscinas por tipos, climatizadas, frias, cubiertas

y externas. La Tabla 3.5 muestra la distribucion de las piscinas por islas del archipiélago.

UIHD D13 [RIE NS Piscinas totales Piscinas Turisticas 7o HudTs
Volumen > 5m’ turisticas sobre total
N.° Piscinas 2.089 1.039 49,7%
No climatizadas
Ext Volumen 529.671 m? 267.281 m® 50,5%
xternas
N.° Piscinas 1.073 812 75,7%
Climatizadas
Volumen 318.790 m? 212.889 m’ 66,8%
N.° Piscinas 8 0,0%
No climatizadas
Volumen 831 m’ 0,0%
Cubiertas
N.° Piscinas 147 39 26,5%
Climatizadas
Volumen 45.093 m? 4.120 m? 9,1%
N.° Piscinas 3.317 1.890 57,0%
Total piscinas
Volumen 894.384 m® 484.290 m® 54,1%

Tabla 3.4. Distribucion de piscinas en Canarias por tipos.

S N o 5

ISLA Nemsnas GO Mobretol sobre total
Gran Canaria 662 139.395 m? 35,0% 28,8%
Fuerteventura 312 94.756 m? 16,5% 19,6%
Lanzarote 314 84.230 m* 16,6% 17,4%
Tenerife 519 143.888 m® 27,5% 29,7%
La Palma 49 16.390 m? 2,6% 3,4%
La Gomera 29 5.092 m® 1,5% 1,1%
El Hierro 5 538 m? 0,3% 0,1%

Tabla 3.5. Distribucion de piscinas en Canarias por islas.

Teniendo en cuenta la falta de sistemas basados en EERR en los hoteles de estudio, y para poder
realizar estimaciones reales para implantar sistemas de generacion fotovoltaica en los mismos,
utilizando estas instalaciones como un posible método de reduccion de emisiones y como
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medida de reduccion de la dependencia externa de energia de los establecimientos, se investigan
la posibilidad de utilizacion de modelos matematicos no lineales, como el modelo Box-Jenkins
[Box y Jenkins, 1973] y la transformada de Fourier [Fourier, 1822] , [Condon, 1937] que es el
procedimiento para analizar funciones periodicas a través de la descomposicion de las mismas
en una suma infinita de funciones sinusoidales. Con este estudio proporcionamos los
pronoésticos de la irradiacion en una zona geografica donde no existan datos fiables de
irradiacion, pero se puedan obtener los datos de generacidon de plantas solares fotovoltaicas
instaladas y en funcionamiento. Para poder realizar las estimaciones basadas en esas medidas
de generacion real, se cuenta con los datos de generacion eléctrica de 11 plantas generadoras
solares fotovoltaicas, con valores de las series de produccion desde 2010 al 2014 y con datos
de muestreo de entre 3 y 5 afios. Se comprueban en tres estaciones los valores reales y
pronosticados por los métodos no lineales comentados. Con los datos del resto de instalaciones
se hace una comparacion de la energia generada respecto de la calculada con los datos de
irradiacion obtenidos de las principales bases de datos actuales /PVGIS], [ADRASE-Ciemat],
[NASA-SSE], [AEMET], [Soda-pro], [ITC-Canarias], [IDEA, 2009], [UNE, 2009] cuyos
resultados se muestran en el Anexo 2 y 3. La Tabla 3.6 muestra las caracteristicas de las

estaciones generadoras fotovoltaicas estudiadas de la isla de Fuerteventura.

Instalacion Marca Modelo placas Wp placa  N.° Placas Pqtencla ] A{lgul'o «
solar pico W inclinacion
FEM SolarWorld SW220 220 W 400 88.000 W 10°
INP SolarWorld SW230 230 W 1.920 441.600 W 10°
HIE SolarWorld SW230 230 W 2.400 552.000 W 10°
INS1 Schott ASE165T- 170 170 W 592 100.640 W 10°
INS2 Sky Global SCM 72-180 180 W 576 103.680 W 10°
PW1650-175 175 W 495
INS3 Photowatt 116.375 W 10°
PW1650-170 170 W 175
PW1650-175 175 W 495
INS4 Photowatt 116375 W 10°
PW1650-170 170 W 175
INSS Photowatt PW2050-200 200 W 518 103.600 W 10°
INS6 SolarWorld SW240-245 245 W 448 109.760 W 10°
CAR Photowatt PW2050-210 210 W 512 107.520 W 10°
OCA Photowatt PW2050-205 205 W 1.606 329.230 W 10°

Tabla 3.6. Datos caracteristicos de las estaciones generadoras fotovoltaicas.

FRANCISCO JAVIER DIAZ PEREZ 50



3. METODOLOGIA

3.1.1. Organizacion y procedimiento de investigacion

El proceso de investigacion general seguido para la realizacion de este estudio ha sido:

1.

Recopilacion de datos de las diferentes instalaciones: hoteles, piscinas y estaciones
generadoras fotovoltaicas.

Revision, filtrado y comprobacion de los datos de estudio. Con los datos obtenidos se
realizan las conversiones a una misma unidad de medida: energia, agua o emisiones GEI.
Realizar los célculos de correlacion para los consumos totales de los hoteles para obtener
la funcion caracteristica de consumo de estos.

Calcular y comparar las emisiones de GEI de los hoteles debidas al consumo de energia
y agua, teniendo en cuenta la diferencia entre los coeficientes de emisiones del
archipiélago respecto de los de la Peninsula.

Con los valores del consumo de agua de las piscinas, se calculan las necesidades de
energia para suministrar toda el agua necesaria desde desaladoras para los
establecimientos estudiados y para todas las piscinas turisticas. Calcular la funcion
caracteristica que describa las necesidades de renovacion de agua de las piscinas,
mediante correlacion simple y maltiple.

Calculo de las emisiones de GEI de las piscinas canarias, teniendo en cuenta las pérdidas
y gastos de energia para la generacion de toda el agua necesaria de forma industrial,
suministradas mediante desaladora locales o centralizadas y compararlas con las
correspondientes a igualdad de consumo en la peninsula.

Comprobar la viabilidad de usar los valores de generacion fotovoltaica para el calculo de
pronosticos de irradiacion mediante métodos matematicos no lineales, en zonas que no se
tengan datos fiables de irradiacion, pero se tengan datos de produccion fotovoltaica.
Posibilidad de uso de sistemas basados en bombas de calor para la reduccidon de consumos
energéticos.

Conclusiones de la investigacion y necesidades futuras para la disminucion de consumos

de agua y energia en los establecimientos hoteleros.

Para realizar los calculos de emisiones de la electricidad COz, se ha utilizado el coeficiente

promedio ponderado anual de las emisiones del afio 2016, siendo este afio el escogido como

base para el calculo de los kgCO2/kWh de energia consumida /REE,2017]. La Figura 3.1

muestra el flujo de la investigacion general llevado a cabo en este estudio.
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3.1.2. Descripcion del flujo de investigacion

Se realiza una descripcion y explicacion del flujo de investigacion mostrado en la Figura 3.1,

el cual ha sido el hilo conductor de este trabajo de investigacion.

1.

Introduccion general. Se realiza la presentacion de los principales temas de la
investigacion, comenzando por el problema del efecto invernadero y la importancia del
sector turistico en el mismo. Posteriormente se explica el turismo mundial y su evolucion,
centrandonos en la zona de estudio de las islas Canarias por su gran importancia y
dependencia econémica y laboral de este sector, describiendo los edificios turisticos de
Espafia y Canarias y su distribucidon por categorias. Se presenta la problematica de los
principales suministros necesario para los hoteles que son la energia y el agua, debido a
la dependencia energética exterior y a la necesidad de produccion industrial de agua para
el suministro a los establecimientos turisticos. Se finaliza exponiendo las preguntas

planteadas en este trabajo de investigacion.

Recopilacion de datos de consumo de energia y agua en hoteles de 3, 4 y 5 estrellas,
y de datos de generacion eléctrica en estaciones fotovoltaicas. Se han tenido que
recopilar todos los datos para esta investigacion de los consumos de energia y agua de los
hoteles de 3, 4 y 5 estrellas, los datos de generacion de las estaciones fotovoltaicas y los
datos de consumos de agua de las piscinas en establecimientos turisticos para el
mantenimiento de las mismas. Siendo todos los datos pertenecientes a hoteles o sistemas
generadores de la zona geografica de investigacion de las Islas canarias. Estos datos son
suministrados por las direcciones y gestores de los diferentes establecimientos y plantas
generadoras. La identificacion de las instalaciones se ha codificado por proteccion de

datos de hoteles y plantas generadoras.

Filtracion y acondicionamiento de datos. Con los diferentes datos recopilados, se
comprobo la coherencia de los mismos, para lo cual se verifico con los jefes de
mantenimiento de las diferentes instalaciones los valores extrafios o fuera de rango, los
cuales eran debidos principalmente a errores en la toma de datos o fallos en las
instalaciones que estaban fuera del rango normal de funcionamiento. Los datos una vez
acondicionados, se convirtieron a una misma unidad de medida para posibilitar las

comparaciones entre ellos, el agua en metros ctbicos (m®) y la energia a kWh,
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transformando los valores de los diferentes combustibles, de acuerdo con los factores de

conversion de energia primaria de cada uno de ellos.

Calculo de la funcion caracteristica de los consumos de hoteles por categorias para
la energia, la electricidad y el agua. El siguiente paso fue realizar la distribucion
agrupada por intervalos de los diferentes suministros, para conseguir los distintos puntos
caracteristicos de los consumos por ocupacion y realizar los calculos de correlacion. Los
valores se ordenaron por ocupacion diaria de clientes y posteriormente por ocupacion
porcentual también de clientes, lo cual nos da una correlacion mas exacta que los sistemas
clasicos de consumos mensuales o anuales, consiguiendo una distribucion de valores mas
ajustada a sus cuantias reales. Para comprobar a qué tipo de correlacion se asemejan mas
los modelos de consumos, se realizaran los célculos de correlacion para los modelos,
lineal, exponencial, logaritmica, potencial y polindmico de segundo grado, para lo cual
se estudid su coeficiente de determinacion y se calculd su funcion de modelizacion

caracteristica. Se modelizan los consumos de energia, electricidad y agua.

4.1. Paper 1: “Mathematical Model of Supply Water of Consumption Systems in
Hotels”. Inicialmente se realiza el modelo de calculo para los consumos de agua
de hoteles de categoria superior, de 4 y 5 estrellas. Mediante el sistema de analisis
calculado y demostrado, se podran realizar modelizaciones de consumos de agua
mediante la simulacién de valores de ocupacion. Se comparan con los diferentes
tipos de regresion para comprobar el modelo que se ajusta mas y generar el
algoritmo de célculo de dichos consumos. Se demostr6 la validez de los modelos
de regresion potencial y polinomica. El articulo concluye con las funciones para el
calculo de consumos de agua por cliente y dia, y de riego porcentual segin la

temperatura ambiente de la zona geografica estudiada.

4.2. Paper 2: “Modeling of energy and water supplies in hotels in Lanzarote and
Fuerteventura with and without desalination plant (SWRQOP)”. Para confirmar
el modelo anteriormente desarrollado, se realiza un estudio de todos los suministros
de un grupo de hoteles de 4 estrellas: energia total, electricidad y agua. Se realiza
el procedimiento de modelizacion de los consumos mediante regresiones,
comprobando que también en este caso, los modelos potencial y polindmico son los
que obtienen unos indicadores de correlacion mas ajustados para todos los hoteles.

Se demuestra nuevamente como los modelos de correlacion son los indicados para
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los pronosticos de suministros en hoteles o grupos de hoteles con caracteristicas
similares. Se finaliza mostrando los algoritmos de calculo para todos los consumos

energéticos, de electricidad y de agua segun la ocupacion de los establecimientos.

4.3. Congreso (Anexo 4): “International Conference on Recent Innovations in
Engineering and Technology (ICRIET-16)”. Celebrado el 5 y 6 de noviembre
de 2016 en Gandhi Institute of Engineering & Technology, (G.L.E.T), Gunupur,
765022, Rayagada, Odisha. India. Donde se present6 el articulo anteriormente
comentado: Modeling of energy and water supplies in hotels in Lanzarote and
Fuerteventura with and without desalination plant (SWROP), publicando el articulo
en el libro del congreso, Track IV, chapter 19.

5.  Calculo de emisiones de CO:2 del agua por categorias de hoteles en Canarias y en la
Peninsula. Teniendo en cuenta los consumos de agua de los hoteles de estudio, se calculo
la huella del carbono para la generacion del agua mediante desaladoras. Comparando las
emisiones producidas en Canarias respecto de la Peninsula a igualdad de consumos, segtin

los diferentes coeficientes de emisiones para la produccion de agua.

6. Calculo de emisiones de CO:2 de la energia total, por categorias de hotel en Canarias
y la Peninsula, incluida la biomasa. Se calcula la huella del carbono de alcance 1 y 2,
mas la biomasa, de los hoteles seglin su ocupacion. Comparando los datos de emisiones
de los suministros energéticos de Canarias respecto de los de peninsula a igualdad de

consumos, teniendo en cuenta los diferentes coeficientes de emisiones de la electricidad.

7. Huella de carbono total en hoteles debido al consumo de energia y agua, y
comparacion de emisiones por categorias de hoteles de Canaria respecto de los de
Peninsula. Se realiza la comparacion de la huella del carbono total de energia y agua
obtenida anteriormente y se comparan los hoteles de Canarias respecto de los de Peninsula
a igualdad de consumos. Con los resultados obtenidos, se obtiene las funciones

caracteristicas de emisiones por categoria y suministro.

7.1. Paper 3: “Comparative study of carbon footprint of energy and water in hotels
of Canary Islands regarding mainland (Spain)”. En este articulo se realiza una
estimacion de las emisiones por categorias de hoteles, se tomo6 una muestra de 12
hoteles de 5, 4 y 3 estrellas de las islas Canarias situados en las islas orientales mas

aridas del archipiélago, que corresponde a Fuerteventura y Lanzarote sobre un total
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de 122 hoteles existentes, donde el agua para el consumo proviene de plantas de
desalacion de agua de mar mediante 6smosis inversa. Teniendo en cuenta los
consumos energéticos y de agua de los hoteles de estudio, se calcul6 su huella del
carbono de alcance 1 y 2 més la biomasa, generando la energia unas emisiones
promedio 13,1 kg COo/cliente noche, y del agua un promedio entre 1,14 kg
CO2/cliente noche a 2,18 kg COq/cliente_noche segin tipo de distribucion y
modelo de desaladora. Estos datos se compararon con hoteles de las mismas
caracteristicas en Espafia peninsular, comprobando que las emisiones insulares son
un 150% superior a las peninsulares, asi como que las emisiones de la electricidad

son un 192% superior en las islas que en la peninsula.

8. Calculo de funcion caracteristica consumos de agua de piscinas turisticas. Las
piscinas de establecimientos turisticos representan el 57% de las piscinas dadas de alta en
el SILOE de la comunidad auténoma de Canarias, por lo cual, tiene una gran importancia
el conocimiento de los gastos de agua que se producen en el mantenimiento y uso de las
mismas. Un dato importante ha tener en cuenta es el origen del agua de estas piscinas,
que en este estudio se considera como agua de distribucion de consumo humano
procedente de desaladoras. Con los resultados obtenidos, se ha demostrado la
dependencia de consumo total de agua respecto del volumen de las piscinas, siendo éste
el principal factor a tener en cuenta para los calculos de necesidades hidricas en las

piscinas turisticas.

9.  Huella del carbono total de las piscinas turisticas de Canarias, segun procedencia
del agua. Mediante los calculos de necesidades hidricas para el mantenimiento de las
piscinas calculado anteriormente y con el algoritmo de prondstico generado, se realiza el
calculo de las emisiones de CO> debidas a la produccion industrial de agua mediante
desaladoras. Se presentan dos alternativas de suministro de agua: primero mediante
desaladoras locales en la zona de consumos, en el propio hotel o urbanizacion, y segundo
mediante desaladoras centralizadas que realizan el suministro por la red de
abastecimiento actual de las islas, para lo cual se tienen en cuenta las diferentes pérdidas
en las redes de los principales suministradores de las diferentes islas del archipiélago,

segun los datos de los planes hidrologicos actualizados de cada isla.

9.1. Paper 4: “Energy and water consumption and carbon footprint in tourist pools

supplied by desalination plants: case study, the Canary Islands)”. En este
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articulo se analizan los consumos de agua producidos por las piscinas turisticas y
como afectan a las necesidades de agua de los destinos. También se obtiene la huella
del carbono producida para la generacion de agua necesaria para cubrir las
necesidades hidricas de las piscinas mediante desalacion. Con los datos de
consumos de agua de 42 piscinas turisticas de 14 complejos hoteleros, se estudian
las necesidades diarias de agua mediante métodos de regresion, obteniendo la
funcién caracteristica que define el consumo de agua de las piscinas. Con el
algoritmo obtenido y los datos oficiales de todas las piscinas turisticas de Canarias,
se obtienen las necesidades de agua, energia y huella del carbono para el conjunto
de estas instalaciones. Se comparan los dos posibles modelos de suministro local o
centralizado, demostrando que el consumo centralizado genera un 28% mas de
emisiones que los sistemas de generacion locales, debido a las grandes pérdidas de

las principales redes de suministro de las islas.

Calculo de funciones caracteristica de la irradiacion mediante métodos no lineales,
partiendo de datos de generacion de las plantas fotovoltaicas. Como medida
alternativa de energia basada en EERR, se ha considerado la energia solar fotovoltaica,
para lo cual es imprescindible tener el valor de la irradiacion local de la zona a instalar
para poder realizar prondsticos de generacion realistas. Para el calculo de irradiacion se
pueden comparar las principales bases de datos actuales (se realiza como Anexo) o
mediante la comparacion con datos de instalaciones generadoras fotovoltaicas en uso.
Este ultimo método, se ha desarrollado para varias estaciones generadoras de la isla de
Fuerteventura, comparando los datos de irradiacion obtenidos respecto de los calculados
mediante métodos matematicos no lineales. Se observa la posibilidad de utilizar estos
métodos de calculo como alternativa para la realizacion de pronosticos de generacion en
zonas geograficas sin valores de irradiacion fiables, pero con estaciones de generacion

fotovoltaica en uso.

10.1. Paper 5: “Estimation of solar radiation of clear sky using non-linear methods.
Case study: Fuerteventura (Spain)”. En este articulo analizamos un método de
calculo de la irradiacion incidente, basado en la estimacion de la misma mediante
la trasformacion de los datos de produccion de energia eléctrica generada, de
instalaciones solares fotovoltaicas conocidas. Con los datos de varios afos de tres

instalaciones con caracteristicas principales semejantes: angulo de inclinacion de
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paneles, modelo de paneles solares, y misma zona geografica; se realizan los
calculos mensuales de irradiacion basados en la produccion total de cada mes y con
los datos obtenidos, se realiza un estudio matematico de los mismos, utilizando el
modelo ARIMA vy también realizando el estudio sobre el modelo de
descomposicion en series de Fourier. Se verifica la validez del método mostrado,
para ambos modelos matematicos, para la prediccion de irradiacion basada en la

produccion de instalaciones en uso.

Uso de los sistemas basados en bombas de calor para la reduccion de consumos

energéticos en hoteles Se ha demostrado un método sencillo y econémico para reducir

los consumos energéticos de varios establecimientos hoteleros mediante la puesta en

marcha de un sistema sistemas basados en autdmatas de control y bombas de calor de alta

temperatura para el calentamiento del agua de ACS, y como la amortizacion de los

equipos es tan rapida que produce durante la duraciéon media de los equipos un ahorro

cercano a diez veces a la inversion inicial realizado. Estos sistemas son aplicables a la

mayor parte de instalaciones actuales debido a su facilidad de uso, instalacion simple y

bajo mantenimiento.

11.1.

11.2.

Paper 6 (Pendiente publicar): “Reduction of energy consumption in hotels
with aerothermal energy. Case Study: Canary Islands (Spain)”. En este articulo
se presenta un modelo de gestion y control de eficiencia energética en hoteles
adaptado a los patrones de consumo que aseguran las exigencias de confort de los
clientes e integrandose en el entorno de un complejo turistico inteligente. El analisis
del sistema de ACS de dos hoteles de las islas Canarias con relacion a su ocupacion,
arroja una solucioén basada en bombas de calor de alta temperatura con disipacion
por aerotermia y apoyadas por las calderas de GLP propano existentes. Obteniendo
un resultado después de dos afios y medio de registro de la actividad es un retorno
de la inversion mas rapido debido a la gestion energética optimizada del sistema,
mediante el control de horarios de funcionamiento ajustados a las necesidades de

los clientes y la tarificacion horaria.

Congreso (Anexo 5 — Pendiente de publicar): “6™ International conference on
advances in civil, architecture and environmental engineering (ICCAEE-

2018)”. Congreso por celebrar el en Kuala Lumpur, Malasia el 19 y 20 de julio de

FRANCISCO JAVIER DIAZ PEREZ 58



3. METODOLOGIA

12.

2018, en el cual se ha aprobado el articulo sobre la reduccién de consumos

energéticos en hoteles mediante bombas de calor basadas en aerotérmia.

Discusion, estudios futuros y conclusiones finales. Se ha demostrado: como es posible
modelizar los consumos energéticos y de agua de un grupo homogéneo de
establecimientos hoteleros, generando algoritmos validos para su calculo. Se ha
demostrado las diferencias de consumos entre hoteles de diferentes categorias. Se ha
comprobado la importancia de las emisiones de los hoteles, siendo su principal causante
los altos coeficientes de emision de la electricidad en Canarias. Se ha comprobado y
analizado la importancia de los consumos de las piscinas en los hoteles, demostrando que
la generacion de agua de forma local en la zona de suministro es un 28% mas eficiente
que los sistemas centralizados con distribucion por las redes de suministro actuales.
Finalmente, se demuestra la posibilidad de utilizacion de un método de calculo basada en
los datos de generacion de sistemas fotovoltaicos en uso y su posterior tratamiento
mediante métodos matematicos no lineales, para obtener prondsticos de irradiacion y de
generacion fotovoltaica. También se ha expuesto un sistema de reduccién de consumos
energéticos en el ACS mediante bombas de calor basadas en aerotérmia. En los anexos,
también se comparan las principales bases de datos de irradiacion verificando con cual se
obtienen prondsticos mas precisos respecto a los valores obtenidos de instalaciones
solares fotovoltaicas en uso. Los trabajos de investigacion futuros han de centrase en la
modelizacion de consumos con multiples factores, el efecto del cambio climatico sobre
las instalaciones hoteleras actuales y la compatibilidad de un turismo sostenible con la

demanda de servicios de los clientes.

ANEXOS. Comparacion de bases de datos de irradiacion, respecto de los datos reales de

generacion de plantas solares fotovoltaicas en uso, y calculo de su funcion de
irradiacion correspondiente. El conocimiento de la irradiacion solar se hace
imprescindible para poder calcular y pronosticar la generacion eléctrica producida por
placas solares fotovoltaicas. Los datos de irradiacién se pueden obtener por varios
métodos, siendo el mas utilizado el de buscarlo en bases de datos (DB) de irradiacion
mundial de las diferentes zonas geograficas. Existen multiples DB que se pueden utilizar
para el célculo de generacion de energia solar fotovoltaica. Teniendo en cuenta la
importancia de tener valores lo mas ajustados a la realidad, se realiza un estudio de las

diferentes DB de irradiacion utilizadas para los calculos de produccion de energia solar
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fotovoltaica, comparando los valores de 8 DB ampliamente reconocidas y utilizadas,

PVGIS, Adrase-Ciemat, NASA, AEMET, Soda-pro, ITC, IDAE-Censolar, y UNE 94003,

respecto de los valores de irradiacion equivalentes calculados de 11 instalaciones

generadoras en funcionamiento, conectadas a red con angulo de inclinacion de 10°, todas

ellas ubicadas en la isla de Fuerteventura, en el archipi¢lago de las Canarias y con

potencias maximas instaladas desde los 88 kW a 552 kW.

Los resultados obtenidos de este estudio se han publicado en una revista cientifica con

revision por pares y en un libro de divulgacion cientifica como un capitulo independiente

de célculos de irradiacion, los cuales son los siguientes:

>

Anexo 1. Autorizacién y toma de conciencia de autores y coautores de los articulos
de que dichos trabajos se van a utilizar como parte de este trabajo de investigacion
y confirma que ninguno de ellos se ha utilizado previamente como parte de alguna

tesis doctoral.

Anexo 2. Assement solar database regarding production values in Fuerteventura
photovoltaic installations. Indian Journal of Science and Technology, Volume 10,
Issue 13, April 2017, Pp:16. DOI: 10.17485/ijst/2017/v10i13/110724. Articulo
publicado sobre el estudio comparativo de las DB de irradiacion solar para los

calculos de generacion solar fotovoltaica.

Anexo 3. Capitulo de libro: Advanced Engineering Research and Applications.
Volume -VII, Comparison of Solar Irradiation Data Bases for the Production of
Photovoltaic Electric energy. Capitulo 30, Pag 494-529. ISBN: 978-93-87374-270.
Capitulo del libro de divulgacién cientifica, sobre el estudio comparativo de las 8
DB principales de irradiacion solar para los calculos de generacion solar

fotovoltaica.
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4. RESULTADOS INVESTIGACION

4.1. LISTADO DE PUBLICACIONES Y CONGRESOS

En este estudio de investigacion, se han generado las siguientes publicaciones cientificas y se

ha participado en el congreso que se indican a continuacion.

Cp Titulo Journal Publicado DOI: chies SIR| Q
Score
Mathematical Model of Internatllon?I Volume 11,
Supply Water of Journa} 0 Issue 23,
1 d . Applied (2016). 0,13 [0,149| 4
Consumption Systems in ) .
Hotels Engineering | Pp. 11350-
Research 11357
Modeling of energy and
water supplies in hotels . Volume 9, 10.17485/
) Indian Journal | Issue 47, | ..
in Lanzarote and . 1jst/2016/
2 ) of Science and | December . 0,76 |0,251| 1
Fuerteventura with and v9i47/101
i L Technology 2016.
without desalination PD: 19 908
plant (SWROP) p-
Comparative study of
carbon footprint of Environment, [ Online, 8 | 10.1007/s
energy and water in Development | de febrero | 10668-
£ hotels of Canary Islands and 2018. 018- 1,26 10392) 2
regarding mainland Sustainability Pp:19 0102-6
Spain
Energy and water
consumption and carbon Volume 6, | 10.1109/
footprint in tourist pools 2018. Pp: | ACCESS.
. supplied by desalination IEEE Access 11727- | 2018.280 4,49 10548 1
plants: case study, the 11737 8923
Canary Islands
Estimation of Solar International |Volume 12,
Radiation of Clear Sky Journal of Issue 24,
5 using Non- Linear Applied 2017. 0,13 [0,199| 4
Methods Case Study: Engineering | Pp: 15438-
Fuerteventura (Spain) Research 15446
Reduction of energy |r3t§5?§;||ogf I Volume 7,
consumption in hotels Enaineerin Issue 3.32, |10.14419/
6 |with aerothermal energy. gand g 2018. ijet.v7i3.3| 0,08 [0,102| 4
Case Study: Canary Pp. 127- | 2.18412
Islands (Spain) Technology 131
(UAE)

Tabla 4.1. Listado de articulos publicados indexados

]
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Cp Titulo Journal Publicado DOI:
Assement solar database Indian Journal of Volume 10,
1 regarding production values in Science and Issue 13, 10.17485/ijst/2017
Fuerteventura photovoltaic April 2017. | /v10i13/110724
) . Technology :
installations Pp:16

Tabla 4.2. Listado de articulos publicados no indexados (Anexo 2)

N° Titulo libro Edltqual / Titulo capitulo Ca,plfculo/ ISBN
Editor paginas
Comparison of Solar
i ) Research L
Advanced Engineering India Irradiation Data
, 978-93-
1 Research and Publications Bases for the Capitulo 30 87374.
Applications. Volume - K ' Production of Pag 494-529 97-0
VII Honﬁsgo Photovoltaic Electric
Choi energy

Tabla 4.3. Listado de capitulos de libros publicados (Anexo 3)

(ICCAEE-2018)

Islands (Spain)

N° Congreso Titulo articulo Fecha / Lugar ISBN / Capitulo
International Modeling of energy >y 6 gs ggl/éembre
Conference on and water supplies in .
Recent hotels in Lanzarote | Gandhi Institute of | 97.93g6163-56-1
1 Innovations in | and Fuerteventurawith | ENgIneering & . IV, chapter
Engineering and and without Technology, 19
Technology desalination plant (G.L.E.T), Gunupur,
(ICRIET-16) (SWROP) 765(§)§i§’h§am%gda’
6™ International :
conference on Reduction 01_: Energy ICONTES - 2018
advances in civil, CoHns;JrInp\';:/qtnhln 19y 20 de julio de | http://procedia.org
2 | architecture and Aerothoef nfal E'ner 2018. Icpi/ICONTES-6-
environmental Case Studv: Cana?y' Kuala Lumpur, 2111397
engineering y: y Malaysia.

Tabla 4.4. Listado de congresos publicados (Anexo 4)
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4.2. Articulo 1. Mathematical Model of Supply Water of
Consumption Systems in Hotels

4.2.1. Resumen

En este articulo se realiza un estudia sobre los modelos de los consumos de agua en hoteles de
categorias de 4 y 5 estrellas, de las Islas Canarias, analizando los consumos del riego v el
consumo general de los establecimientos, con la finalidad de obtener y definir un patron de
consumo de agua de los establecimientos dependiendo de la ocupacion media, y también
modelizar el consumo del riego dependiendo de la temperatura media exterior. Se comparan
los diferentes modelos y funciones de regresion de regresion para comprobar el modelo que
mas se ajusta a los consumos reales de los establecimientos de estudio y generar el algoritmo
de célculo que definan dichos consumos. Se demuestra la validez de los modelos de regresion
potencial y polindmica para el célculo de valores de consumos de agua, con validez para los
establecimientos hoteleros estudiados con ocupaciones medias de clientes entre el 40% y 120%,
que suelen ser las ocupaciones medias de los hoteles canarios durante los diferentes meses del
afio. También se demuestra que el modelo de regresion lineal es el mas indicado para la
modelizacion de los consumos de riego respecto de la temperatura media diaria de la zona

geogréfica donde se situan los establecimientos hoteleros de estudio.

Mediante el sistema de analisis calculado y demostrado, se podran realizar modelizaciones de
consumos de agua en hoteles o grupos de hoteles con caracteristicas similares mediante la
simulacion de valores de ocupacion y realizar las comprobaciones de reduccion de consumos
mediante dichas simulaciones, respecto de la ocupacion prevista. El articulo concluye con las
funciones para el calculo de consumos de agua por cliente y dia, y de riego segun la temperatura,

para hoteles con caracteristicas similares a los del estudio.
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Abstract

In this article, a comparative study of water consumption 1n
four and five - star hotels in the Canary Islands {Spain) 1s
carried out n establishments located on the castem islands of
Fuerieventura and Lanzarote, both general consumption and
rrrigation, to define a consumption pattern of According to the
average outdoor temperature of the different establishments.
They are compared with the different types of regression to
verify the model that fits the mest and to penerate the
algorithm to calculate these consumptions. The validity of the
potential and polynomial regression models for the caleulation
of validity values for most hotels will be demonstrated by the
average client population between 40% and 120%, which 15
usually the average occupancy of the Canary Islands hotels
during The different months of the vear. and the lincar model
for the consumption of imigation water in relation to the
average \emperature.

By means of the system of analysis calewlated and
demonstrated, it will be possible to carry out simulations for
the consumptions of the hotels with the same characternistics
and to make possible the reduction of consumption of water
using the simulation of occupancy values o check the
possible reductions of the same. The article concludes with the
functions for the calculation of water consumption per
customer and day. and percentage imgation according 1o
temperature, for hotels with characteristics simalar to those of
the study

Keywords: Canarv hotels, modelling. waler consumption,
irrigation, sustainakbility.

INTRODUCTION

The archapelago of the Canary Islands, belonging to Spain and
located in the Atantic Ocean, North Afnca, near the
coast of southern Morocco and the Sahara, between the co-
ordinates 27°37 'and 29725 norh latiude and 13°20 ‘and
18*10" west longtude and with a total surface area of 7447
km2, with an occamic subtropical climate, it has stable
temperatures all vear long mitigated by the sea in winter And
by the trade winds i summer. The islands of Fuerteventura
and Lanzarote are the most onental and with a tyvpical dry
climate. Currently, the tournism sector in Cananes represents
31% of the archipelage’s GDP and gencrates 36% of
emplovment in the 1slands [1]. being the main driver of the
cconomy and its labor mobility as demonstrated in the study
of 15 Leon Santana and Dirk Godenau (2013) [2] on the

labor market in the Canary Islands. In this destinanion there
are 626 hotels offening more than 244000 hotel spaces [3].
Annually visit about 13000000 tounsts and produce over
100,000,000 overmight stays i hotel establishments on the
ilands. The consumption of water in the tourist industry of
the ledgmg sector, represent 11% of the consumptions [4]
with respect to the total of the 1slands. Taking into account the
importance of tounsm in the Canary Islands, it 15 essential to
scarch for models of sustainable and valid water consumption
in  order to mamtain  sustainable  destination.  Tounst
associations along with several universiies have conducted
differemt studies on water consumption in hotels. The
International Toursm Association ([TP), along with Cornell
University, has published the results of Howard Chong's
Comell Hotel Sustainability Benchmarking (CHSB) and Enic
E. Ricaurte [5] to provide hotels Consumption of water and
worldwide. The Spanish Confederation of Hotels and Tourist
Accommaodation (CEHAT) and the Hotel Technological
Institute (ITH) camied out an investigation of hotel
consumption using the toolkit, which generated a comparative
report with hotels of similar charactenstcs, companng energy
and water consumption in hotels Madnd [6] and the Canary
Islands [7]. All these studies give typical values, but do not
generale a reproducible mode] by means of the indicator of the
occupation, that 15 pnmordial i the present fourist
establishments.

Of the water consumption of the tvpe hotels investigated. Also
previously by Stefan Grossling [12] study on  the
consequences of tounism in the consumption of water with
data for differemt countries and an approximate caleulation
worldwide being the averape consumption of water very
disparate, with Values between 100 and 2000 1'bed/might,
which means that reliable water consumphion averages cannot
be generated per customer per day. On the 1sland of Mallorca,
a study was conducted on water consumption in hotel and
residential populations by Angela Hof and Thomas Schmitt in
20011 [13]. which concluded that consumption varies widely
between 188-1181 L'bed/night and that The water in the pools
represents 20 Vbed might.

Regression models to obtain a hyperbolic mode] of the water
consumption of the type hotels nvesngated. Also previously
by Stefan Grosshing [12] study on the consegquences of
tourtsm on the water consumption with data for different
countrics and an approximate global calculation being the
Very different average water consumption, with values
ranging from 100 to 2000 Lbedmight, which means that
reliable water consumption averages cannot be pencrated per
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customer per day. On the island of Mallorca, a study was
conducted on water consumption in hotel and residential
populations by Angela Hof and Thomas Schmitth in 2011
[13], which concluded that consumption vanes widely
between 188-1181 Ibed/night and that The water in the pools
represents 20 Ibed ‘night.

The main hotel chains also provide general mformation on the
water consumption of their hotels. which may be useful for
checking the average consumption of different establishments
comparatively, but without cstablishing any consumption
model or grouping similar hotels. Some examples of annual
data published by the hotel chain NH. which gives the
indicators per occupied room of 300 Uroom/night [14], or the
Riu hotel chain, with average consumption per guest of 371
Ibed/Night ].

The rescarch carried out focuses on hotel buildings in the
Canary Islands and specifically in botels of category 4 an 5
stars, both with desalation and without desalination for own
water consumption, on the islands of Fuerteventura and
Lanzarote. These two destinations have an average of 2.3 and
2 million tourists a year and 18.7 and 16.5 million stays
respectively. The reason for the study to focus on 4 and 5-star
hotels is that they represent near 60% of hotels in this islands
and the 70% of stays [3]. which will allow an approximation
of the consumption of the most of the hotcls on these Islands

EXPERIMENTAL

With the data obtained from the different hotels the filtration
of the erroncous values is carmed out and the main water
consumptions of the establishments are  differentiated,
differentiating between the water of human consumption and
the reused water that is used only for the imgation. The case
of saltwater swimming pools has not taken mto account the
expenses of the same. We will execute the calculation to make
the histograms of the resulting data and gencrate the
characteristic points grouped by frequency intervals using the
Sturges formula [16] to calcolate the optimal calculation
micrvals. We perform the distribution grouped by the
calculated intervals and the anthmetic mean of the grouped
data is realized to obtain the different characteristic points of
the consumptions and to perform the correlation calculations.
In order to verify which type of correlation the consumption
models arc most similar, the corrclation calculations for the
models. lincar, exponential, logarithmic, polynomial of second
degree and potential will be performed. checking their
cocfficient of determination and calculating 1ts modeling
function using the method of least squares [17]. With the
generated functions, the calculation of its correlation between
the valucs, which indicates the degree of dependence between
the two variables, for which we will use the correlation
cocfficient of Karl Pearson [18]. Values closest to | imply a
perfect positive lincar relationship and -1 a perfect negative
relation [19].

The corrclation between the data is venified by the cocfficient
of determination R* that is interpreted as the proportion or
percentage of variation of the dependent variable, which is
explained by the vanation in the independent variable, that is,
the percentage of valucs that fit with the shape of the graph
[20]. With the calculated functions the different graphs of the
consumption of water of the hotels are gencrated and with the

data of all of them we will calculate the charactenstic function
of the group of hotels. In order to group the data of hotels,
taking into account that it has different capacitics, the average
daily percentage will be used to work with all establishments
as if it were only usc. For the calculation of the charactenistic
function of imgation of hotels we will use the same
methodology as if it were a single Hotel, taking into account
the percentage consumption of hotels according to the outside
temperature and the month of irngation. In fig. 1 is shown
schematically the workflow to be followed for the realization
of the correlation calculations.

[
[
Data colection of waser and
irrigation consumplion
Data fitration and
congstioning
& G
) 1 Y
Parform Imigaon intarval intervas for water
histogram corsumption
(] Y
consumption for all hotels cansumpdon aach hotal
Graphic modeling water
Summary of caloutations of consumpion for al holels
waber corsurnplion and
(Conclusions modeling water
consumption and irrigation
in hotels

Figure 1: Diagram of the workflow for the rescarch work.

For the realization of the study of consumption in hotels,
scveral  establishments  charactenstic  of the  Canary
archipclago have been chosen, in the castern islands of
Fucrteventura and Lanzarote. In the scarch of hotels wath
homogencous characteristics, facilities of scntority under 30
years, category 4 and 5 stars and all type of hohiday with
swimming pools have been chosen. The gardens of the hotels
arc imrigated with desalinated water or regencrated water. In
modeling, calculations are made without regard to irmigation
water when different methods are used i cach hotel. The
consumption data of the hotels have been obtained values
between the years 2007 to 2015 according to the mstallation,
with minimum values per hotel of 4 years and maximums of 6
years.
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Table 1. Details of facihties and charactenstics of hotels studied. Source: Onginal.

DATES EPG E5H HPE HT ESA ECA HRP HTI MSL
Locatias FTV FTW FTV FTV FTV FTV LANZ  LANZ  LANE
Catepary 5 5 1 4 4 4 4 4 4
::I“""""""’ 2002 2.006 2,000 2.004 2003 2.007 2.001 1997 1,588
(3
Land area 13179 41806 30000 34T 2761 BA6TO 94970 3E622  J6063
. , Comstructedarea  B.124 ISEES 25911 31132 22700 28307 46297 34112 24507
Sl — 6l 166 133 354 266 ME 593 119 343
Bieds 122 532 6TH 710 533 £ 1.286 38 718
Garden area 15.000  E000 11000 6000 14000 35000 E.000 5.0000
Public  Public Public  Public
Water source = SEC swmop  SWROP = “ SWROP SWROP SWROP
supply  supply supply  supply
Irrigwtion soarce  Recycled Recycled SWROP SWROP Recycled Recveled Recycled SWROP  SWROP
%* Fresh water 2 b 2 1 2 1 5 B 1
Area m2 20 740 572 240 702 585G 1.1 1160 1.084
Volume m3 e BI5 765 266 EL| TG 9632 1.135 1.727
Pook:  N" Climatized 2 | 4 | 2 3 2 2
ool
Area m2 585 86 77 331 439 1.583 85 120
Volume m3 BHT 130 198 298 487 1.5803 95 1o
Years of date HNOT.0IZ 20073002 20002015 I010.2005 20072001 HO7-3001 20010-2015 2010.3015 2010.2014
Table 2. Main indicators of the hotels studied. Source: Original.
Aver Typlest
INDICATORS EPG  ESH  HPE  HT  ESA  ECA  MRP HTI MSL "E deviatio
n
E ittt ! 133 135 78 BE 85 52 78 104 7 s 24
rodsms
m2 Gardens ! rooms 0 L 24 k) 1 an 59 T} 15 0 1%
%o Lnrnions f Land 0% 3% TR 3w 1 0% I™H 1% 9% 6% 17%
areca
m2 Paols / rooms 16 50 | 1.5 19 30 45 3, 15 34 (]
m3 Paols / rooms 5.1 56 7 16 45 3.4 47 3 54 41 1.3
ININMCATORS HFE HT ESA ECA HTY WSL Average oy
: : : : AVEFREE  deviation
m* (ardens  rooms 24 31 23 40 24 15 26 9
% Garndens / land area 2% I2% 22% 4% 21% 197%% 17T% 8%
m* Pools ! rooms 20 1.5 i9 3.0 iR i5 19 1.0
m Pools / rooms 2.7 (W 4.5 i4 3.7 54 15 1.3
Diata analysis: of the Hotels, the companson of the same. to venfy the

average values of the facilities that appear in the table 2. In
this comparson of the different facilities it 15 possible to
verify the homogeneity of the establishments.

Table | presents the general data of the establishments
studied. wath their main charactenstics and facilites. Due to
the protection of data of the hotels we refer to each hotel with
a code that makes reference to the name. With the main data
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Table 3. Total consumption, percentages and garden surface area for rmgation water. Source: Onginal.

TYPE EPG  ESH  HPE HT ESA  ECA HRP HTI  MSL  TOTAL
:n“:l'];;‘“._:;i"“'ﬂ'ﬁ“ 96664  JE9A61 453535 46617 JEIITE  3S2E13 1305416 424067 424416 429B67R
Totalall ¢ onswmption irvigation 0 75708 4686 79131 I3TE4 63413 JM92  IEDI6} 13844 G64EDD
’ % enmsumptien 00%  194%  107%  16®%  62%  IRO% 233% 90 RO 155%
irrization
m2 Garden 15000  EO000 11000 6000 [4000 35000 000 5000 102000
Tod =~ Aversge duily 0 41 2 i1 13 4 139 17 19 324
irrigation  comswmpdisn
V'm2 Daily ! 263 327 217 07 w 3 1m0 an

Table 4. Average air temperature and percentage of monthly irigation water consumption. Source: Original.

LT Jan Feb Mar Apr May Jun Jul Amg Sep et Nev Dic Average
r 17.9 17.9 189 nz 217 112 ME 255 4.9 nE 213 19,1 179
% frvigation 63% 6% % Bl% Bl% e 2% s W T % 6T %

Consumpiion water performance: urigation consumplion is made, taking only the temperature
Water consumption 15 not taken into account I consumption Of the ar and no other factors as the type of crop. bemg the
calculations Irmgation water in hotels. i imgaton water can similar gardens, nor the runfall of the islands, being the
be of the types, in reused water that has specific regulations accumulated average annual, the smaller of all Canaries and

[21] for s application, the Which was studied AND Spain, of 100 I'm® vear [24], which is why we will not
compared with the other European countries by NV Parany consider this factor. With the average data of percentage of
chianakis, M. Salgot and AN Anclakis in 2015 [22], and water the Irngation consumption with respect to the maximum value
for human consumption [23], both of which are incompanble of the monthly values of the rrigation of the hotels shown n

with each other. table 4. we will perform a linear regression to check its
In Table 3 shows the total water consumption costs, with an dependence with the temperature, proving that its coefficient
average expenditure of 15.5% of total water consumption. of determination 15 Very high, so s dependence 15 very

Taking into account the surface of the gardens, the mmgation strong, as can be seen in fig. 2.
consumption per mf of garden 15 calculated, with an average
of 3.23 L/m® of garden. A simplified approximation of the

Table 5. Water consumption in recreational and climatized pools. Source: Onginal.

TYPE EPG ESH HPE HT ESA4 ECA  HRP HTI MSL TOTAL
Total all yvesrs Tatal water consumptisn 6664 313950 451535 JAGRGIT 359554 2RO.410 1001224 424167 424406 3.RINSE]
Consumption water posls 6305 94544 53920 216342 45829 55011 215529 40976 02444 641409

“a consumpiion pool 6,57 2w 119 56% 17N 190% 215w TN MW IeT

Total posks  Volume water pasl m3 im 1.492 E95 S LI1E% 1193 X768 1214 1LER7 11458

Average daily consumption i5 52 M5 12 25,1 7.7 9Ed 18.7 56,1 iR 1

%s averape daily comsumption 1,137 g 278N LIFN LI A16% 3S56% LS 305N LBEY

Tor m3 poal
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AVERAGE MONTHLY: IRRIGATION AND
TEMPERATURE IN HOTELS 5* AND 4*

100 s
. ore - g
E :
g N =2 ;
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- s n s
¢ =

oirs m ;

bl is

FEFLFToFSLE
Figure 2. Average consumption of imgation water and
representation of the linear regression function.
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AVERAGE TEMFPERATUNRE C

Figure 2.1, Trend graphic imgations hotels.

The annual average daily consumption s 323 I'm®
corresponding to 79% of the value of imgation, corresponding
to 100% a valuc of 4.09 I'm?. With the function calculated by
the lincar regression, we generate the function of calculation
of the monthly irmgation consumption in liters according to
the garden surface.

W, =(4,09(0,0379¢t - 0,0226)4,)d

Where "A,." is the arca of garden in m?, "d" is the number of
days of the month of calculation and "r" the average monthly

temperature in °C 1n the arca where the hotel is situated on the
islands.

The consumption of water in swimming pools are another
determinate factor in water costs. Table 5 shows the
consumption data for hotel pools, together the cold and the
heated pools. It is possible to venfy the importance of these
renovations that comes to be the 16.7% of the consumption of
water of a hotel. without taking into account the consumption
of renovations of whirlpools, which are affected by legionclla
regulation [25]. that Marks the minimal water rencwals of
these types of vessels and has been studied for this type of
thermal pools by Maciej Walczak, Alcksandra Burkowska-
But, Maria Swiontck Brzezinska, and Arkadiusz Krawiec
[26]. The consumption of rencwal daily water for swimming
pools, in a generic way, we will take a value of 2.86% per day
of the total volume of the pool.

The approximations of the water consumption of swimming
pools in m3 per month will be made, taking into account the
volume of the pool by means of the following function:

Wp., = (0,0286V,,)d

Where V" 1s the total volume of cold water swimming
pools, heated pools and Spas in m’, "d" is the number of days
of the month of the calculation.

Water consumption in hotels without irrigation.

Having established the average consumption from swimming
pools and irngation. the corrclation calculations of different
levels of water consumption of hotels - recalling that the
consumption of irmgation has not been taken nto account. but
the consumption of pools has -were performed. Table 6
summanzes the calculation values of the functions of the
mvestigated regression models. where the different values of
the cocfficiemt of determination can be checked, with the
potential and polynomial correlation which best fit the graph.
The increased potential of consumption is duc to the declining
number of guests. Since the minimum consumption of some
facilitics 1s mdependent of the number of guests, we consider
the minimum fixed consumption to be maintained.

Table 6. Summary of functions und cocfficient of determination of the different types of correlation for water consumption.
Source: Onginal.

CORRELATION EPG ESH HPE HT ESA
TYPE
Linear y=950,17x = 12569 y=-57691x + 94386 y=-17L1x = 47095 y=-2441x + S04.03 ¥ = -201 5x + 599, 8%
Linear R 07652 08558 0.9094 0.8604 07171
Exponential ¥~ [680,5¢ y = 12307151 ¥ =499 9p v y = 573, The wrme ¥ = 624,454
Exponential R* 07474 05733 09192 0.8925 07402
Legarithmic y~-6158In(x) + 36399 y-AS8dkx)+ 36434 y~-13190n(x) + 30203  y~-1949n(x) - 25805 y=.163.0kix) - 39622
Legarithmic R® 07837 08506 09130 08926 0.7642
Polynomial y= 166640 - 3130 63+ y=SEIC . W4764+  y- 9B -3195dkr y-DIT020 L 6353500y 3209007 TI068 ¢
19483 12675 .3% 6544 50402
Polynomial R* 07885 0,8856 09145 0.889% 0.7835
Potential y = 0475y y =363 2 g y = 0L T y = 15T 8Ix" y = 396,54y
Potential R* 07542 05786 0918 09029 0.7798
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CORRELATION TYPE ECA T3] MSL HRP
Linear ¥ = 245 36 - 525,35 y = -106,49% + 206,36 ¥ = -169.99% + 44,5 y - 432 33x + R29.03
Linear R® 08461 06930 05717 05421
Fxponential ¥ = 609, 7 y = 41426151 y = 504 B3 y = 1015, Te =
Exponential R* 05376 06939 06835 08604
Logarithmic y = -187,lin(x) + 280,03 ¥ = -$0.18ln{x) + 30104 ¥ =-1471In{x) + 308.1) v~ -3 8ln(x) + 193.69
Logarithmic R* 0,797 07421 0 05405
Polynomial y=-lOASSC S TS+ 0198 =265, 14xT - SOTA2 4 54091 y-4SRIOST2Ta - SOLY  y- 1S460x° . 697,99x < 93721
Polynomial R* 05653 0.7955 05169 08473
Potential v = 276.76x "™ ¥ = 30169 =2 ¥ =308 1Ix* y = 380,59y
Potential R* 07827 07410 07412 05482

Study mathematical model:

It is nccessary to change the ratios of consumptions by
customers to consumption by percentage of occupation of
clients, having different maximum occupations in cach hotel
and in this way we can compare occupations of the same in
cqual conditions of occupancy percentage. With the amount of
data of all the hotels #t is venficd that the occupancy intervals
cover the values between 45% and 120%. With the
calculations made, fig. 3 where the mean water consumption
points are represented for the set of hotels, representing the
plot of the trend line, according to the corrclation function
with the highest cocfficient of determination R*.

250 AVERAGE ALL HOTELS 4* AND 5 *WATER
’.' CONSUMPTION POLYNOMIAL
0 .."._
5 ..
Euu 5" 5
3 .. .
z L8
% 00 "o,
:
g .,
Bow | T,
: Rk
y = 382.33x% - 969 05x + 910.44 ..
- R*=0.9782
bl
e s L 1007 1200

OCCUTANCY FERCENTAUE CUSTOMERS DAY

Figure 3. Characteristic function with the greatest correlation
index for the consumption of water of all hotels.

Table 7 summanzes the calculations performed to obtain the
functions for the water regression models.

Table 7. Summary of functions and cocfficient of
determination of the different types of corrclation for

consumption of water. Source: Original.

TYPE DATA FOR ALL HOTELS
WATER CUSTOMERS

Linear y=~-3382x - 66799
Linear R* 09349
Exponential y =774 55 a0
Expomential R° 09575
Logarithmic y = -270,lIn{x) + 327,18
Logarithmic R° 0.9698
Polynomisl ¥ = 382.33x7 - 969.05x + 910,44
Polynomizl R* 09782
Potential y =271
Potential R* 05749

After venifying the strong correlation between the systems of
potential and polynomial regression, the suitability of these
functions can be confirmed. comparing the actual values of
the averages for the hotels with values of the function
gencrated by the regression models. All the regression models
have been compared on the same graph, calculating the values
of the functions from an occupancy rate of 1% to 140%,
which is shown in Fig. 4. It can also be seen how the values of
the regression functions have been pawred for values of
between 40% to 120% occupancy.

AVERAGE ALL HOTELS 4* AND 5* WATER
CONSUMPTION AND CORRELATIONS

WATER CONSIMO L /% maX Iy

L) 0 e o Lo 1007 1207 180

—POT  odp LIN  w—TOL e EXP s LOG
LI & ¢ s mre “oonr . s\ . ECA
"« * M8 ¢ rra . N s HNr

Figure 4. Representation of regression functions between |
and 140% occupancy with respect to the midpoints of water
consumption of the different hotels.
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RESULTS AND DMSCUSSION

It was found that the values of the midpoints for the levels of
consumpticn of the hotels approximately fit the values of the
calculated functions. The next step was to check that the
calculated mean values for all hotels fit with the generated
function in order to demonsirate the validity of the models
calculated for the average occupancy values, which range in a
generic sense between 30% and 130%. In the following fig. 5,
representation of the function of water.

. AVERAGE ALL HOTELS 4* AND 5 * WATER
CONSUMPTION AND POLYNOMIAL GRAPHIC

§

Faan
= Folbymemisl
. yo= 3R D 969,05x + 91044
¢ = 07HE
Eao
£
:mn
;mn

i

=0

s Ll ™R L 1o 1 M%%
AROCUTFANCY FERDCENT AGE CUSTINIERS DAY
il [FTHL ® TT

Figure 5. Representation of regression function between 30
and 130% occupancy with respect to the midpoints of the
average consumption of water calculated for all hotels.

Reviewing the performance of the functions is found that the
average data conform to the graphics penerated, and can be
used the functions potential and polvnomial for the approach
te water consumption values for four and five-star hotels with
similar charactenistics o the functions that we here studied.
The approximate values monthly consumption. taking into
account the daily average occupancy, air temperature for
consumption of irrigation and specific  consumption 1o
produce desalinated water, are summarized mn:

Irmgation consumption:

W, = (4.09(0,0379¢ - 0,0226)4, )d

Total consumption without irigation:
W,y = (382, 33x% — 069,05x + 910,44)d

Total consumption with irmgated
W = ({az.aaf —969,05x + 910,44)
T =\ +(4,09(0,0379¢ — 0,0226)4,)

Where "x" 1s the percentage of average occupancy, "A;" 1s the
surface area of gardens, "d” 15 the number of days of
calculation and ™" the average temperature in the area where
the hotel 15 located on the 1slands.

CONCLUSIONS

Using the method descnbed. a model of typical water
consumption of a hotel of a certain segment, which may be
reproduced for any other hotel m the sector and thus be able 1o
check and compare the consumption thereof is obtamned. With
the applicabion of statistical correlation functions are achieved
and generate the optimum consumption patterns for a group of
hotels, considenng that the larger the number of data is
increased the reliability of the generated models. The basic
procedure followed and demonstrated, leaves the field open o
rescarch more complex and precise. applicable to any type of
hotel supply ficld models.

With the different models studied correlation has been found
that in most of the hotels stdied the potential polynomaal
msdel or apply with very Little difference between the rates of
correlation. The ealculated values from which we can consider
similar approaches both models are between 40 and 120% of
occupation of customers of the hotels, where o lower or
higher occupations very large differences, which are no longer
cither equivalents. Has proven the imporiance of the average
temperature for the consumption of ngation, this being the
main factor being the rainfall of the small 15lands, and taking
into account the landscaped areas the use of recyeled water for
wmigation and decrease 15 necessary the dependence on water
desalination plants on the 1slands also for imgation.
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4.3. Articulo 2. Modeling of enerqy and water supplies in
hotels in Lanzarote and Fuerteventura with and without
desalination plant (SWROP)

4.3.1. Resumen

En este articulo se confirmar el modelo estudiado y desarrollado con anterioridad para los
consumos de agua, para lo cual se prueba el modelo para todos los suministros de un grupo de
hoteles con caracteristicas similares y de categoria 4 estrellas. Los consumos estudiados han
sido: energia total, electricidad y agua. Se realiza el procedimiento de modelizacion de los
consumos para todos los suministros, mediante el calculo de las funciones de regresion
caracteristicas respecto de la ocupacion de clientes dia, comprobando que también en este caso,
los modelos potencial y polindmico son los que obtienen unos indicadores de correlacion méas
ajustados para todos los hoteles, con validez para los establecimientos hoteleros con
ocupaciones medias de clientes entre el 40% y 120. En el estudio realizado no se ha tenido en
cuenta el consumo eléctrico producido por la generacién industrial de agua mediante las plantas
desaladoras de agua de mar de los establecimientos que contaban con estos equipos, para
realizar un modelo de consumo energético y eléctrico que sea valido para todos los tipos de
establecimientos, siendo el consumo producido por la desalacion un extra adicional que solo lo

tendran los hoteles con desaladora propia y no todos.

Se demuestra nuevamente como los modelos basados en correlacién son los indicados para los
calculos de suministros en hoteles o grupos de hoteles con caracteristicas similares, para lo cual
se obtienen algoritmos de calculo para todos los consumos energéticos y de agua segun la
ocupacion de los establecimientos. Se tiene en cuenta la variacion de los establecimientos con
desaladora propia con una funcion caracteristica que describe sus consumos en este caso. Con
las funciones obtenidas se pueden realizar simulaciones y pronésticos de consumos para hoteles

con caracteristicas similares a los estudiados que se encuentren en la misma zona geogréfica.
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Abstract

Ob]ectives: This article presents a comparative study of energy and water consumption in four-star hotels in the Canary
Islands (Spain), specifically on the islands of Fuerteventura and Lanzarote, with and without desalination sea water
reverse osmosis plants (SWROP), of order to define a pattern of consumption based on the average occupancy rates of
different establishments. Methods /Statistical Analysis: The method used for regression calculations of the data obtained
has been, initially the data collection and filtration, perform the mean arithmetic of the data according to the intervals
calculated, perform calculations and generate the correlation graphs of the different models, change the occupancy rates
to a percentage and use all the values for the total calculation as if it were a single hotel, calculate the final model of energy
and water consumption for establishments, and create a valid algorithm using the calculated regression models. Findings:
We demonstrate the validity of the potential and polynomial models of regression used to calculate the approximate
values for consumption of water, electricity and energy, valid for most of the hotels with an average occupancy rate of
between 40% and 120%, which are typically the average occupancy rates for hotels in the Canary Islands during various
months of the year. Through a calculated and demonstrated system of analysis, approximate simulations of consumption
can be performed for hotels with the same or similar characteristics and modelling of reduced energy consumption can
be performed by simulating occupancy values to test the level of reduction. Application/Improvements: The article
concludes with the functions for the approximate calculations of energy consumption, electricity and water per guest, per
day for hotels with similar characteristics to those in the study.

Keywords: Energy, Efficiency, Hotels, Modelling, nZEB, SWROP, Water

1. Introduction

At a global level, two-thirds of emissions come from
energy consumption, the tourism sector-being a
major consumer of energy-contributing 5% due to the
inefficiency of energy consumption that occurs in that
sector. The tourist accommodation sector represents
more than 20% of emissions from tourism and energy
consumption from tourism overall' is equivalent to 1% of
global emissions. For this reason, hotel buildings, which
operate in geographical areas with a high concentration

* Author for correspondence

of tourism and intensive seasonal use, pose a major
challenge to the sustainability of tourist destinations.

The European Union has set a goal of reducing energy
consumption, as well as CO, emissions, by 20% by 2020
in comparison to 1990 levels, stipulating that 20% of total
energy consumption must come from renewable sources
and giving much importance has been placed on energy
efficiency through the publication of several directives
on it, as the directive directive 2010/31/EU * on energy
efficiency in buildings, investigated their application in
buildings in one study’ and directive 2012/27/EU* on
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energy efficiency, which also highlights the importance of
promoting energy efficiency in buildings, setting a time
to achieve Zero Energy Buildings (ZEB) or near to Zero
(nZEB), this being an obligation in new constructions for
the year 2018 general government and by 2020 the other
buildings, which has been studied their application in
Lithuania®.

The archipelago of the Canary Islands, belonging to
Spain and located in the Atlantic Ocean near the coast of
southern Morocco and the Sahara, north Africa, between
coordinates 27237 and 29:25" north latitude and 13-20°
and 18210 west longitude, with a total area of 7447 km?
and an oceanic subtropical climate, has stable year-
round temperatures mitigated by the sea in winter and
in summer by trade winds. Currently the tourism sector
in the Canary Islands represents 31% of the archipelagos
GDP and generates 36% of employment on the islands®,
it being the main engine of the economy. It is the
main engine of the economy and its labour mobility as
demonstrated in the study of on the labour market in the
Canary Islands. At this location, there are 626 hotels that
offer more than 244,000 hotel beds". Annually, around
13,000,000 tourists visit and produce more than 100
million overnight stays in hotels on the islands. Energy
consumption for hotels in the tourism sector accounts for
15% of total electricity consumption® and 11% of water
consumption', with respect to the overall consumption
of the islands. Taking into account the importance of
tourism for the Canary Islands, the search for models of
energy consumption and water sustainability is essential
and valid for implementing energy efficiency strategies in
hotels, which has become an essential aspect of European
strategy for sustainable growth in 2020, and one of the
most profitable ways to strengthen the security of energy
supplies, as well as reduce emissions of greenhouse gases
and other pollutants. It is very important to know the
distribution of energy consumption in hotels so that it can
be shown where improvements can and should be made
inorder to make reductions. Distribution varies according
to geographical area and category of hotel, as can be seen
by studies conducted in several countries, for example: in
Britain, where the typical distribution is 47% on heating
and 20% in Domestic Hot Water (DHW)'; in Greece,
where the typical distribution is 35% on heating, 15% on
refrigeration, and 22% on DHW™"; hotels in the Balearic
Islands is between 22 % for DHW , cooling 14% heating
and 21%"; and the Canary Islands, where, due to its
climatic characteristics, climatization is reserved mainly

for air conditioning, with consumption at 31%.and,
in second place, DHW at 22% *. Tourist associations,
along with several universities, have conducted various
studies on the consumption of hotels. The International
Tourism Partnership (ITP), in conjunction with Cornell
University, has published the results of the study “Cornell
Hotel Sustainability Benchmarking™ (CHSE)" to provide
points of reference to hotels regarding energy and water
consumption, and worldwide carbon footprint references
for different types of establishments in various countries.
The World Tourism Organization (UNWTO) has
launched the project “Hotel Energy Solution”, creating the
E-Toolkit', a tool that allows small and medium-sized
European companies in the hotel accommodation sector
to make a comparative assessment of energy consumption,
efficiency and carbon footprint, with similar companies
on the continent. The Spanish Confederation of Hotels
and Tourist Accommeodation (CEHAT) and the Hotel
Technological Institute (ITH) conducted an investigation
of hotel consumption using the bench hotel mark tool,
which generated a comparative report with hotels with
similar characteristics, comparing energy and water
consumption with hotels in Madrid” and the Canary
Islands", but without creating a reproducible model for
other hotels. All these studies give typical values, but
have not generated reproducible models using occupancy
as an indicator, which is paramount in actual tourist
establishments.

Other research has been carried out by the scientific
community, such as that performed in 2009 whereby
a study of 29 energy intense hotels was conducted in
Singapore, checking their linear correlation with various
parameters of different hotels, such as the average
monthly occupancy rate and average temperature. The
average consumption of the hotels stood at 427 kWh/m?/
vear. Heterogeneous samples of hotels concluded with the
need to group the data into more homogeneous hotels
for utility models in simulating energy consumption. In
2012*, performed a comprehensive study on the basis
of 200 hotels in four categories, checking the levels of
energy consumption based on the category of hotels,
among other factors. Energy consumption was between
280 and 143 kWh/m*fyear and average consumption per
occupied room was between 26,7 and 94 kWh/room/
nigth with 84% of the energy consumed being electricity.
In 2012%, conducted a study on the classification of hotels
in Greece for their energy consumption, according to the
climatic zone and type of hotel, in which they took into
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account the size of the hotels but not their occupancy
rates. The study in 2007*-roughly 184 hotels from the
Hilton and Scandic chain in Europe - created a model
of energy and water consumption in these hotels, taking
into account multiple variables and modelling them by
linearization of annual consumption. When basing a
study on heterogeneous hotels, values are very generic
and hardly usable for modelling all hotels, since there
are large variations between them. In the study in 2011+,
to model water consumption in Acapulco, he found
that the logarithmic model was the most appropriate
for consumption of this type. In 2014, investigated
the modelling of water consumption in hotels through
regression models in order to obtain a hyperbolic model
of water consumption in hotels of the type investigated
here. In investigations* on the impact of tourism by type
of accommodation, it means data for different countries
and a global estimate is obtained per bed per night use 36
kWh/bed/night, with consumption water through very
uneven, with values between 100 to 2000 l/bed/night so
cannot generate reliable means of water consumption per
customer per day.

Data published by the major chains should also be
taken into account, since they provide general data on
energy and water consumption in their hotels, motivated
by environmental certifications and their corporate
environmental responsibility policies, which can be
useful for checking the average consumption of different
establishments comparatively, albeit without any model
of consumption or grouping of hotels with similar
characteristics. Examples of annual data published include
the NH hotel chain, which gives indicators for occupied
rooms of 300 l/day/room and energy consumption of
51.43 kWh/day/room™, or the Riu hotel chain, with shows
an average consumption per guest of 371 1/day/guest and
electricity of 15.31 kWh/day/guest=.

For this research, we focused on hotels in the Canary
Islands, specifically on 4-star hotels, both with and
without desalination plants to provide their own water,
on the islands of Fuerteventura and Lanzarote. These
two destinations have an average of 2.3 and 2 million
tourists a year and 18.7 and 16.5 million overnight stays
respectively. The reason that the study focuses on 4-star
hotels, is that they represent more than 55% of the hotels
in the Canary Islands and more than 70% of the rooms®,
with which it is possible to realize an approximation of
the consumption of most of the hotels on the islands.

Vol 9 (47) | December 2016 | wwwindjstorg

2. Experimental

The data obtained from the corporate departments
of the hotels from this study of total energy, water and
electricity consumption, and number of guests staying
a night (=overnight stays), was reviewed alongside the
technicians responsible for each establishment, filtering
out erroneous data - due mainly to failure to collect it or
other chance events outside of normal operations (e.g.,
water leaks, renovations of facilities, breakage, etc.). With
this list of definitive data, already filtered and reviewed,
the calculation was performed for the histogram of
the resulting data, generating the characteristic points
grouped by frequency ranges. To calculate optimal
ranges, the Sturges’ formula® was used, which gives us
the number of intervals depending on the amount of data
obtained.

The next step was to perform the grouped distributions
by intervals calculated, and once the values were grouped,
the arithmetic mean of the data was performed in order to
obtain the different characteristic points of consumption
and perform the correlation calculations. The values are
ordered by daily guest occupancy rates, which gives us a
more accurate correlation than classic systems of monthly
or annual consumption, because in this way, errors due to
the different number of days in a month - which would
provide an error of 6% in February and 3% in the months
containing 31 days - are annulled, obtaining a distribution
of values more tightly adjusted to their real values. With
the data obtained from hotels, the calculations for total
energy, electricity and water costs per guest per night
were performed.

To test what kind of correlation resembled the models
of consumption the most, correlation calculations were
performed for linear, exponential, logarithmic, and
polynomial of the second degree and potential models,
testing their coefficient of determination and calculating
their modelling function.

« Linear Regression whose shape fits:

y=ax+4b

«  Exponential Regression whose shape fits:
y = aeb¥
« Logarithmic regression whose shape fits:

yv=alnx 4+b
« Second order polynomial regression whose shape

fits: v=a+bx +cx®

«  Power Regression whose shape fitss v = ax”
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The calculation of the values to find the function of
the line of different value matrices was performed by
the method of least squares™. With the lines generated,
calculation of the correlation between the values can be
performed, which indicates the degree of dependence
between two wvariables, so we used the correlation
coefficient of Karl Pearson®. To interpret the correlation
coefficient of Karl Pearson, it must be taken into account
that its value ranges between 1 and -1. Values closer to
1 imply a perfect positive linear relationship and -1 a
perfect negative relationship. Values closer to 0 indicate a
lower linear relationship.

To test the correlation between the data, the coefficient
of determination R* was used to interpret the proportion
or percentage of variation in the dependent variable,
which is explained by the variation in the independent
variable, ie., the percentage of values that fit with the
shape of the graph®. The functions calculated generate
the various energy and water consumption graphs to test
their shape and to generate a valid energy model.

This same methodology was used to calculate
the correlations of all hotels for different total water,
electricity and energy consumption levels. With data
from all the establishments, and due to the different
maximum capacities of each hotel, guests had to be
averaged as a percentage of occupancy, which was
necessary to make the relative comparison of the average
daily occupancy rate and work with the data from all
hotels as if they were a single establishment in order to
generate the corresponding function for hotels of similar
characteristics.

Figure 1 exhibits schematically the workflow that was
followed to perform the correlation calculations, where a
summary of the steps taken can be seen as follows: 1. Data
collection and filtration, 2. Perform the mean arithmetic
of the data according to the intervals calculated, 3.
Perform calculations and generate the correlation graphs
of the different models, 4. Change the occupancy rates to
a percentage and use all the values for the total calculation
as if it were a single hotel, 5. Calculate the final model of
energy and water consumption for establishments, and 6.
Conclusions.

4 | Vol 9 (47) | Drecember 2006 | www.indjst.org

Figure 1. Diagram of the workflow for the research
work. Source: Original.

To carry out the study of consumption in hotels, we
chose several characteristic hotels in the Canary Islands,
located on the eastern islands of Fuerteventura and
Lanzarote, which have a peculiarity that distinguishes
them from other hotels on other islands: their 100%
reliance on desalinated water, due to the absence of
hydrological resources for water distribution for general
consumption on these islands. The hotels studied differ
according to the way they supply water for human
consumption, which is by producing water through a
desalination Sea Water Reverse Osmosis Plants (SWROP)
either located on the premises and belonging to the hotel
or through a public water supply from a municipal plant
located externally.

In the search for hotels with homogeneous
characteristics, facilities were chosen that were less than 30
vears old, had a 4-star rating, and fitted into the category
‘holiday establishment, which implies a type of tourism
where more of the hotel is enjoyed, such as the continual
use of restaurants and swimming pools for the duration
of the stay. All establishments have swimming pools
and air conditioning, not counting heating. The gardens
of the hotels are irrigated with desalinated or reclaimed
water, which is motivated by the possibility of having
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Table 1. Details of facilities and characteristics of hotels studied

DATES HPE HT ESA ECA HTI MSL

GEMERAL Location Fuerteventura | Fuerteventura | Fuerteventura | Fuerteventura| Lanzarote | Lanzarote
Construction date 2000 2,004 2.003 2,007 1997 1988
Land arca 30,000 34879 27.163 34.670 38.622 26.163
Constructed arca 25912 31132 22.710 28.307 34.112 24.507
Rooms 333 354 266 346 329 343
Beds 678 710 532 692 658 718
Garden arca 8000 11000 6.000 14000 B.00D 5000
Water source SWROP SWROP Public supply | Public supply SWROFP SWROP
Irrigation source SWROP SWROP Recycled Recycled SWROP SWROP

POOLS N* Freshwater 2 1 2 1 8 1
Arcam® 572 240 702 589 1. 160 1.084
Volume m* 765 266 891 706 1.135 1727
W* Climatized pool 1 3 1 2 2 2
Heating system Electricity AC Recovery Electricity Electricity Electricity Solar

pancls

kw hr.nting i3 378 100 135 25 95
Area m? 86 232 331 439 a5 120
Volume m* 130 240 298 487 95 110

Hot Water DHW | Combustible LPG Propane | LPG Propane Diesel oil Diesel 0il | LPG Propane | Diesel oil

+ Dhiesel wil

kW heating 337 630 B0 1000 2724200 450

Renewable energy | Biomass heating kw 270
M* Solar pancls 168 92
Solar panels m* 340 795

Air Conditioner | HVAC System 1 2 2 2 1 1
kw Total HVAC 344 828 792 804 485 450
chillers

Desalination kW Power (feed + 65 65 52 120

SWROP plant}
Production m3/hour 12 12 11 18

Years of date 2010-2013 2010-2015 2007-2012 2007-2012 2010-2015 |2010-2015

their own treatment plant or external supply of reclaimed
or desalinated water, since not all establishments have
the possibility of irrigating with reclaimed water. The
modelling calculations were performed regardless of the
irrigation methods used in each hotel.

The hotels studied do not have the facilities to generate
their own electricity, either for their own consumption
or for sale, except for replacement generators in case of
power failure from the grid, nor do they have their own
cogeneration equipment. All electricity comes through
an external supply network, being, in all cases, medium
voltage with transformers located within the hotel
facilities. Other fuels and power generation systems used

Vol 9(47) | December 2016 | www.indjstorg

by hotels, for which data are available are: LPG propane,
diesel, biomass pellets and thermal solar panels.

Consumption data for the hotels was obtained
between 2007 and 2015, depending on the facilities, with
minimum values per hotel of 4 years and maximum of 6
years. During the vears of study, diesel boilers have been
replaced with biomass boilers, producing similar yields
and allowing equivalent calculations to be performed by
transferring all combustibles to the same unit of energy,
ie. kWh.

2.1 Data Analysis
Table 1 shows the general data of the establishments

Indian Journal of Science and Techmology l 5

FRANCISCO JAVIER DIAZ PEREZ

78




4. RESULTADOS INVESTIGACION

Modelling of Energy and
{SWROP)

Water Supplies in Hotels in Lanzarote and Fuerteventura with and Without Desalination Plant

studied, with their main characteristics and facilities
being presented. The low use of renewable energy can
be observed, present only in a few establishments for the
heating of water for human consumption (DHW), as well
as the lack of heating facilities. Due to the data protection
of the hotels, we refer to each hotel with a code.

In considering a study of hotels with similar capacities
and facilities, all feature gardens, swimming pools and
have air conditioning in all rooms and public areas
(restaurants, bars and lounges). The need be able to
generate their own supply of water through desalination
SWROP is also verified where there is an absence in the
public supply, as is the case in some areas of the islands
in this study, so it is necessary that hotels have their own
desalination plants SWROP. With the main data from the
hotels, a comparison was performed to check the average
values of the facilities listed in Table 2. In this comparison
of different facilities, the homogeneity of establishments
can be checked.

Hotels in the Canary Islands, mainly those in the
eastern islands of Fuerteventura and Lanzarote, have the
peculiarity that they do not need heating in winter. The
average winter temperatures do not require the use or
installation of heating systems, which reduces the average
consumption during the winter months, air conditioning
not being required in most establishments either. The

average temperature of the coldest months of December,
January and February is close to 18°C, with a minimum
average of 16°C and a maximum of 20°C*, making
heating and air conditioning unnecessary.

2.2 Consumption Water Performance

To perform the calculations of water consumption, the
peculiarity of these establishments must be taken into
account, counting two extra types of consumption that
are independent of hotel occupancy and operations.
These consumptions are the replacement of swimming
pool water and the irrigation of gardens, which have been
studied independently.

Consumption from irrigation has not been taken
into account in the calculations of the total water
consumption of the hotels, since irrigation water can be
of two types: purified water which has specific rules* for
its implementation, which was studied and compared
with other European countries in 2015* and water for
human consumption*, both of which are incompatible
with each other. Irrigation costs in respect to total water
consumption can be seen in Table 3, reaching an average
expenditure at 12% of total water consumption. Given the
total surface area of the gardens, irrigation consumption
is calculated as m2 of garden, with an average of 2.67 I/m2
and a standard deviation of 0.6 I/m2.

Table 2. Main indicators of the hotels studied

ECA HTI MSL Avcrage Typical deviation

INDICATORS HPE HT ESA
m*Construction / rooms 78 88 85
m*Gardens / rooms 24 31 23
% Gardens / land arca 27% 32% 22%
m® Pools / rooms 20 15 39
m’* Pools / rooms 27 16 45
kW Hecating water /rooms 1,6 1,8 30
kW AC / rooms 10 23 30

82 14 71 85 11
40 24 15 26 9
40% 2I% 19% 27% 8%
30 38 35 2, 1,0
34 37 54 35 1.3
29 14 13 20 07
23 15 13 1.9 0.7

Table 3. Total consumption, percentages and garden surface area for irrigation water

TYPE HPE HT ESA ECA HTI MSL  Total / Average
Total water consumption 453.535 468617 423494 397.289 424.167 467.479 2.634.581
Irrigation water consumption  46.286  79.232 25480 77.285 38.263 37.388 303.934

% Consumption irrigation 10% 17% 6% 19% 9% 8% 12%
m’garden 8.000 11.000 6000 14000 8.000 5.000 52.000
Average daily consumption 21 36 10 42 17 11 139
L/m’daily 2,64 329 1,70 3,03 2,18 2,26 2,67
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To perform a simplified approximation of the
consumption of irrigation, taking into account only the
air temperature and not considering go their factors, such
as the type of flora, the similarity of the gardens, or the
rainfall of the islands, annual accumulated average being
the lowest in both the Canary Islands and Spain at 100
I/m* year”. With the average data of the percentage of
consumption for irrigation in respect to the maximum
value of the monthly irrigation values of the hotels shown
in Table 4, a linear regression to test their dependence
on the temperature was performed, proving that its
coefficient of determination is very high and hence their
dependence very strong, as shown in Figure 2.

Given that the annual average for daily consumption is
2.67 I/m2, corresponding to 80% of the value of irrigation,
the maximum value, 100%, corresponds to 3.34 I/m2,
which is the maximum value of daily irrigation. With the
function calculated by linear regression, the function for
calculating monthly consumption in litres for irrigation
according to the surface area of the garden can be
generated.

Wirr = (3,34(0,0371¢ - 0,0152)4,)d

Where “A " is the area of garden in nv, “d” is the
number of days of the month of calculation and “t" the
average monthly temperature in °C in the area where the
hotel is situated on the islands.

With the consumption of water in swimming pools,
which is another determinant factor in the cost of water,
there are several variables involved in the daily renewal

necessary to maintain the level of the swimming pools,
which can be enumerated with the following factors:
evaporation, leakage in the pool itself and the circuit,
washing of filters, etc. Table 5 shows consumption data for
hotel swimming pools, differentiating between the cold
and heated pools. The importance of pool maintenance,
which amounts to 13% of the water consumption of
a hotel, can be checked, without taking into account
maintenance of hot tubs, which are affected by the rules
of legionella™ and which mark the minimum amount of
water maintenance of this type. It has been studied for
this type of thermal pools*. Daily consumption of water
for swimming pool maintenance, generically speaking,
takes a daily value of 2.42%, with a standard deviation
of 0.5%, which is considered sufficient to perform an
approximate calculation for the water consumption of
swimming pools, according to volume.

As hotel swimming pools use fresh water, this
expense for modelling calculations of total water
consumption has to be taken into account. In order to
calculate approximations of monthly swimming pool
water consumption in m3, taking into account the
volume, the following function can be used to simulate an
approximation of consumption:

Wp,, = (0.0242v;,)d
Where “V_" is the total volume of cold-water

swimming pools, heated pools and Spas in m’, “d” is the
number of days of the month of the calculation.

Table 4. Average air temperature and percentage of monthly irrigation water consumption

UNIT

Jan Feb Mar Apr May Jun

Jul Aug Sep Oct Nov Dic Average

T 179 179 189 202 21,7
% Irrigation  63% 69% 72% 83% 78%

232 248
92% 94%

255 249 238 213 191 17.9
100% 93% 80% 78% 70% 80%

AVERAGE MONTHLY: IRRIGATION AND
TEMPERATURE

MAR  MAY JUL SEP. NOV

tow |~ TREND GRAPHICIRRIGATIONHOTELS

5% .
% .
z’f © y=0.0371x-0.0152 o ol

Q:CZ’ Ri-0.8529

= 30% o*°
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Figurc 2. Average consumption of irrigation water and representation of the linear regression function. Source: Original.
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Table 5. Water consumption in recreational and climatized pools

TYPE HFE HT ESA ECA HTI MSL TOTAL
Total Year Total water consumption 433.535 468.617 423494 397289 424.167 467479 2.634.581
Consumption water Puclls 53929 26342 49930 66824 40976 113899 351900
W consumption p-l:kl:ll. 12% &% 12% 17% 10% 24% 13%
Cold pool Volume water pool m* 765 266 91 706 1.135 1.727 5490
Average daily consumption 21 4 17 16 18 48 123
i average daily consumption 2.76% 1.51% 191% 222% 1.55% 2.78% 2.25%
Climatized pool  Volume water pool m* 130 298 298 487 79 110 1.402
Average daily consumption 3 7 7 19 2 6 43
W average daih-‘ consumption 1.20% 247% 2.35% 385% 2,18% 5% 3.09%
Total Volume water pool m* 895 564 1.189 1.193 1214 1.837 6892
Average daily consumption 4 11 24 34 19 54 167
% average da.ih-‘ consumption 264% 201% 202%  2A9% 1.59% 2.94% 2.42%
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Figure 3. Characteristic function with the greatest correlation index for each hotel for different regression models
for water consumption, without considering irrigation. Source: Original.
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2.2.1 Water Consumption in Hotels without
Irrigation

Having established the average consumption from
swimming pools and irrigation, the correlation
calculations of different levels of water consumption of
hotels-recalling that the consumption of irrigation has
not been taken into account, but the consumption of
pools has-were performed. The following graphs show
the different average points calculated for each hotel,
according to the daily occupancy rate and daily average
water consumption in litres per guest. In Figure 3 each
hotel represents the characteristic function with a greater
correlation index and a greater determination coefficient
R for different regression models.

Table 6 summarizes the calculation values of the
functions of the investigated regression models, where
the different values of the coefficient of determination can
be checked, with the potential and polynomial correlation
which best fit the graph. The increased potential of
consumption is due to the declining number of guests.
Since the minimum consumption of some facilities is

independent of the number of guests, we consider the
minimum fixed consumption to be maintained.

2.3 Electricity Consumption
Electricity in hotels is the main source of energy used in
them, since most of the equipment and facilities work with
this type of energy. Electricity consumption represents
about 70% of the total energy consumption of hotels.
In the hotels in this study, all electric power is supplied
externally, not counting the establishments with any
active generation or cogeneration system, so their external
dependence is total. This external dependence clashes
with the possibility of obtaining buildings with ZEB or
nZEB, so it is necessary to model their consumption
and check their behaviour according to occupancy rates,
seeking alternatives to this external dependence through
self-supply of electricity with different types of power
generation systems based on renewable energy.

For comparison of electricity consumption, the use
of water from the public supply or from the hotel's own
desalination Sea Water Reverse Osmosis Plants (SWROP)

Table 6. Summary of functions and coefficient of determination of the different types of correlation for water

consumption

CORRELATION TYFE HFE HT ESA
Linear y=-0.2687x + 483 y=-0,3148x + 486 y=-0,3466x + 59
Linear R* 08842 08496 0.7B69
Exponential ¥ = 517,53 e ¥ =552, D60 y =619,13g 0

i Exponential R* 05002 08758 08161

&  |Logarithmic y = -147.9In(x) + 1265,9 y = -188,7In(x) + 14995 ¥ = -163,3In(x) + 1424,2

E Logarithmic R* 05034 08784 08245

= Polynomial ¥ = 0,0006x” - 0,887 1x + 64943 | y = 0,0006x" - 1,0462x + 658,32 |  y=0,0006x" - 0,8853x + 710,89

= |Polynomial R* 0,083 08854 0,8162

E Potential ¥ = 5248 Bx "4 ¥ = 158600 "~ ¥ =4226,5x0%7

= Potential R 0,9139 08929 08381

CORRELATION TYPE ECA HTI ML
Linear y=-0,3142x + 494 y=-0,1759x + 411 y=-0,2056x + 460
Linear B* 0,8662 08380 09158
Exponential ¥ = 556,66 y=419.72e" " ¥ = 48792

i Exponential R 0,8350 08377 0,9338

= Logarithmic y =-1654In(x) + 1359.9 y = -77.36In(x) + 801.65 ¥ =-135.2nix) + 11982

% Logarithmic R* 08403 08637 0,9554

E Paolynomial ¥ =-0,0002x - 0,0453x + 423,45 | y=0,0004x° - 0,4961x + 478,84 |  y=0,0004x - 0,7261x + 624,71

S |Polynomial B* 0,8733 08709 09727

E Potential ¥ = 8995, 3x 0 ¥ = 1352, 2020 ¥ = 4582, 4x 040

= Potential R* 0,8013 08591 0.9653
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has to be taken into account, which represent between
10% and 15% of hotels™ total consumption. This can be
seen in Table 7 of values from 2013, where the average
energy consumption from desalinations about 4.77
kWh/m’, taking into account the SWROP and pumping
brackish or saltwater from a catch pit.

To perform the calculations for modelling the
consumption of electricity, the consumption of SWROP
are not considered, as there are hotels without desalination
plants. The following graphs Figure 4 shows the different
average points for electricity consumption calculated for
each hotel according to the average daily occupancy rates

Table 7. Consumption of electrical energy for desalination in hotels, 2013

TYPE (2013) HPE HT HTI MSL TOTAL
ELECTRICITY 2.830.578 4.025.026 3.045352 2822006 12.722962
DESALINATION  357.115 391.600 292212 420801 1.461.729
% Desalination 13% 10% 10% 15% 11%
Desalinated water  68.676 78.320 76.898 82510 306.404
Consumption 5.20 5.00 3.80 5.10 477
kWh/m3
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Figure 4. Characteristic function with the greatest correlation index for cach hotel for different regression

models for clectricity consumption, without considering the desalination plant. Source: Original.
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and the average daily electrical energy consumption in
KWh per guest. They represent in all the graphs the line
of tendency according to the correlation function with
greater determination coefficient R*.

Table & summarizes the calculations performed
to obtain the functions of the regression models of
consumption of electricity per customer per day, checking the IDAE"=4.
the different values of the coefficient of determination, The main types of energy used in hotels are:
which indicate the degree of correlation between data. «  Electricity: generic use in all facilities. Between 60
The high correlation of the values of occupancy and and 75% of energy.
consumption of electricity is tested, the polynomial «  LPG: kitchens, DHW heating and acclimatization of
correlation being the one which best fits in almost all pools. Between 10 and 30% of energy.

2.4 Energy Performance

Hotels currently use multiple primary energy sources
to meet their energy needs. To make comparisons, it is
necessary to transfer such energy sources to a common
unit of reference, in this case kWh, according to the
values of energy conversion given in Table 9 provided by

cases, except in the case of ESA hotels. «+ Diesel: DHW heating and acclimatization of pools.
Between 10 and 30% of energy.
Table 8. Summary of functions and coefficient of determination of the different types of correlation for energy
consumption
TYPE HPE HT ESA
Linear y=-0,0117x + 21 y=-0,016%x + 27 y=-0,0174x + 21
- Linear B* 0,6536 0,7352 08605
& | Exponential |y =21941c s ¥ = 29,509¢ 10 ¥ = 24,094 00z
Z | Exponential B [06578 0,8195 0,9083
E Logarithmic y =-6,692Inix) + 56,414 ¥ =-10.36ln{x) + 82,512 ¥ =-%278lInix) + 63,854
= Logarithmic B* | 0,7167 0,8607 09169
E Polynomial y = 1E-04x” - 0,1216x + 50,391 |y =8E-05x" - 0,1087x + 53,332 | v = 4E-05x" - 0,0562x + 30,182
E Polynomial B* | 0,9488 09792 0,9260
E Potential ¥ = 240,94 y = 760,59 ¥ = 549,04x "
= Potential B* 07202 00,8302 0.9410
TYPE ECA HTI MSL
Linear y=-0.0172x + 22 y=-0,0275x + 29 y=-0,0079x + 18
- Linecar B 0,8859 0.9505 00,5869
£ | Exponential y = 25,854 y = M, 496 "= ¥ = 18,283 ™"
E Exponential B | 0,9126 0,9555 0,5861
E Logarithmic ¥ = -9.445Inix) + 71,674 ¥ = -12,07In{x) + 90,206 ¥ = -3.493Inix) + 47,902
- Logarithmic R® | 0,293 0,9748 06821
E Polynomial ¥y =4E-05x" - 0,0621x + 33,622 |y = 5E-05x" - 0,0741x + 39,148 | y = 5E-05x" - 0,0723x + 37,993
E" Polynomial R* 09525 09828 0,9636
E Potential y = 1320,6x%77 y = 1235857 ¥ = 182,49x %47
ﬁ Potential R* 09418 0,9657 0,6803
Table 9. Factors of conversion for combustible fuel energy in kWh. Source: IDAE
COMBUSTIBLE TYPE ENERGY CONVERSION FACTORS
DMESEL OIL 1028 KWh/L
LPG PROPANE 12,75 kWh/kg
Wood Pellets {humidity=15%) 5.01 kWh/kg
Pellets generally 4,57 kWh/kg
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Table 10. Summary of energy consumption from hotels in study from 2011

ENERGY TYPE HPE HT ESA ECA HTI MSL TOTAL
ELECTRICITY 3.596.447 | 3.855.650 | 2.394.797 | 2.372.912| 2.978.048 | 3.021.838 | 18.219.692
% Electricity 72% 68% 70% 63% 62% 67% 67%
LPG PROPANE 1.372.410 [ 1.801.014 | 194.081 | 272.582 | 906.895 | 307.224 | 4.854.206
% LPG propanc 28% 2% 6% 7% 19% 7% 18%
DIESEL OIL 822400 [1.099.960| 544.316 | 441989 | 2.908.664
% Diesel oil 0% 0% 24% 29% 1% 10% 11%
THERMAL SOLAR 350.842 | 739200 | 1.090.042
% Thermal solar 0% 0% 0% 0% 7% 16% 4%
TOTAL ENERGY | 4.968.857 | 5.656.664 | 3.411.278 | 3.745.454 | 4.780.100 | 4.510.250 | 27.072.603

» Biomass: DHW heating and acclimatization of pools.
Usually replacing LPG or diesel oil boilers in the
same proportion, representing between 10 and 30%
of energy.

« Thermal Solar: DHW heating and acclimatization of
pools. Between 5 and 20% of energy.

In the calculations of the modelling of energy
consumption, the consumption of desalination plants
is not taken into account. Figure 6 shows the average
points of energy consumption calculated for each hotel
according to the average daily occupancy rates and the
average daily consumption of energy per guest in kWh.
The line of tendency is represented in all the graphs,

Table 10 lists the different types of energy consumption
in 2011, where the importance of electricity consumption
can be seen. Renewable energy does not yet represent a
significant percentage of consumption. From 2014, HTI
diesel cats switched to biomass, which means an increase
to 15% of renewable energy, this value being too low to
obtain ZEB or nZEB buildings.

Figure 5 can be used to check the distribution of
energy consumption in percentages by energy type for
the year 2011, highlighting the importance of electricity
consumption in hotels, where it represents 67% of total
consumption, and the low importance of renewable
energies in that year, representing only 4% from thermal
solar energy.

% FNERGY DISTRIBUTION 2011

“a LPG

ey Flecariciey
oy Dissel ol

W LPG propans
“ %o Thet mal selay

Figure 5.  Distribution of encrgy consumption in hotels
study 2011. Source: Original.

according to the correlation function with the greatest
determination coefficient R*.

Table 11 summarizes the calculations performed to
obtain the functions of regression models of total energy
consumption per customer per day, checking the different
values of the coefficient of determination, which indicates
the degree of correlation between the data. The high
correlation values of occupancy and energy consumption
is tested, the polynomial correlation being that which best
fits consumption, except in the case of ESA, where it is the
potential, and HTI, where it is the exponential.

2.5 Study Mathematical Model
Since the hotels in this study have different maximum
capacities, the same number of clients translates to
different percentages of occupancy. This requires
changing the ratios of consumption per guest to
consumption by percentage of occupancy, since, in this
way, we can compare the occupancy rates of different
hotels in balance with the conditions of occupancy. With
the amount of data from all the hotels, it was found that
the occupancy intervals used and on which we have data,
cover occupancy values of between 45% and 120%. Once
we divided by intervals and filtered them, we performed
the correlation calculations for the calculated mean
values.

With the calculations performed, Figure 9 was
generated, representing the midpoints for consumption of
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Figure 6. Characteristic function with the greatest correlation index for each hotel for the different regression

muodels for total energy consumption, without considering desalination plants. Source: Original.

water, electricity and energy for all the hotels combined.
The line of tendency is represented in all the graphs,
according to the correlation function with the greatest
determination coefficient R*.

Table 12 shows the calculations performed to obtain
the functions for the regression models of water, electricity
and energy are summarized. A strong correlation was
found between the consumption of water and energy,
which fits almost perfectly with the potential function.
The best fit for consumption of electricity is a type of
polynomial function, although the potential function also
has a high degree of correlation.

After verifying the strong correlation between the
systems of polynomial regression in electricity and

Vol 9 (47) | December 2016 | www.indjstorg

potential in water and total energy, the suitability of
these functions can be confirmed, comparing the actual
values of the averages for the hotels with values of the
functions generated by the regression models. All the
regression models have been compared on the same
graph, calculating the values of the functions from an
occupancy rate of 1% to 140%, which is shown in Figure
7. It can also be seen how the values of the regression
functions have been paired for values of between 40% to
120% occupancy, for which, among these values - which
are where the average occupancy rates for the hotels are
usually found - the mean values of supplies with any of
the functions can be approximated, although taking into
account that the optimum fit has to use the potential or
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Table 11.  Summary of functions and coefficient of determination of the different types of correlation for total
energy consumption. Source: Original.

TYFE HFE HT ESA
Linear y=-0,0267x + 36 y=-0,0262x + 40 y=-0,0252x + 31
Lincar B* 08834 09452 09073
Exponential ¥ = 41,405 ¥ = 46,225 ¥ = 35,024
E E.xpun-:nll,al R 09072 09514 0,9488
= Logarithmic = -14,84In(x) + 114,53 ¢ = -154%n(x) + 123,22 =-11.9In{x) + 91,935
= gan ¥ ¥ ¥
a ]'_ugan"rhmi.c R 0,9226 0,9523 10,9566
a Poi}'l.‘lm‘r.lial ¥= 0,0001x" - 0,148%x + 68,793 ¥= 2E-05x" - 0,0562x + 48,882 ¥= SE-05x" - 0,0748x + 42,206
E P‘ol}'numial R* 09721 09549 0,9615
=  |Potential y = 1571950 ¥ = 1386x" ¥ = 800,225 %514
E Potential R* 0,9408 0,9511 0,9743
TYPE ECA HTI1 MSL
Linear y=-0,0247x + 33 y=-0,0421x + 47 y=-0.0151x + 27
Lincar B* 0,B807 0,9405 0,8549
E.xpnn-:nll,al ¥ =379]e"mi= ¥ = 34,503 b ¥ = 29 695¢ "
#  |Exponential B? 0.9085 0,9472 0,8758
E Logarithmic ¥ =-13.601In(x) + 104,75 ¥y =-18.17In(x) + 138,32 ¥ = -10,04In(x) + 81,849
a ]'_ugan"rhmi.c R 0,9323 10,9354 0,9153
a Polynomial ¥ =7E-03x" - 0,0986x + 52,329 | y=3E-05x" - 0,0672x + 52,174 |y =4E-05x" - 0,0749x + 45,833
Fal P‘ol}'numial R* 0,9683 0.9442 0,9856
% Potential y = 1402 I ¥ = 1464, Tt y = 683,88
ﬁ Potential R 09472 0,9326 0,9286
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Figure 7. Characteristic function with the greatest correlation index for the consumption of water, electricity and
energy of all hotels. Source: Original
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Table 12.  Summary of functions and coefficient of determination of the different types of correlation
for consumption of water, electricity and energy. Source: Original.

TYPE DATA FOR ALL HOTELS |
WATER CUSTOMERS ELECTRICITY CUSTOMERS ENERGY CUSTOMERS
Lincar y = -190,38x + 500,91 y =-11,988x + 23,879 =-20,312x + 38,362
Lincar R’ 0,9247 0.,8838 09257
Exponential 536,13¢ 020 y = 27,163 ¢ ot y =45,157¢c 0=
Exponential R 0,9412 0,9212 09647
Logarithmic y = -151,6In(x) + 309,16 y=-9.732In(x) + 11,762 y=-1633In(x) + 17,868
Logarithmic R* 0,9542 0,9476 09733
Polynomial y = 180,19x° - 487,69x + 615,18 y=21,823x"-47,997x + 37,718  y=27,706x’ - 66,027x +
55,931
Polynomial R* 0,9547 0,9900 0,9882
Potential y = 309,09x 2+ y = 11,803x 054 y = 17,901x°7
Potential R* 0,9576 0,9700 09912
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Figure 8. Representation of regression functions between 1 and 140% occupancy with respect to the midpoints of
water, clectricity and energy consumption of the different hotels.
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polynomial function.

3. Results and Discussion

It was found that the values of the midpoints for the levels
of consumption of the hotels approximately fit the values
of the calculated functions. The next step was to check
that the calculated mean values for all hotels fit with the
generated function in order to demonstrate the validity of
the models calculated for the average occupancy values,
which range in a generic sense between 30% and 130%.
Figure 9 represents functions of water, electricity and
energy appear.

In reviewing the representation of the functions, it was
found that the average data fits the graphs generated, so
the potential function can be used for the approximation
of the values of water and energy consumption, and the
polynomial for electricity consumption for a group of
four-star hotels with similar characteristics such as those
studied here.

The functions that bring us the values of monthly

consumption, taking into account the average daily
occupancy, air temperature for water consumption for
irrigation and desalinated water production for specific
consumption, are summarized as follows:
« Water

Consumption without irrigation:

Wi =(309,09x0433)4

Consumption with irrigation:

Wi = ((309. 09x-0433) 4 (3.34.4,(0. 0371t - o.oxsz)))d
«  Electricity

Consumption without irrigation:

Elrr = (21,832x - 47,997x + 37,718)d
Consumption desalination SWROP without irrigation:
Elrraw = ((zl.ta:sz:r2 — 47,997x + 37.718)+ (w,-,-c,..))d

Consumption desalination SWROP with irrigation:
Elrrguy = ((21.8322% - 47,997x + 37.718) 4 (Wrniy Cay))d
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Figure 9. Representation of regression functions between 30 and 130% occupancy with respect to the midpoints
of the average consumption of water, electricity and energy calculated for all hotels.
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« Energy:
Consumption without irrigation:

Err=(17.901x0%73)d
Consumption desalination SWROP without irrigation:
Errau = ((17.901x°%73) + WrrCa,))d

Consumption desalination SWROP with irrigation:
Errawire = ((17.9012°%73) 4 (Wi3yC,))d

Where “x” is the percentage of average occupancy,
“C,." is the specific consumption of the plant in kWh/m’
of water generated, "A " is the surface area of gardens, *d”
is the number of days of calculation and “t” the average
temperature in the area where the hotel is located on the
islands.

The main reasons for the increase in specific
consumption, even with decreasing occupancy, are related
to the need for facilities to be in place and consuming
energy or water at the hotel, with or without guests, since
the sectorization of equipment or systems cannot be
carried out in most of the hotels studied, implying that
the minimum consumption is always due to the ongoing
maintenance of facilities.

4. Conclusions

Using the method described, a model of the typical
consumption of water, electricity, and energy for a hotel
in a determined segment, which may be reproduced for
any other hotel in the sector, was obtained, thus making
it possible to check and compare consumption. With
the application of statistical functions and correlation,
optimum consumption models can be generated for a
group of homogeneous hotels, taking into account that
the more data obtained, the more reliable will be the
generated models. The basic procedure followed and
demonstrated leaves the field open to more complex
and precise research, applicable to any type of supply for
hotels.

With the different correlation models studied, it has
been found that, in most cases, the potential or polynomial
models is applicable, with very little difference between
the correlation coefficients. The calculated values, from
which we can consider similar approximations for both
models, are between 40 and 120% occupancy, being
that lower or higher occupancy rates have very large
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differences from which no equivalent can be made.

The peculiarity of hotels with a desalination seawater

reverse osmosis plants SWROP whereenergy consumption
is directly related to water consumption and influence the
type of irrigation used - is studied. This proves the need to
improve the efficiency of the desalination plants SWROP
in reducing water consumption and irrigation in order to
achieve a proportional energy reduction in the hotels,

The use of renewable energy is highly unrepresented

in the hotels from the study. This can and should be
improved, mainly through using renewable energy
sources for domestic hot water (DHW), which represents
22% of energy consumption in hotels. In this way, external
energy dependence could be reduced.

This study leaves open the way to further investigation

into the importance of hotel occupancy rates, with the
carbon footprint generated by energy consumption being
due to the activity of tourist accommodation, as well as the
importance of water desalination in hotels in the Canary
Islands, which is a determinant factor in the consumption
of energy.

By comparing the different methods and systems for

energy efficiency and developing the method studied,
improvements can be simulated for application in facilities
in order to compare the most optimal and effective models
to be adopted, verifying this as hotels get closer to energy
independence and achieving the objective of becoming
ZEB or nZEB hotels.
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4.4. Articulo 3. Comparative study of carbon footprint of
energy and water in hotels of Canary Islands regarding
mainland Spain

4.4.1. Resumen

La importancia econdémica del turismo a nivel mundial ha aumentado de forma considerable en
los Gltimos afos y en la zona de estudio de las islas Canarias también, siendo las estimaciones
futuras a quince afios muy positivas para este sector, pronosticando un aumento que duplicaran
los valores actuales de pernoctaciones. Las emisiones debidas al turismo son un factor
importante a tener en cuenta en las emisiones globales de CO que representan el 5% de las
mismas, siendo necesario actuar sobre ellas lo antes posible, mediante la aplicacion de mejoras
en la eficiencia energética y disminuir los consumos de agua, para conseguir reducir el binomio
agua/energia asociado al turismo. Para poder realizar una estimacion de las emisiones por
categorias de hoteles en el destino de las Islas canarias, se tomé una muestra de 12 hoteles de
5, 4 y 3 estrellas situados en las islas orientales mas aridas del archipiélago, que corresponde a
Fuerteventura y Lanzarote, donde el agua para el consumo proviene de plantas de desalacion

de agua de mar mediante ésmosis inversa.

Para poder realizar los calculos de emisiones de CO> inicialmente se calcularon los consumos
energéticos de los hoteles, obteniendo unos valores promedio de 22,1 kWh/pernoctacion (p),
asi como los consumos de agua con promedio de 295,6 L/p, estos Ultimos sin tener en cuenta
consumo de riego ni piscinas. Una vez obtenidos de los consumos energéticos y de agua de los
diferentes establecimientos por categorias y promedio, se realizaron los célculos de la huella
del carbono de alcance 1y 2, generando la energia unas emisiones promedio 13,1 kg CO2/p, y
del agua un promedio de 1,14 kg CO2/p para hoteles con planta desaladora propia y de 2,18 kg
COa/p para hoteles con suministro de agua centralizado. Estos datos de los hoteles canarios se
comparan con hoteles de las mismas caracteristicas en la peninsula, comprobando que las
emisiones insulares de energia son superiores 1,27 veces a las peninsulares y las del agua, en el
caso de desaladoras locales propias, son de 3,89 veces superior y si es centralizado son 7,87
veces superior a las peninsulares. Se finaliza con el algoritmo de calculo de emisiones segun el

tipo de desaladoras para Canarias y el modelo Unico para la Peninsula.
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Abstract In this study, we estimate the emissions in terms of category of hotel. with the
data of a sample of 12 hotels of 5. 4 and 3 stars in the Canary Islands (Spain). located in
the most arid eastern islands of the archipelago, Fuerteventura and Lanzarote. where there
are a total of 122 hotels and this sampling represents 10% of the hotels of these islands
where water for consumption comes from desalination plants using seawater reverse osmo-
sis (SWRO), which was chosen. Water consumption was measured not considering con-
sumption due to irrigation and swimming pools and comparing the generation of water by
means of desalination plants of the hotels or external plant centralized with public distribu-
tion. Considering the energy and water consumption of the hotels in the study, their carbon
footprints, scope 1 and 2 and obtaining average values of emissions between 14.23 kg CO,/
person night (CO,/p) for hotels with own SWRO and 15.16 CO,/p for hotels with external
water distribution. These data were compared to hotels with the same characteristics and
consumptions in mainland Spain, proving that average emissions from the islands for the
energy are 1.27 higher and for water production are 3.89 higher for own SWRO and 7.87
superior for distribution by centralized external SWRO. The Canary Islands. as a sensi-
tive and vulnerable tourist destination, with their external energy dependence, their great
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ecological value, and their need for water desalination, make for a good laboratory to test
the application of measures and improvements in the systems of industrial water genera-
tion, and in the conservation of energy in buildings, to try to turn these establishments into
nearly zero energy buildings (nZEB).

Keywords Carbon footprint - Tourism - Desalination (SWRO) - Energy - Hotels - nZEB

1 Intreduction

In recent decades, tourism has continued to boom, Increasing in its economic significance
and representing one of the biggest increases in global economic activity. As a global
export category, tourism is in third place, behind only fuels and chemicals, and ahead of
sectors such as food and the automotive industry. International tourism accounts for 30%
of exports, and tourism’s share in total exports of goods and services rose from 6 to 7%
in 2015 {(World Tourism Organization (UNWTO) 2016; Vega Altamira and Mufioz Vivas
2007). The general expansion of tourism has been beneficial in economic and employment
terms of local economies (United Nations 2013). Globally, tourism accounted for 9% of
world GDP in 2014, with revenues more than 5 1.4 billion (UNWTO 2015). The increase
in tourism must be in line with the sustainability of destinations—especially those with
high ecological value—through the adoption of a policy of responsible and efficient energy
and water use. Furthermore, it is very important to maintain the biodiversity of tourist
destinations (UNWTO 2010; United MNations Environment Programme 2011). Climate
change forecasts, with increased temperatures and reduced rainfall, should be considered,
given that the energy and water need of the tourism industry will increase considerably
(World Tourism Organization and United Nations Environment Programme UNWTO-
UNEP 2011). The demand for water/energy will continue to increase due to the need for
water for human consumption, making desalination plants increasingly relevant as existing
aquifers are depleted (Bates et al. 2008). It should be noted that the United Nations World
Tourism Organization (UNWTO) projections in the general meeting of 2011 presented the
tourist estimates up to 2030, with values for that year of 1800 million tourists (UNWTO
2011), almost double the values for 2010. Having ascertained the importance of the tour-
ism sector for the world economy and its future expectations, its impact on greenhouse
gas emissions and especially its carbon footprint must also be studied. In several studies
carried out by the United Nations, together with the UNWTO and United Nations Environ-
ment Programme (UNEP) (World Tourism Organization and United Nations Environment
Programme UNWTO-UNEP 2011). an estimation of the global emissions of the tourism
industry was obtained for the year 2007, with contribution of tourism to global emissions
of 5% of CO, emissions can here be verified. with the accommodation sector accounting
for 21% of emissions and the transport sector 75%. These emission values are projected to
increase by 97% by 2035 by the World Economic Forum (World Economic Forum (WEF)
2009}, which is why it is necessary to act urgently on the sources of emissions.

To make the necessary improvements needed to reduce emissions in the tourist accom-
modation sector, it is necessary to know the distribution of its energy consumption, and,
in this way. act on the most inefficient installations with the highest levels of specific con-
sumption. Depending on the geographical location of the establishments, as well as their
category and typology, the distribution of energy consumption varies widely. We find
that the main source of energy, considering the average expenses of the hotel industry,
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is electricity, since it represents between 55 and 85% of primary energy consumption
iMonzén-Alejandro and Colmenar-Santos 20016; Shiming and Burnett 2002; Moii-Pol
et al. 2006; Hendrikx 2008). The results show great variation depending on the geographi-
cal area and category of establishment, such as data from several hotels in Greece {Kara-
giorgas et al. 2007), Taiwan {Wang 2012), Singapore (Priyadarsini et al. 2007) or Shanghai
(Yao et al. 2015). The model of energy consumptions was also made for the occupation for
4-star hotels, which corresponded to a potential function (Diaz Perez et al. 2016). It is also
necessary to take water consumption into account at the various tourist destinations, which
varies substantially according to the country and category of establishment. Several stud-
ies have noted the great variation in consumption levels, highlighted mainly by category.
In most of the Mediterranean (Grenon and Batisse 1989}, it is approximately 250 litres/
night (= I'p}. in Morocco (European Commission, Eurostat 2009) between 300 and 600 L/p,
depending on category, in Australia {Bohdanowicz and Martinac 2007) 750 I/p, in France
(Langumier and Ricou 1995) over 175 IVp, on the island of Zanzibar (Gossling 2001) an
average of 685 I/p, and on a global level (Gissling et al. 2012) it is estimated at around
284 Vp. The characteristic function of water consumption in hotels of 4 and 5 stars corre-
sponding to a polynomial function (Diaz Perez et al. 2016).

Tourism emissions have been studied in several areas. with tourist accommodation
being the most variable. The great variety in emissions at the destinations is due mainly
to the different coefficients of emission of the fuels used and the generation of electricity,
as well as to the efficiency of the installations. After investigations of hotels in Indonesia
(Saputra et al. 2013), 55% of emissions were due to domestic tourism. Tourism emissions
in Spain (Cadarso et al. 2015) showed that internal tourism is responsible for 11% of emis-
sions. Another study of tourism in Wales (Munday et al. 2013), and one on the analysis of
transport due to tourism activity in Lanzarote (Martin-Cejas and Sénchez 2010), is exam-
ple of surveys of general emissions from tourism. Other studies, such as those carried out
in various areas of the island of Menorca (Sanyé-Mengual et al. 2014), resulted in a mean
emission of 14.6 CO./p, in Taiwan (Huang et al. 2015) with average emission values of
29 CO4/p. in Great Britain (Filimonau et al. 2011) with emissions between 11.65 and 8.25
CO,/p. or that performed for stays in hotels (Gossling et al. 2005) which calculated on
average 20.6 CO./p, are studies that bring us closer to the problem of tourism emissions
due to accommodation.

Once the importance of tourism, its emissions, energy consumption, waler consump-
ton and economic income for the recipient countries has been verified. we are able to
study a high ecological value zone whose sustainability is very important and complicated,
one such territory is the Canary Islands belonging to Spain and located in the Atlantic
Ocean (Munoz 2006), when tourism represents the main driver of the economy, accounting
for 31% of the archipelago’s GDP and generating 36% of the employment on the islands
(Exeltur 2014) and the 63% (Government of the Canary Islands 2016) of the surface of the
archipelago has been declared a Biosphere Reserve. which means that it is a space with a
great singular value, both at an ecological level and in the capacity to implement develop-
ment models compatible with its conservation.

2 Methodology

To carry out calculations of CO, emissions and energy and water consumption, the work-
flow shown in Fig. 1 shows the schema of the research performed. Initially the data were
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collected from 12 hotels, located in the islands of Lanzarote and Fuerteventura, belonging
Canary Islands and located in the Atlantic Ocean near the coast of southern Morocco and
the Sahara, north Africa, with climate arid, with zones belonging to the desert climate and
other zones belonging to the arid subtropical climate (Munioz 2006). The data for research
have an average period of 5 years, with data between 2007 and 2015, which is provided by

/
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the hotel management and subsequently reviewed and filtered with the maintenance engi-
neers of each establishment. Table | summarizes the characteristics of the hotels in the
study, was chosen for their similarities of type of holiday hotels and with similar character-
istics. These hotels have been chosen since they represent approximately the percentage of
hotels by category of these islands that are: 5* represent 5%, from 4* 53% and from 3* 21%
of the total of hotels. Due to the data protection of the hotels, we refer to each hotel with a
code. The data, once filtered and revised with the maintenance engineers, were converted
to the same unit of measurement that made possible the comparison between them—water
in cubic meters (m”) and energy to kWh—transforming the values of the different fuels,
according to the factors of primary energy conversion for each of them (Institute for the
diversification and saving of energy IDAE 2014; Government of Spain 2016). The calcula-
tion was made to produce water in private, establishment-owned SWRO plants or in exter-
nal, centralized SWRO plants, with their corresponding specific ratios of water production
in kWh/m®. The weighted average hotel consumption by category was arrived at by sum-
ming up the total consumption values of the different fuels in each category, divided by the
number of hotel stays in the category. For the total weighted average, we have added the
values of the different consumptions of the hotels and divided by the total number of stays,
which was then calculated by means of a regression. Finally, their emissions were checked
according to the category of the different establishments, and a comparison was made of
the emissions from the same types of hotel if they were in mainland Spain, considering the
electricity emission ratios, which are different in both geographical zones, but keeping the
ratios of the rest of primary energies used constant. The regression calculation of the emis-
sions by categories was also done to verify the trend of the same ones.

2.1 Footprint calculations
To carry out the calculation of the carbon footprint of the different establishments. a pro-
cedure had to be chosen from within the multiple existing models and standards. seven of

which have been analysed in depth by the European Commission to find a common model
{Chomkhamsri and Pelletier 2011). The model chosen to perform these calculations is the

Table 1 Details of facilities and characteristics of hotels studied

Hotel code Stars Construction date Constructed arca Beds Water source
EPG 5 2002 8.124 122 Public supply
ESH 5 2006 35888 532 Public supply
HPE 4 2000 25912 678 SWROD
HT 4 2004 31132 710 SWRO
ESA 4 203 22.710 532 Public supply
ECA 4 2.7 28307 b9z Public supply
HRP 4 2.1 46297 1.286 SWROD
HTI 4 1.9497 4112 b5E SWRO
MEL 4 1.988 24507 T18 SWRO
ECE 3 1.998 12.068 507 Public supply
ESJ 3 1.947 33421 1170 Public supply
FPC 3 1.943 Q. 165 284 Public supply

]
FRANCISCO JAVIER DIAZ PEREZ 98



4. RESULTADOS INVESTIGACION

F. I. D¥az Pérex et al.

Greenhouse Gas (GHG) Protocol (2009), widely used by organizations around the world,
where three ranges are distinguished for the carbon footprint:

s Scope 1: direct GHG emissions, which are controlled or owned by hotels: boilers,
ovens, vehicles, etc.

&  Scope 2: indirect GHG emissions associated with electricity.

®  Scope 3: other indirect emissions, which are those due to the activities of the company.

Scopes | and 2 were calculated for the hotels in the study to have a view of the complex
emissions, which can be directly acted upon since those of scope 3 are external factors that
cannot be directly acted upon by the management of the hotel. Biomass, which was treated
independently, according to the new GHG corporate standard, was also calculated in this
study. To quantify the emission factors, the conversion coefficients of the different fuels
converted to kWh were used based on Table 2 provided by the Institute for Diversification
and Energy Saving (IDEA) (Institute for the diversification and saving of energy IDAE
2014}, using emission factors approved and updated by the Spanish government {Govern-
ment of Spain 2016). The electricity emission factors are very different from year to year
and from month o month, due to which—to be able to estimate the emission factor—it
was decided to consider the last 9 years of emissions (Spanish Electricity Network (REE)
2016}, the period from 2007 to 2015. Calculations were taken in a generic way, so that all
the hotels had their own transformer, with a medium voltage supply, whose losses for the
calculations are estimated by regulation (Government of Spain 2008) to be within 6% of
the medium voltage.

The energy consumed by the desalination plants of the hotels is not added to the total
energy calculation of the hotel. The desalter consumption is used to calculate the carbon
footprint of water generation for these hotels with its own desalination plant.

Emissions due to water also have a direct dependence on the type of supply and its
origin, as an example, the values from Aragon (Mainland Spain) of 0.788 kg CO./m” (Gen-
eral Direction of Environmental Quality and Climate Change DGCACC 2010) for waters
from a natural source, or those from the Canary Islands, which depend directly on desali-
nation plants and the distribution network, may be able to reach values in old SWRO plants
of 6.44 kWh/m” (Feo-Garcia et al. 2016), implying very high emissions of 5.30 kg CO./
m’—not considering the leaks in the water distribution network.

Table 2 Factors of conversion and emission of different fuels. Sowrce: IDAE, Government of Spain and

oWn

Combustible type Energy conversion factor C0); emission
factor (kg/
EWh)

Diesel oil 10.28 kWhi 0311

LPG propane 12.75 kWhikg 0.254

Pellet generally 457 kwhikg 0.018

Electricity Canary 1 kWh 0.838

Electricity mainland Spain 1 kWh 0.282
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3 The carbon footprint of tourism in the Canary Islands

3.1 Carbon footprint of energy

Initially, the weighted averages energy per client overnight was calculated: the energy was
converted to kWh and the energy of the different years was added and divided by the num-
ber of overnight stays of those years, generating the ratio of k'Wh per night stay (KWh/p).
The years calculated for the weighted averages are those that for which there is data from
each hotel. which is between 3 and & years. In the following Table 3, we can verify the
weighted average consumptions per overnight stays of the hotels according to category. and
the weighted average for consumption of each category, which has been calculated using
the same procedure. In these weighted averages, the consumption of the SWRO desalina-
tion plants in the hotels that have them has been subtracted. The footprint and emissions of
desalination were calculated in the section on water.

With the data compared, it is possible to observe the high consumption of the higher
star-rated hotels, with 69.9 kWh/p—that being more than five times the value of lower star-
rated hotels, with values at 12.2 kWhip. This is due to the various, additional facilities and
services provided as the category of the hotel rises, such as the obligation to provide air
conditioning, heated swimming pools, live kitchens, equipment in the rooms. The weighted
average value of all hotels is 22.1 kWh/p. With all the calculated data, a regression study
was carried out, where it was verified that the energy consumption has an exponential ten-
dency with respect to the hotel category variable, which is represented in Fig. 2.

Considering the weighted average consumption per category and the primary energy
data of the hotels, the details of the proportional distribution of the same were taken to
calculate the distribution of the percentage share of each type of fuel used as can be seen in
Table 4. It must be considered that in these consumption data. the consumption of the own
desalination plants is not taken into account, so that the values of the hotels without desali-
nation plant can be compared correctly. These desalter energy consumption data are used
to calculate the carbon footprint of water.

Table 3 Encrgy consumption

- - — Total energy without SWRO kWhip

considering expenses from own  Hotels 5+ 4 3+ Total
desalination

EPG 506

ESH 3.7

HFE 18.7

HT 225

ESA 184

ECA 18.2

HRP 227

HTI 23.1

MSL 15.8

ECE 13.7

ESJ 129

FPC 0.3

Weighted average 69,9 20.5 122 221
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Fig. 2 Regression graph of average consumption of hotels by category

With the energy distribution and the specific energy consumption per night (kWhip),
according to each category of establishment and regardless of the consumption of the
SWRO. the calculations of emissions and the carbon footprint of the overnight stays of
tourists at hotels. for the scope 1. 2 and biomass (Diaz Martin et al. 2015). were carried
out. The percentage of each of the fuels used in hotel energy consumption was calculated.
and by multiplying the calculated energy corresponding to each fuel by its emission coef-
ficient, for both the Canaries and mainland Spain. The sum of the emissions gave us the
value of the total emission per stay. always without considering the consumption of the
SWRO. The following Table 5 shows the calculations of CO, emissions for hotels in the
Canary Islands and for equivalent hotels with the same consumption and characteristics
in mainland Spain. Average emissions on the mainland, at 5.8 CO,/p. are 55% lower than
those of the hotels in the Canaries, with average emissions of 13.1 CO,/p. considering the
differences between hotels categories. We observe as the electricity represents 57.8% of
the energy of hotels in the Canary Islands, but the emissions from it represent 83.6% of the
total and in a hotel in mainland Spain with equivalent consumption, the emissions from
electricity would represent 63.2%.

Table 4 Distribution of cnergy
by category without considering
private desalination plants

Encrgy S5*(%) 4* (%) 3*(%) Total weighted
average (%)

SWRO Elcctricity without SWRO 432 615 544 578
LPG propane 81 170 146 153
Diesel oil 487 77 217 158
Biomass 10.9 8.1
Thermal solar 30 9.2 30
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Table 5 Distribution of energy emissions in kgCO4/p without SWRO in the Canaries and mainland Spain

GHG Catepory 5% 4% 3+ Weighted Weighted
average average (%)
Scope 1 LPG propane 1.3 1.2 0.5 1.1 8.7
Diesel oil o2 0.4 049 1.0 16
Scope 2 Electricity Canary 268 107 55 109 23.0
Electricity Mainland 9.0 X 19 ) 63.2
Crther Biomass 0.02 0.1 0.1
Weighted aver- IB3 124 6.9 131
age kg CO,
Canary
Weighted aver- 205 53 32 5.8
age kg COz
Mainland

For the energy consumption and emissions values, we made the regression calcula-
tion per stay was performed according to the category of the establishment and the zone
{Canary Islands and mainland Spain), with the weighted average data of the different hotels
and categories, for calculating the emissions per night. Both regression curves obtained fol-
low an exponential model, which is show in Fig. 3. and it is possible to verify the charac-
teristic curves of the emissions of the hotels in the study, proving the exponential increase
is more pronounced in the hotels of the Canary Islands than in those of the mainland.

3.2 Carhon footprint of water

The carbon footprint of water is very important nowadays at any tourist destination, but it
becomes more important in destinations that lack sufficient water resources, as is the case
on the aridity islands of Lanzarote and Fuerteventura (Tejedor et al. 2013), where water for
human consumption must be produced industrially through desalination plants. At these
destinations, there are two production cases: through small desalination plants installed
at the establishment’s premises, which usually produce between 50 and 1000 m'/day. and
centralized facilities for multiple consumers, producing between 1500 and 67.000 m'/
day. According to data from 2013 (Suarez 2013), there are 319 desalination plants in the
Canary Islands. In the study carried out, irrigation data have not been considered, since the
water is from a different source, and may be desalinated water or reused water, which has
other characteristics and applicable regulations (Spanish Ministry of the Presidence 2007),
as well as coefficients of different emissions. The water consumption of hotels is calculated
by means of the consumption per room, without considering the irrigation and swimming
pool consumption. With the data from the various hotels and their occupancy rates, the
weighted average consumption can be calculated, which gives us a value of about 296 Lip.
Table 6 shows the weighted average values of water consumption per guest of hotels and
weighted average by category.

The data for weighted average consumption per night are studied by means of a regres-
sion analysis, grouping the values by category and checking how the water consumption
in hotels conforms to an exponential regression curve, where the values of the higher star
hotels reveal a level of consumption 94% higher than those with a lower star rating. Fig-
ure 4 shows the regression graph of the average hotel data by category, as well as the trend
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Fig. 3 Regression graph of average emissions by category for the Canary Islands and mainland Spain

curve of the same. A characteristic feature of the graph is that the consumption is so high
within the sample of 5-star hotels, with relatively few accommodation places, whose total
costs are influenced by the low occupancy rate and few places, causing the level of con-
sumption to deviate greatly.

With the main data of consumption per guest already calculated. the study of the water
emissions in hotel establishments can be carried out by category. The water for the com-
plexes is provided either by private or external centralized SWRO. The private plants
there are small and medium. and the consumption has ranges from 6.4 to 3.61 kWh/m’,

Table 6 Avcrage water

: - 5 Hotels 5* 4% 3¢ Total
consumption per night without
::l'::::’:glg pglliauon water or EPG 9262
ESH 449.6
HPE 280.5
HT 2552
ESA 365.6
ECA 202.6
HRP 206.7
HTI 2798
MSL 239.0
ECE 3418
ESJ 2919
PPC 154.6
Weighted average 526.5 289.5 2709 205.6
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Fig. 4 Water consumption by category

which generates a weighted average calculation for the plants that we used in the study of
4.6 kWh/m®. In the centralized plants for multiple users, consumption is highly variable
giving average production values of 5.98-3.79 kWh/m® (Feo-Garcia et al. 2016), and with
an average value for the plants that we used in the study of 5.1 kWh/m’. The main current
problem of centralized water supply systems is losses in the supply and distribution net-
work. For Fuerteventura, the losses are at 35.8% (Government of the Canary Islands 2014),
and for Lanzarote losses are 42% {Government of the Canary Islands 20135). To carry out
an emission calculation, the average of the losses for both islands would be 38.9%. Emis-
sion data are calculated by considering the emissions from electricity and with the emis-
sions generated by water in the mainland, using the data from the emission factor of the
water in the mainland, 0.788 kg CDI.ij for water consumed, calculated by the govern-
ment of Aragon (Spain) (General Direction of Environmental Quality and Climate Change
DGCACC 2010). The following Table 7 shows the data for emissions, consumption and
the losses for the various distribution and generation systems. The calculation of the emis-
sions has taken into account the losses of the supply networks.

We calculate the emissions per night bearing in mind the weighted average costs of
water per night according to the category of hotel. The different systems of water supply in
the Canary Islands were compared with the supply in the Spanish mainland. Table 8 shows
the per capita emissions data from producing water for human consumption, without tak-
ing into account the consumption of swimming pools and irrigation These data show that
the emissions from the local desalination plants are 45% lower than the average emissions
from a centralized desalination plant and emissions from the mainland are Y times lower
than the average for a centralized plant. corresponding to a figure for emissions of 88.7%,
and about 5 times lower than the average for hotels’ private desalination plants, which rep-
resents 79.6% lower emissions.
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Table 7 Distillation emissions of distributed water, by genemation and by geographical area

Type Encrgy kWhim?® Lost network distribu- 0, emis-
tion (%) si?ns kg COv
mr
SWRO Hotel 4.6 3.B55
SWRO Lanzarote 5.1 42,000 T.369
SWRO Fuerteventura 51 15.80 6.657
SWRO Central Average 5.1 38.90 6.995
Emissions mainland 0.788

Table 8 Walter cmissions in

T 5% 4* 3= Weighted
kgCO-p without irrigation and L m::gj‘;:
pools. by type of supply and
calcpory SWRO Hotel 2.03 .12 1.04 1.14

SEWROD ceniral average 3.68 203 1.90 2.07

Mainland .41 0.23 0.21 0.23

% Decrease in Mainland TO.6%

with respect to SWRO
hotel

% Decrease in Mainland BE.T%

with respect to SWRO
central

Once the average emissions of the different categories are calculated, the next step is to
calculate the emissions of each hotel for the three models studied: in a hotel desalination
plant, a central desalination plant, and if it were located on the mainland. By performing
the regression calculations with the calculated emission values, we find that all curves have
an exponential function, as is the case with energy. In Fig. 5, we can see the characteristic
curves of the emissions of the hotels in the study.

3.3 Total carbon footprint of accommeodation

Table 9 shows the summary of the emissions from the different establishments, the
weighted averages by category. and of all the hotels. We note the significance of energy in
the overall emissions of hotels, which represent. on weighted average, 92% of emissions
from hotels with their own desalination plant, and 86% from hotels which use an external,
centralized supplier. In the mainland, energy represents 96% of total emissions, as can be
seen in Fig. 6 where you can also see the importance of energy in relation to water graphi-
cally. Comparing equivalent hotels in mainland Spain and the Canary Islands gives us a
result for emissions of between 57 and 60% lower for overnight stays at hotels on the main-
land than for hotels in the Canary Islands, depending on the water source.

With the calculated data of emissions, the regression calculation of the values of wotal
emissions of the hotels and weighted averages by categories can be made. Figure 7 shows
the result of the regression calculations applied, proving that the resulting function also
corresponds to an exponential function, in all three models studied, which implies that the
higher star-rated hotels are the biggest polluters and must be the focus of greater efforts
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Fig. 5§ Graph of regression calculations for water consumption by category

to achieve a higher level of efficiency in reducing consumption and emissions generated
through the operation of these establishments.

Finally, the calculation of the total emissions of a hotel can be realized knowing the
stays of clients and the category. and we can be calculated using the following calculation
algorithms:

o Hotel Canaries with private SWRO: E ., = (N +(0.4826e"%%¢ % € 4 0.6403¢°*2 * ©))
® Hotel Canaries supplied by centralized SWRO: Er, = (N(0.4826¢"%% * € 4 0,3528

e'.mz x C))

e Hotel in mainland Spain: Epy = (N +0.1712¢% %€ 4 0.0721e" 72 %))

where “N_" is the number of stays during the timeframe of the calculation, and “C" is the
category of the establishment.

4 Conclusions

Considering future projections, it is necessary to act now to reduce CO, emissions, by
increasing energy efficiency and reducing water and energy consumption in the establish-
ments. For establishments to achieve successful conversion and reach a sustainable future,
they need to experience a great reduction in energy and water consumption, with the reali-
zation of more efficient and sustainable installations.

It has been shown that the higher star-rated hotels have consumption levels and emis-
sions triple those of lower star-rated ones, and five times that of the lowest. Emissions due
to electricity consumption account for more than 83% of energy consumption emissions,
while representing only 58% of the energy consumed. with the emission coefficients for
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the Canary Islands being about three times higher than those for the mainland. The hotels
must be converted, installing self-generating equipment to reduce electrical emissions and
dependence on external suppliers. Although it is an effective current model to obtain drink-
ing walter, it is necessary to modernize the existing SWRO water desalination plants to
reduce their consumption level and reduce the binomial waterfenergy that in the Canary
Islands is united by the need to use energy to desalinate to get water. Through the use
of renewable energy generation in the hotels themselves, through mini wind generators
or photovoltaic solar plants can reduce emissions caused by the production of water for
human consumption.

The Canary Islands, as a sensitive and vulnerable tourist destination, with their exter-
nal energy dependence. their great ecological value, and their need for water desalination,
make for a good laboratory to test the application of measures and improvements in the
systems of industrial water generation, and in the conservation of energy in buildings. In
this way, in future research, we must study the possibility and way to reduce the energy
consumption of existing faciliies to levels that could be considered zero energy buildings
(ZEB) to nearly zero energy buildings (nZEB), through methods of reducing consump-
Hons. increase in efficiency of systems and equipment, and the installation of electric gen-
eration plants based on renewable energies for own consumption in the establishments.
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4.5. Articulo 4. Energy and water consumption and carbon
footprint in tourist pools supplied by desalination plants:
case study, the Canary Islands

45.1. Resumen

En este articulo analizamos los consumos de agua producidos por una de las principales
instalaciones de los establecimientos turisticos vacacionales, que son las piscinas turisticas, y
como afecta este consumo a las necesidades de agua de los destinos, asi como se realiza el
calculo de la huella del carbono que genera la produccion de esta agua por métodos industriales.
Mediante los datos de consumos de agua de 42 piscinas turisticas de 14 establecimientos
turisticos de diferentes categorias del archipiélago de las islas Canarias, investigamos los gastos
de las mismas mediante métodos de regresion simple y lineal multivariable respecto del
volumen y la superficie de las piscinas, obteniendo la funcion caracteristica que define el
consumo de agua de las piscinas turisticas de Canarias, la cual es una funcién potencial de la
variable del volumen de la piscina. Con la funcion de consumo obtenido y los datos oficiales
de las caracteristicas de todas las piscinas turisticas de la region que se obtuvieron del sistema
nacional de control sanitario de piscinas, se calcularon las necesidades de agua para el conjunto

de estas instalaciones en Canarias.

Teniendo en cuenta, que mas del 90% del agua potable suministrada en Canarias procede de
plantas desaladoras de agua de mar mediante osmosis inversa, se plantea la hipotesis de que
todo el suministro se satisfaga mediante este tipo de instalaciones de generacién y con dos
modelos de suministro, con desaladoras locales en los propios establecimientos y mediante
sistemas centralizados con distribucién por las canalizaciones y redes de suministro actuales.
Calculamos las necesidades energéticas y la huella del carbono de alcance 2, producida por la
generacion del agua necesaria para cubrir los consumos de todas las piscinas del archipiélago y
comparamos ambos modelos de suministro. Comprobamos que la huella del carbono es un
28,16% superior mediante la produccién centralizada y su posterior distribucion, respecto de
los sistemas con produccién y distribucion local, debido a las grandes pérdidas en las

principales redes de suministro de las islas.
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E ABSTRACT We analyze the consumption of water and energy produced by tourist swimming pools and
how it affects the water needs of the destinations, as well as the carbon footprint generated by the production
of this water by industrial methods. By means of the data of water consumption from 42 tourist swimming
pools on the Canary Islands (Spain). we investigate the expenses associated with them by means of simple
and multivariate lincar regression methods, obtaining the characteristic function that defines the water and
energy consumption. With the algorithm obtained and the data of all the tourist swimming pools in the
region, the water needs for the collective whole of these facilitics were calculated. Considering that more
than 90% of the drinking water supplied in the islands comes from desalination planis using scawater reverse
osmosis (SWRO), it is hypothesised that all supplies will be satisfied through these types of installation,
calculating the energy requirements and the Scope 2 carbon foolprint of generating the water needed to
meet the requirements of all swimming pools. It can be observed that the carbon footprint is 28.16% higher
through centralized production. compared with local production, due to large losses in the supply networks.
The generation of the water necessary for tourist swimming pools through SWRO would represent between
0.089% and 0.114% of all emissions in the region. according to the type of supply, local or centralized.
respectivel v—extremely significant values and equivalent to the biclogical treatment of all solid waste from
the islands.

E INDEX TERMS Canarian tourism, carbon footprint, emissions, energy, GHG, swimming pools, SWRO.

L INTRODUCTION

The importance of tourism is increasing vear on year and
is currently ranked third as a global export category [1].
It has become an important pillar in job creation and local
cconomic improvement [2]. The increase in tourism also
brings with it higher encrgy and water requirements [3], due
o the consumption of establishments and the need for the
industrial generation of water through the desalination of
sea water thanks to overexploitation of aguifers and climate
change [4]. which is reducing surface drinking water. The
global projections for 2030 are double the number of tourists
compared to 2015 [5], which will lead o a clear increase in
encrgy and water supplics to tourist establishments to cope
with this growth in tourism.
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Global consumption of drinking water due to tourism is
very difficult to quantify because of the lack of real data [6],
but it has been estimated to represent 0,045 of total consump-
tion of drinking water | 7]. The consumption of drinking water
in relation to the wotal of the region varies greatly according 1o
the destinations and the geographical areas [8], the consump-
tion per overnight stay also being different according to the
type of hotel and the destination. Examples include 175 litres
per overnight stay (L/p) in France [9], 1802 Lip in the Philip-
pines [10]. and between 300 and 850 Lip in various arcas
of the Mediterranean [11]. The impact of tourism on water
consumption has also been studied in a number of areas, such
as Hawaii [12], where the importance of the number of golf
courses and resort pools over total consumption was verified,
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the Canary Islands (Spain) [ 13]. [14]. where water and energy
consumption were modelled in hotels, Malta, where con-
sumption from swimming pools and spas in establishments
represents 38% of the total water costs of the island [15].
and the island of Mallorca (Spain), where the significance of
swimming pools in the water consumption of hotels was evi-
denced [16]. Carbon footprints and tourism cmissions were
also studied in several destinations - for example, the investi-
gations carried out to verify the differences between tourism
emissions and those of residents in Spain [17], to study the
impact of tourism on the island of Menorca (Spain) [ 18], and
also for the average of 58 luxury hotels in Taiwan [19] and
several hotels in Britain [20] - showing us the variability of
emissions according to destinations and establishments.

The consumption of water in swimming pools due to cvap-
oration alone has been studied by multiple authors, through
physical methods and adjustments of experimental correla-
tions, obtaining the typical values of indoor and outdoor
swimming pools. The form of the characteristic function of
these studies is as follows:

T =i+ BwiiP, — Pg)

Where “T™ is the evaporation rate per unit of water sur-
face, “@™ and “f" are the coefficients of the correlation,
“¥" the mean air velocity, P, partial vapor pressure of
the air saturated to the water temperature, and “F," par-
tial vapor pressure of the air. These evaporative models
have been extensively studied, the most widely-used func-
tion being the one proposed by Carrier [21] in 1918, which
is recommended in the application books of the Ameri-
can Society of Heating, Refrigeration and Air-Conditioning
Engineers ( ASHRAE) [22]. Other authors have also carried
out investigations, considering other variables of calculation,
such as the number of bathers in the swimming pool, which
can increase consumption between 40% and 70% compared
to one which is unoccupiced and still [23], [24], depending on
the tvpe of surroundings of the swimming pool (e.g., if it is
indoors) [25], or air velocity a combined with the number of
users [26]. Shah also performed studies for indoor swimming
pools, considering air density [27], as well as for all types
of swimming pool vessels, obtaining different correlations
according to their characteristics [28]. For outdoor swimming
pools, losses due to solar heating have also been studied
according to the irradiation of the geographical location [29].
Meuronal analysis methods have also been used for calcula-
tions of the evaporation of indoor pools [30],

All of these studies only calculate losses by evaporation,
without taking into account the other losses suffered by
swimming pools over the course of their operation, which,
as estimated, in California (USA) [31] is extremely signifi-
cant, evaporation being responsible for only 56% of the water
refills, while the cleaning filters correspond to 23%, and var-
ious other losses the remaining 21%. proving the importance
and necessity of carrying out studies that take into account
all the water losses, and not just evaporation. The water
demands of swimming pools with respect to the destination
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has also been studied for several regions, such as on the island
of Mallorca (Spain) [32] and in Cape Town {(South Africa)
[33], [34]. highlighting the importance of these facilities in
the total consumption of drinking water in these regions, and
the need to reduce it.

Based on the literature review of previous rescarch,
the need to camry out a study on the water consumption of
tourist swimming pools is highlighted, taking into account
not only losses due to evaporation, but also the whole set
of losses that are generated by a swimming pool, such as
those produced by filter cleaning, pipe and vessel losses,
ocoupancy, maintenance, etc.. the optimum form of caloula-
tion being by means of a statistical system with data from
actual tourist pools in continuous operation. To carry oul
this rescarch. the archipelago of the Canary Islands {Spain)
located in the Atlantic Ocean [35] was chosen, where the
tourizsm sector is the main driver of the economy, representing
31% of gross domestic product (GDP) and generating 36%
of the emplovment on the islands [36]. 63% of the area of
the archipelago has been declared a Biosphere Reserve by the
United Nations Educational, Scientific and Cultural Organi-
sation (UNESCO) [37]. At this destination, tourist swimming
pools are those in hotel establishments (hotels, apartment
complexes, hostels ctc.) and represent more than 57% of the
total number of swimming pools on the islands, not counting
those owned privately by individual homeowners. In addition,
43% of the surface area of the archipelago is considered as
arid [37]. Therefore, it is necessary that most of the drink-
ing water consumed is generated industrially in desalination
plants using seawater reverse osmosis (SWRO) [39].

I. METHODOLOGY

T obtain the calculations for consumption. we collected the
data from 42 tourist swimming pools on the archipelago,
which was provided by the management of the establish-
ments. The sample period varies from a minimum of & months
to a maximum of 10 years, from 2007 to 2016, Table 1 sum-
marises the characteristics of the pools studied. The names of
the establishments have been codified for data protection.

The research process was as follows:

1. Collection of data from the various pools in the study
and official data on the total number of pools on the
archipelago (except private).

2. Review, filter and verify that the study data is cor-
rect. Convert the values of recycled water per pool
to monthly refill values of m/month and daily
of m/day.

3. For each pool, calculate the daily weighted averages
of water losses, with all the monthly data for each
pool, and obtain a percentage of the volume of daily
water refill with respect to the total volume of the
pools. Calculate the weighted average percentage of
consumption for all swimming pools studied in relation
to the refill volume.

4. Calculate the multivariate lincar and simple comrela-
tion regression functions for the volume and surface
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TABLE 1. List of researched pools and their main features.

HOTEL MAME vm"-"_',lHE Sun:l*m TYPE PLACE
ECA Ciransle T SEG Cold Clue vor
ECA Clima 450 356 Cold Clusd por
ECE Infamtil M 1 Cold Dutd par
EPG Infaariil 12 i} Cold it por
ESA e &4l a0 Cold Chusd por
ESA Clima il 3] Hizted Clute par
ESH Garand e Ta6 a1 Cold Clusd por
ESH Clima Int 135 125 Heated Imel o
ESd Infamil 1 # [} Cold Chunad o
Esl Infangil 3 8 1 Caold Chusd por
ESl Cirandis 2 165 42 Cold Clusd por
ESd Grnde | 0 193 Cold Clusd por
EVE (iramle Sk T Cold Crutd por
HC Infiartil 14 kl Cold Chunad o
H{ Cimanede oM &13 Cold Chuid por
HC Climna 2 157 Heated Clutd por
HC Climn Int 120 (L0 Heabzd Inedpor
HOS Grande | 150 250 Cold Clute por
HOS Clima 215 171 Heared  Durdoor
HPE Inifamtil My ) Cold Chud por
HPE Cirans]e T35 525 Cold Ot oy
HPE Clima Int 150 & Heated Inedpor
HRFP Calimera 172 EE ] Cold Clued por
HRF Cascada 262 23 Cold Clusd por
HRFP Coonlpco 422 420 Cold Dutdpor
HTI FRadboiicla K5 ] Cold O pr
HTI Grand e 450 450 Cold Cusdpor

ORM Infantil 3 16 ] Cold Clute par
ORM Infanail 4 113 # Cold Clusd por
ORM Infantil 5 1 ] Cold Ciutd por
ORM Infantil 7 16 ] Cold Ol oir
ORM Infansil & 13 # Cold Clusd por
EM Infanail | 77 e 1 Coded Clubdpar
ORM Tobagan 113 103 Cold Clund o
DRM Dhasis? 187 42 Cald Cluteloor
ORM Oraand 187 262 Cold Ot por
ORM Chasis 7 187 262 Cald Chutdnor
RM Ohasis 9 187 a2 Cold Clutdocr
ORM CHlacs St 340 Cold Chutdpor
ORM  Clima Reces 120 130 Healed Dluteoor
FRC Inflanil 12 &0 Cold Clutdpor
PRC Clima 185 137 Hented Dutdpar
TOTAL 41 1,725 4. THY

variables of the swimming pools. and for both com-
bined. Check the model that best fits by the value of B2
and the square root of the mean sgquare error | =RMSE),
as well as its possible autocorrelation.

With the regression algorithm of best fit obtained,
the estimation of water consumption for all tourist
swimming pools in the Canary Islands - daily, m*/day
and annually, I'EI.].I')'I:.:I.I' - is made.

Considering the energy consumption ratios for water
production in kWh/m®, calculated by means of the
weighted average of the data from the SWRO plants
of the islands, and considering the losses in the distri-
bution system of the supply networks per island, we
calculate the necessary energy consumptions in kWh

WOLUME 0, 2018

1. Collection of data an
consumption of ssimming
pools in the Canary island

3. Caloulate the dally sverages of
water mnewals and lost

'

4. Calculate th simple and
miultivariate comelation functions for
pools. Calculate R, RMSE and DW

'

5. Calculate the waler consumption of
all tourist pools in the Canary Islands
in mday and m®iyear

:

&. Annual electricity consumption
[K¥Vh) for the maintenance of
swimming pools by supplying warter
by ewn SWRO

7. Footprint the scope 2 for the
maltenancs and renawal of water of the
tourist pools of the Canary kslands

8. Conclusions and oplions for the
sustalnabdlity of tourist pools

H___-_-_-_._._'_,..—'—'_'___'_‘—--

FIGURE 1. resecarch flowchart.

N

to generate the value of all the water consumed in the
supply of the tourist pools.

Calculate the carbon footprint of Scope 2 for the gen-
eration of the water required to cover the needs of the
pools, considering the emission factor of electricity for
the Canarics, in kgCO2/kWh.

Conclusions of the research and future needs for the
reduction of water and energy consumption.

To calculate the C0» emissions of electricity, due o the

change in the emission factors of the monthly electricity
generated, the annual weighted average coefficient of the
emissions from 2016 were used, this being the year cho-
sen as the basis for the calculation of the kgCO2/kWh of
energy consumed - data supplied by Spanish Electric Net-
work (REE} [40]. Figure I shows the rescarch flow for this
study of water consumption and emissions in tourist swim-

ming pools,
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TABLE 1. pistribution of swimming pools in the Canary Islands by type.

POOL TYPE TOTAL TOURIST % TOURIST
Volume > 3 m* POOLS POOLS OVER TOTAL
o B 200 109 .75
Outdoer Velume 529,671 267,281 50.5%
Heaeg P08 107 w2 75.7%
Velume 318,79 212,889 &6,8%
Poels 8 0 0.0%
B CoMd  yolame 83 0 0.0%
Heated Poels 147 39 26.5%
Volume 45093 4,120 9.1%
Poels ) b 1,890 570%
Totalpools  olame 894384 484290 54.1%

HL ANALYSIS OF DATA

In Spain, public and private swimming pools in commu-
nitics must be authorised and registered by the National
Swimming Pool Information System (SILOE) [41]. which
is the sanitation information system that collects all data on
swimming pools and water quality. For the development of
this rescarch, the data from all the swimming pools in the
autonomous region of the Canary Islands (Spain) has been
obtained, showing a total of 3,565 swimming pools, of which
only the swimming pools with volume greater than 5 m® arc
considered, given that those with a volume equal or inferior
to this number have a negligible level of consumption to
impact the total for this investigation. The total number of
swimming pools larger than 5 m? is 3.317; a volume of stored
water of 894,384 m”. Within this number of swimming pools.
we study only the ones belonging to tourist establishments,
which represent 57% of the total. with 1,890 pools, and 54.1%
of the volume of stored water, with a total of 484,290 m®.
In the following Table 2, the distribution of swimming pools
by type - climatized, cold, internal or external - appear.

A. CALCULATIONS OF WATER LOSSES

With the consumption data obtained from all swimming
pools, once filtered and conditioned, the calculation of the
weighted average consumption of cach installation is per-
formed, obtaining a value of water consumption per day
in m”, and in the daily percentage of water consumed from
the total volume of the pool. With these values obtained,
we performed the simple and multivariate linear regression
calculations, regarding the volume and the surface of the
pools, comparing the obtained values using the regression
index R? of Karl Pearson [42] to justify their greater or
lesser correlation [43], [44]. We compared the precision of
the different regressions calculated by calculating the RMSE.
To verify possible autocorrelation problems, we also per-
formed the Durbin-Watson index (DW) [45]-[47]. The func-
tions used arc as follows:
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FIGURE 1. simple regression trend line graphs.

Where “t" is the number of observations, 1™ is the residuals
of the estimates. the subscript “p" being the predicted residue
and “o” the observed residuc.

With the data obtained, the following simple regression
graphs shown in Figure 2 were gencrated, where the trend
lines and distribution of the points of dispersion of the daily
water losses are observed. with respect to the volume or
surface arca of the swimming pools. We observed how the
volume is the main factor for the calculation of water con-
sumption, with a potential characteristic function that is
adjusted in 85.15% of cases with an RMSE value of 2.92,
while the function of the surface is adjusted to 83.33% of
the cases and with an RMSE value of 3.78 - this value being
higher than that of the volume variable, which is rejected.
Both DW statistics are close to 2, which implics that there
is no problem of autocorrelation. It is important to notc that
in these total loss calculations, consumption is the sum of all
possible losses, not only evaporation, which depends mainly
on the surface exposure, but also on leaks in pipes and vessels,
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AGURE 3. Multiple regression predictive graphs.

maintenance, filter cleaning, etc., which is why the volume of
the pool and not the surface area is the determining factor in
the total losses, as could be foreseen.

The multivariate linear regression calculations have given
us some prognostic graphs with respect to the real values
shown in Figure 3. where the dispersion of the values is
observed. The calculated correlation index R? has a value
of 0.7730, which is lower than those calculated for the simple
regression, while the RMSE value is 2.78. The value of the
DAW statistic is 2.33, which means that there is no autocorme-
lation problem there either. It can be verified in the graphs
that the values predicted with the volume variable have a
lower dispersion, while with the surface variable, they have
a higher and more erratic dispersion, which does not fit with
the observed levels of consumption in most of the cases.

Table 3 summarises the calculated values for the simple
regressions of the lincar, exponential and potential models,
as well as for multivariate lincar regression. We verified how
the potential function with respect to the volume variable

WOLUME 6, 2018
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has higher correlation indexes than the rest, while the RMSE
value is very close to the value of the linear function for the
volume or the multivariate. However, we decided to use the
potential for the greater percentage of values adjusted to this
characteristic function. We took the characteristic algorithm
of daily water consumption for the tourist swimming pools in
the Canary Islands - the one defined by the simple regression
potential with respect to the volume, as shown below:

P = 00331 . "84

Where “ P represents total swimming pool losses in m*/day,
“V" represents the total volume of water in m®.

The calculation of the estimated daily losses is done
by means of the algorithm previously shown, from which,
together with the pool data from the different islands,
we obtain the water needs per island and the total of the
archipelago. Table 4 shows consumption by island. both daily
and annually, where it is verified that the water require-
ments for the maintenance of the swimming pools are higher
than 3.3 Hm® per ycar - with 66% of the consumption being
for the islands of the province of Las Palmas and the remain-
ing 34% for the islands of the province of Tenerife. It should
be noted that the islands of Fuerfeventura and Lanzaroie,
whose combined annual water needs for swimming pools
total almost 1.2 Hm?, currently come directly from SWRO
desalination plants, since there are no surface or underground
aquifers for use. With the data calculated, considering that
the produced and billed drinking water in the Canaries for
2014 was 138.50 Hm® [39]. and given that all the water was
produced and supplied by external, centralised desalination,
representing 2.39% of the wtal water produced, the need for
an increase in current production is implied - in the case of
wanting all production supplicd through centralised SWRO.

B. CALCULATION OF ENERGY TD PRODUCE THE WATER
The drinking water consumed in the Canaries is generated
mainly by the desalination of sca water, reaching 90.5% of
the total supplied and billed for 2004 [39] - this percentage
varying among the different islands of the archipelago. For
the remaining irrigation or industrial supplies, groundwater
and surface water are mainly used - although desalinated
water is also used on islands lacking these resources. Due to
the low refill rate of underground aguifers, which in recent
vears have suffered a decrease in natural reserves of 36.4% in
Gran Canaria and 35.3% in Tenerife [48], this type of supply
is also migrating towards desalination through SWRO.

To calculate the energy consumption of water produc-
tion, we hypothesised that all water will be supplied by
SWRO desalination plants, with two delivery models: cen-
tralized for multiple users through distribution through exist-
ing pipelines, and local desalination plants located in or near
tourist establishments. To obtain this data, we considered
the energy consumption of desalination plants according 1o
the cocfficient of gencration in kwcmmgd.fm;cmm. for
which we have the values of several medium local plants
with a production level of less than 500 m/day. and large
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TABLE 3. summary cormelation index for daily losses in towrist swimming po-ols.

REGRESSION MODELS FOR ALL POOLS

Type Regression Variables Model Calculated function 5 RMSE Dw
Lineal P= 0199y + 04275 10,7740 278 231
Valume (¥} Exponential P =81 36 - 6534 7.75 1.4
Poieatial P = 03] -y nE515 192 220
Simple Lineal F = 002375 — 00164 116546 144 135
Surface (%) Expanential P = DL6295 5 a7anl 437 116
Potestial P =0.0359 .5 10,5333 3.78 185
Multivariate V.5 Lineal P = 0.0 192Y + 000095 + 04277 07730 27H 133
TAELE 4. Daily and monthly consumption of water for Tourist swimming pools in the Canary Islands.
ISLAND Pools  Pool velume m”  Losi waler pools m'iday  Lost water pools m'fyear % Lost waler over fodal
Gran Canarla H62 139,305 1667 073,140 2045
Fugrtéventura 3z 04,756 1,748 63,119 19.3%
Lanzarate il4 54,230 1,54l 564,470 17:2%
Tenerife 519 143, 588 1678 477,192 2m 5
La Palma 49 146,390 298 108,554 1
La Gomera kL 5062 Lo 36,537 1.1%
El Hierro i 38 1i 4,101 1%
Total Canary Islands 1,590 484,790 R 307,702

TABLE 5. Consumption and production plants SWRO.

NAME KWh ' kWhm_owiday
FRO IUEE2 AR T.795324 31.K3 I1.29%
Grar 6,126,023  9%6.526 621 2,695
COR 3600057 1073025 X 3205
Wieighted average
SWRO La Ip0BA14  U954.875 198 17199
HFE 342,168 TR B53 4.5 215
HT 309,683 &3, 270 4RO 1M
HREF 602,621 177,243 140 A6
HT1 30d, 737 =, 154 1RD 1M
MEL* 434..15 E5,199 510 133
Weighted average
SWR Medium LOEYTI 504750 413 1382

T e SR jilas Meat dioess il Iaicd STy ey

centralised production plants greater than 2500 m /day [49].
With the gencration data of the SWRO plants, we calculated
the weighted average of all of them, obtaining the consump-
tion ratios characteristic for cach model of plant and type of
supply. With these values obtained, they were used as a base
for all desalination plants in the Canary Islands. In Table 5.
the calculation data of the various SWRO planis are shown.
Plant data has been supplied by the managers of each facil-
ity; the names of each plant are coded for data protection.
With the coefficients of energy consumption to produce water
of the two types of SWRO plant, we calculate the values of
the encrgy consumption neccssary to supply the water to the
swimming pools.

Table 6 summarises the calculations made, showing con-
sumption by island. where the losses from the supply net-
works of each island were considered in the calculations
of centralised plants; taking the official data for losses, the
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various hydrological plans approved for Fuerteventura [ 507,
Lanzarote [51]. Gran Canaria [52], Tenerife [53].
La Gomera [54], La Palma [55], and El Hierro [56]. We can
verify that production at Jocal desalination plants compared
to the centralised ones - not taking into account losses within
the supply network - is 3.6% higher. However, considering
the losses within the supply network, consumption from the
centralised plants is 28,165 higher than from the local plants.

C CALCULATIONS OF COy EMISSIONS

To carry out the calculation of the carbon footprint of the
water production, the GHG Protocol [57] was chosen from
within the multiple existing procedures and standards | 58],
this model being the most widely-used by organisations
worldwide. In the GHG protocol, three Scopes are distin-
guished for the carbon footprint, of which we will only
calculate in Scope 2 - that is due to the indirect emissions
of GHG associated with electricity, for which we need the
emission cocfficient of the electrical energy consumption
{kgCO/kWh) for the islands, once we have the total energy
consumption.

The archipelago of the Canary Islands, among its peculiar-
ities, has a very important one, which is the configuration of
its electrical system, constituted as it is of six independent
subsystems, one per island - minus the islands of Fuerteven-
tura and Lanzarote, which are interconnected by submarine
cables [440]. This uniquencss means that electricity production
systems cannot take advantage of the economy of scale wo
vary and adjust the load between the different generating
systems, and they must have a greater capacity of gencra-
tion to be able to cover all the possible variations of load.
In addition, the current production technology in the Canary
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TABLE 6. pistribution of energy consumption by island to produce water through SWROP.

Last water k'Wh Central SWRID with Lacal SWRO comsamptisn

TLAND ?h'h'lhl.ﬂul bost distribution LW Locil EWRO " aver centrul g
Gran Canaria 2340% 1764931 4019930 1853
Fuerteventura IEE% 1448932 1635432 S0ETH
Lanzarate 42.0% 1218417 2351911 36.84%
Temerlie 35.0% 5,250,992 436,217 30.10%
La Palma 43.1001% 619,420 449 416 -3T R %
La Gomera 24.0% 180,319 130,859 19.50%
El Hierra 48.7%% 24268 16,935 ~43 3
Total Canary Islands 17 507 278 13660 K11 28 16%

Islands is based on non-renewable fossil fuels, which produce
92.1% of the total energy [59], generating a large external
encrgy dependence. and very high average CO2 emission
cocfficients of 0.777 kg CO»/kWh. Considering the emission
factors and the total emissions generated at the generation
points, the calculation for the point of consumption - which in
these cases are SWRO desalination plants, either centralised
or local - must be considered to explain losses in the electrical
grid, which in Spain are legislated for [60]. 6% are considered
for mediom voltage supplics with local transformers, leaving
us an emission value for Canarian electricity of 0.824 kg
CO/kWh consumeed.

The characteristic algorithm that defines the daily emis-
sions of the tourist swimming pools in the Canary Islands is
represented by the following function:

0.0331 . v Ee Wy
- [
Where “E"" represents emissions associated with swimming
pools in kg CO-, “ ¥ is the total volume of water in the pool
inm’. “E," is the value of the emissions from electricity in
kg CO+/kWh, Wz is the characteristic value coefficient of
gencration in kwh;mum.fm:mcmd. and “L:7 is the losses
in the pipelines of the water supply network.

With the previously calculated data of the necessary elec-
trical energy and the emission cocfficient, we can already
calculate Scope 2 and check the carbon footprint of the
water used for swimming pools. Table 7 below summarises
the calculations of the total island emissions computations
for centralised SWRO, considering the losses of the water
supply network and for local SWRO. The great difference
between emissions from local and centralised desalination
plants is observed, with the reason being that the losses in
the supply networks have very high values. Figure + shows
the emissions by island, depending on the type of desalination
system used, as well as the percentage difference of emissions
between the centralised or local models, the smaller islands
being those which have greater differences, since their net-
works of distribution are older and often obsolete, with higher
water losses,

Taking into account the hypothesis presented, where all
the waler for tourist swimming pools is generated by SWRO
desalination plants, and with the current data of gencra-
tion and emissions of clectricity, the electrical consumption
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TAELE 7. pistribution of €0 emissions by islands for centralized or local
desalination SWRO.

Local Centralized

ISLAND nciv O e
Gran Canarls 3312423 3,926,304
Fuerteveniura 2171 559 2 R41.920
Lanzarate 1957975 1651,97T8
Tenerife 3325543 4326817

La Palma AT RALIE ]

Lo Gamers 124 341 14E 583

El Higrri 13,455 19,907
Total Canary Islandds 11156508 14,425,997

S Emissions CO, production water pools  *™
Ehe i)
L] mg
LA I
=d| foe ) HHE
;m E
O mi
| SR
([t o] ([0 E
S0 ;
& II - . "
e"’ lgmzmswm
g COT Cemtral SWRO

" Emissions SWRI central ve Local
FIGURE 4. Distribution of ©0; emissions by islands.

necessary for the generation of water for the maintenance
of swimming pools would represent 0.156% of the annual
electricity generation for local desalination plants; 0.2% over
the total for the centralised desalination plants, according to
data from the year 2016 [40]. The emissions produced by
SWRO for the generation of swimming pool water would be
of great importance within the total C0; emissions of the
Canary Islands [61], [62]. as it would account for 0.089%
of total emissions for local desalination plants and 0.114%
for centralised desalination plants, which are very important
values, being higher than the equivalent to emissions due to
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HAGURE 5. Lost in pools at equal volume according to mumb-er of poals.

the treatment and elimination of all solid waste by biological
treatments in the Canaries. With these resulis, the importance
of reducing water costs in swimming pools and increasing the
percentage of electricity generation by means of remewable
energies is verified, which would help to achieve a consider-
able reduction in the emissions that are due to the production
of water for the maintenance of the tourist swimming pools

in the Canary Islands.

V. DISCUSSION

Swimming pools are an important, and almost essential, facil-
ity in current tourist establishments, so that the number of
them and the water consumption due to their maintenance will
continue to increase in the future, motivated by the ongoing.
continuous growth in tourism.

It has been shown that the function that best defines con-
sumption in swimming pools is a potential function, depend-
ing on the volume, due to the sum total of consumptions duc
to evaporation. filter cleaning and various other losses, which
are defined by the following function:

P = 0.033] . "6

With this data, it is possible to verify the importance of the
construction methods used in swimming pools, and the need
to reduce the number of pools per establishment, as well as to
group existing ones in a single vessel, since the consumption
of several isolated pools is superior to a single one of the same
total volume equivalent, average consumption being 4.28%
higher for each pool than for a single, large one, as shown in
Figure 5, which shows the water losses of a swimming pool,
and the equivalent of dividing the total volume of this into
several smaller swimming pools.

The water consumed by the swimming pools in the Canary
Islands must be obtained through industrial production, since
they cannot count on the underground or surface resources,
which cannot be maintained in time due to the insufficient

11734

refill rates of the agquifers. the SWRO desalination system
being the chosen one. The alternatives proposed are through
local desalination plants, which will be applicable o installa-
tions whose proximity to the sea makes it possible to install
them, since energy consumption and emissions are 28.16%
lower than for centralised plants, due to losses in the sup-
ply network, which vary according to the islands. It is also
necessary o modernise existing plants by replacing mem-
branes or installing energy recuperators, which can reduce the
energy consumption of plants by up to 41%.

The emissions due to water production are also very sub-
stantial, considering that the emission factors of the Canary
Islands are very high because of the lack of gencration by
means of renewable energics. It is therefore necessary o
obtain a water/energy binomial based on sources of clean
primary energy o reduce the carbon footprint of tourist
swimming pools, which would represent up to 0.114% of the
entire carbon footprint for centralised desalination plants in
the Canary Islands.

Summarising the actions needed to achieve these energy
and emissions decreases for tourist swimming pools, consid-
ering that they are facilities belonging to tourist establish-
ments which need to be transformed into zero - or nearly
zero - energy buildings (ZEB, nZEE), they can be classified
in the following way:

= External or indirect improvements: the establishment
cannot act directly, but, rather. they can influence the
energy consumption and the global carbon footpring of
the area and of the establishment itself:

o Repairs, decreasing water losses in pipelines and
supply networks.

o Increase production through clean and renewable
energies of the electrical supplies of the islands.

o Modernisation of desalination plants to increase
their efficicncy.

o Dwecentralise water production  through  small
SWRO plants with reduced distribution lines o
fewer clients.

= Internal or direct improvements: to be carried out by the
establishments, directly influencing their encrgy con-
sumption and carbon footprint.

o Reduction in the total volumes of the tourist swim-
ming pools by limiting the depth and reducing the
total surface area, but without affecting the comfort
of the client.

o Group several swimming pools into one of
equal or lesser total volume.

o Produce the water through high efficiency SWRO
desalination plants, located on the establishments”
OV PreImiSes.

o Use rencwable sources to produce the energy
nceded to generate the water.

o Substitution of the type of pool water, changing the
potable water currently used for salt water by means
of water pumping from wells of marine infiltrations.
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o The implementation of policies and models to
reduce water consumption by utilising appropriate
technologies that reduce losses through evapora-
tion, frequency of filter cleaning, and other causes
and practises within the establishments.

In future research, the imporntance of losses due to evapo-
ration, cleaning and other causes, and emission reduction
systems through alternative desalination and water gencration
technologies must be studied.

V. CONCLUSIONS

The impact of tourism on greenhouse gas emissions, focused
on a specific aspect of water use, has been determined through
the indirect analysis of water management in hotel swimming
pools. It is concluded that water consumption associated with
swimming pools is in function of power usage. depending on
the volume.

The emissions duc to encrgy to produce the water nec-
essary for maintaining swimming pools are significant in
the Canary Islands, where the generation of energy depends
almost exclusively on fossil fuels. In addition, hotels located
along the coastline near the sca have the possibility of
installing local desalination plants with energy consumption
and emissions lower than centralised plants. The annual emis-
sions associated with swimming pools. according to their
volume, are estimated to be 3.4 kgCO2/m? in local desalina-
tion systems. and 4.36 kgCO»>/m” in centralised desalination

systems.

In arcas with limited water resources, high external energy
dependence. and fragile ecosystems - as is the case with the
archipelago of the Canary Islands - this study on the main-
tenance of tourist swimming pools contributes to sustainable
tourism planning for the environment.
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4.6. Articulo 5. Estimation of solar radiation of clear sky
using non-linear methods. Case study: Fuerteventura

(Spain)

4.6.1. Resumen

En los ultimos afios la energia solar fotovoltaica ha conseguido mucho protagonismo como
productora de energia eléctrica para la venta y el autoconsumo asi como por su faceta
medioambiental como reductor de gases de efecto invernadero (GEI). Esto hace necesario, que
se puedan realizar predicciones de produccion lo méas ajustadas posibles a la realidad y de esta
forma, poder evaluar su viabilidad econémica y las mejoras medioambientales conseguidas por
la reduccion de emisiones. En este articulo analizamos un método de céalculo de la irradiacion
incidente basado en la estimacion de la misma en un area geografica sin datos conocidos o
fiables, mediante la produccién de energia eléctrica generada por instalaciones solares
fotovoltaicas conocidas y en uso, que estén instalados en la zona geogréafica de estudio. Con los
datos de varios afios de tres instalaciones con caracteristicas iguales de inclinacion, modelo de
paneles solares fotovoltaicos, y area geografica de instalacion, se realizan los célculos
mensuales de irradiacion basados en los datos de produccion total eléctrica mensual. Se realiza
un estudio matematico de los mismos, utilizando el modelo ARIMA, también conocido como
Box-Jenkins, con el programa de calculo matematico SPSS Statistics, asi como también se
realizd el estudio utilizando el modelo de descomposicién de series de Fourier. En ambos
modelos se han obtenido las funciones caracteristicas de irradiacion para la zona geografica de
estudio.

Se realiza la verificacion de la validez de los métodos mostrados para ambos modelos de
prediccion de irradiacion mediate una comparacién de los errores de prondstico con los
indicadores de error de la raiz cuadrada de la media (RMSE), del error porcentual absoluto
medio (MAPE) y del indice del coeficiente de regresion R?. Se ha demuestra la validez del
método expuesto para ambos modelos matematicos de prediccion de irradiacion y
comprobamos que los mejores resultados se obtienen para el modelo de descomposicion de

Fourier.
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Abstract

The knowledge of irradiation in a geographical area is very
important for multiple areas for the development of the area.
Current calculation systems are based on statistical models of
measurements of ground stations, or by external radiation
calculations by satellite models. In this paper we show another
method of calculation, based on the estimation of the incident
radiation in a geographical arca, through the production of
clectric encrgy  generated by known photovoltaic  solar
installations. With the data of several wears of three
installations with equal inclination, model of solar pancls, and
in the same geographical area. the island of Fuerteventura, in
the Canary Islands (Spain). we perform menthly radiation
calculations based on the total production of each month.
With the calculated irradiation data, we performed a statistical
study of them, using the ARIMA model with the SPSS
Statistics sofiware and we also carmed out the study using a
Fourer seres decomposition model. With the two models, we
made a companson by measuring the forecast errors with the
indicators of the root-mean-square error {RMSE) the mean
absolute percentage emor (MAPE) and itz regression
cocfficient R*. We venfy the validity of the method shown for
both statistical models of irradiation prediction and venify that
the best resulis are obtained for the Founer decomposition
model.

Kevwords: solar energy, irradiation, ARIMA, Fourier.

INTRODUCTION

The calculations of the global wradiaton on the terrestnal
surface become indispensable for multiple human activitics,
being the current one that more boom 1s taking, the one based
on the applications of solar photovoliaic generation, for which
the knowledge of the radiation is essential. The studies are
multiple to be able to calculate the function that can represent

the radianon in a geographical place. From the first
expressions of regression treated by Angsiridm in 1924 [1] that
relates the average daily solar radiation per day for clear days
and the radiaton for a given place by the average of the
fraction of the hours of mecasured solar bnightness and the
theoretical duration of the day. which later they were modified
by multiple investigators which are summanzed in the work
of Bakirci [2], where the different medels of this type, are
shown and which covers the study of the 60 different models
based on the Angstrom original. The most widespread
caleulation systems are the statistics by measuring the
irradiation in different areas, which have been generated Atlas
of radiation for specific geographical areas [3,4,5). Through
statistical calculations, different wrradiation studies have been
carried out in the Canary Islands [6], for the main irradiation
databases in Turkey [7], Tibet [8], India [9] and many other
countries [10,11], the validity of their calculations has been
verified. The realization of these studies has the problem of
the high cost of measuring equipment and the large amount of
data needed to be able to make forecasts and estimates with a
certain validity, which according to the studies of Festa and
Ratto [12] should be a minimum of 25 vears for the case of
hourly calculations, this 15 the reason why these studies
become very complicated in many geographical arcas.

The metecrological factors, like temperature and ramfall must
also be considered in the estimates of solar radiation [13,14].
On the way through the atmosphere, solar radiation interacts
with atmospheric constituents such as molecules, ozone, water
vapor, acrosols, and cloud particles, which attenuate solar
radiation by absorption or dispersion [15]. The distnibution of
cloud particles and acrosols can be difficult to predict wath a
high degrec of accuracy, and cloud particles especially can
reflect a large fraction of incoming solar radiation. Different
approaches have been used to predict the radiation of the solar
surface, depending on the time scale of the prognosis. Used
cloud motion wvectors derived from consecutive satellite
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imagery to forecast wery short-range solar radiation (30
minutes to 2 hours). At forecast imtervals of more than 6
hours, numerical weather prediction models (NWP) have been
found to be superior to other altermatives. Apparently. the
complete coherent system of equations descnibing the
evolution of the atmosphere 15 necessary for these longer
forecast ranges [16.17].

Estimates of global irmadiation estimation, considening direct
and diffuse iradiation [18,19.20] and the other methods
discussed, become very complicated to have data from all the
locations that are necessary, due to their associated expenses
and the amount of data needed. Complexity of the commented
systems, requires a simple and efficient model that can be
adapted to multiple geographical areas, and taking into
account that currently photovoltaic solar installations have a
large expansion in many geographical arcas, taking into
account the monthly generation of the same in a space of
several years we can calculate a real approximation of the
irradiation of the area, and whose model of casy development
can be applied to any geographical area that have data of the
production of the photovoltaic installation and the type of
solar modules installed.

METHODMYLOGY

To calculate the imadiation, it is necessary to know the angle
of incidence of sunlight. due to 115 movement of translation
around the sun of the Earth and the decline of the axis of
rotation, produces a difference in the incidence of solar
radiation with respect to the reference labtude, and for the
calculations of this angle we use the well-known Cooper
cquation [21), which gives the value of the approximate
decline of the reference point at solar noon of the day
considered

184 + rt}]
365

d(n) = 23,45 « sen [361] . [—

"n" 15 the chosen day counting from January 1 to the day in
question.

We can also use calculation tables to estimate the values
according to the latitude and angle of the collectors or
calculating the wvalues of the three components of direct.
diffuse¢ and albedo radiation must be found, with several
micthods for obtaining and estimating them |22,23,24). There
are multiple wradiation databases [25,26.27,28]. for convert
the wvalues wradiation at 10° o & for our model of
approximation, we obtain the calculation factor “k™ that
passes the irradiation of the 107 of the study stations to 07, for
what we use the global imadiance values of the European
PVGIS - Helwclim data [29,.30], as starting data to 10° and 0°,
where the multiplying factor of the wmadiance value is
obtained for flat surfaces, and will give us the approximate
result for the inclined surfaces [31],

G(B) = k « G{09)

Where "k" 15 the multplying factor for the iradiation of
surface inclined to flat surface 0° is the latitude of the place,
and "G (07)" 15 the iradiance value for flat surfaces at 0°.

To obtain the calculations for generation, we collected the
data from 3 photovoltaic gencration facilibes, which was
provided by the management of the establishments. The
sample period vanes from a mmimum of 3 years o a
maximum of 5 years. Tabfe ] summarises the characteristics
of the facilities studied. The names of the establishments have
been codified for data protection.

Table 1: List of researched facilities and their main features.

Peak gy
Name Latitude Longitude Mark powWer
W angle

FEM 28"25'53" 13°52728" SolarWorld E8.000 10°

INP  28°31°26" 13°50°18" SolarWorld 441600 10°

HIE 28°31'32" 13°50°25" SolarWorld 552000 10°

Monthly irradiation calculation

To calculate the irradiation of the installations, we start with
the monthly electric generation of the gencrating station, it 15
necessary to consider the elecincity generated monthly, the
peak power of the generator and the total losses. which are
included in a total efficiency index known as "Performance
ratio” (PR} |32]. With the following function we calculate the
global monthly iradiation that affects the installation.
Erzi
CEm=FR P,

"G ([, p)" is the mean imadiance according to declination and
a piven ammuth, "PR" is the global loss index that
encompasses all losses of the system, and "Ppp" is the
maximum power of photovoltaic generators. The calculation
of the PR is made considering all the losses of the gencrating
system, which are given by the function:

PR=(1—(Lr+Lp+Lg+Lp))*Lg=Lpn+Ly

Where, “L," are the losses by temperature that we calculate
them by the method of Otherworld [33], "Le”™ arc the losses by
dispersion of parameters, “Ly” are losses by angular and
spectral reflectance . "L," are losses due to dust on the
modules. "L" are losses in electrical wiring, “Lp” are losses
due to the efficiency of the inverter, what we used the
European efficiency value of the inverter [34] given by the
manufecturer and "L." are other losses that were not
previously considered. Table 2 shows the data of the
calculation parameters for the coefficients of the differemt
losses.
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Table 2: List of cocfficients of the different losses.

Name Description Value
Lr Temperature losses Calculate
Lo Lost by dispersion 3.007%
Lr Lost dust and dirt 2.00%%
Ln Lost reflectance 3.00%%

Lia European Investor Efficiency 96%%
Le AC and DC circunt efficiency 97%
L+ Efficiency due to other losses Q5%

Arima

The ARIMA methodology aims to extract the regularities
observed in the past behaviour of the vanable, and if the
structural conditions that make up the series remain constant,
predict s behaviour in the future. This model 15 known as
Box - Jenkins for being its creators [35,36). It is widely used
for economic scries analysis, as well as m hydrology.
medicine, and meteorology, although the field in which the
ARIMA methodology finds itz main role for prediction
purposes is with short-term prediction and in series with a
scasonal component. The theory of stochastic processes, the
ARIMA processes, provides a general methodology for the
analysis of a single variable in the series that shows a clear
dependence between present and past values.

The genenic name ARIMA denves from its three components:
Sclf-regressive (AR), Integrated (1), of Mobile Awcrages
{MA). The ARIMA model presents an explicit equation that
allows us to descnibe an observation from the serics as a lincar
function of previous data and errors due to chance, which may
also mclude a cyclical or scasonal component which descnbes
cach of the components that can be part of the model, as well
as the notation wsually used to describe them, which wall be
used in this study. The general function [37.38] represented
by the ARIMA model (p.d.q) 15 as follows:

BFI1 — BYXE = c + Bt

where “X1" i1s the study vanable, “c™ a constant and “£t™ 15 the
error or residue term, which follows a normal distnbution of
zero mean and constant variance. The term (1-f)9 15 applied to
the original series to make 1t stationary, and “d” corresponds
to the order of part I of the ARIMA model. @) and & ) arc
polynomials of order p and g that depend on the delay

of three steps that 1s extended 1o 6 by later studies [40] to be
able to estimate the corresponding parameters of the moedel. 1
Data collection of the series, 2 Analysis of the stationanty and
possible transformation of the series, 3 Identification of the
model, 4 Esttmation of model coefficients, 5 Vahdation and
selection of the model and 6 Prediction.

Fourier

The Fourier transform 15 the mathematical procedure to
analyze periodic functions through the decomposition of said
function in an infinite sum of much simpler sinusoidal
functions, with combination of sines and cosines with whole
frequencics [41.42). The function imnally defined at time fit)
is the transform to the domain of the frequency F{w). This
new function F{w) is called the Founier Transform [43], or
Fourier Series, when the function is Penodic. Fourier
determined that it was possible to express a function as the
sum of Sines and Cosines signal of different frequencies and
amplitudes until the onginal function was determined. This
procedure was initially implemented for periodic functions,
but can be extended to non-peniodic. Fourier showed that
virtually any periodic function can be represented as a sum of
sines and cosines by assigming cach a weighting coefficient.

The harmonic analysis 15 a type of analysis of any function,
continuous within a range, can be represented by an infinite
serics of sine and cosine functions. This senes 15 called the
Fourier senies, and the method of finding Fourier analysis
functions. If there 15 only a finite number of points in the
interval to be analysed, a finite number of sines and cosines
will be able to account for all observations. This technique 1s
adequate for investigating the harmonics of an identifiable
frequency under the assumption that the time series is
genuinely periodic. Each harmonic can (but need not) have a
different physical meaning. Recall that of £ ix) is infimtely
differentiable at x = a. then the Tavlor series [44,45] of “f" is
defined as:

4

- 2, 3
= -+ = —
€ 1.+I+2 - +2.l

we have a "representation” of the function “f". We know from
expenence that representations of the Taylor senies are useful
in many ways. In the same way, there are other types of
representations which are very useful. In this work we are
concemed, specifically, with the representanion of the periodic
function by tnigonometric series of the form:

operator “B7. - 2 z
pe ¥, =2 9kt A, cos()- Bosen (77)
We have used to calculate the mathematical software of THM
SPSS Statistics [39). calculating the different factors through
the expert model and through the Box-Jenxisn methodology
153440
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Harmonic analysis means the computation of the cocfficients
“A." and “B.”. Now, with the cocfficients computed
according to equation is called the Founer series of “f"; the
cocfficients A, A, ...., A.. and By, By, ..., B, arc called the
Fourter coefficients off, and the individual terms are generally
referred to as harmonic. Since the data are typically taken at
integer times t; = o, by, .. a discrete version of the Founer
transform must be considered. The casiest case to treat. and
the only one we will consider, 1s the case of equal time
samples N. Tj=ja J=0,1.2, .N- L

Here At is the ime between two neighbouring data points 1n
the time scries and f5 = 1/At 1s the sampling frequency - the
number of samples taken per second. The discrete-time
Fourter transform (DTFT) for a data set of discrete time of
finite length’s (0). X (A1), X (2At), ...cccoe.y X ((N-1) At).

Analogous to the series, the Fourier transform decomposes the
signal into sines and cosines of different frequencies and
amplitudes. Fourier showed that virtually any periodic
function can be represented as a sum of sines and cosines by
assigning cach a weighting cocfficient.

Methods

The method used to compare the real data and calculate the
charactenstic feature of irradiation according to the clectnical
encrgy generated by the photovoltaic gencrating stations is:

I. Initially the data of electric power gencration of the
different production plants of the study plants supplied by
the facilitics' managers were obtained.

19

We calculate the irradiance value of the gencrating plants,
according to the monthly gencration obtained. The
calculated irradiation values are for the inclination of the
solar pancls of 10°.

3. We convent the irradiance value of the inclined surface
from 10° to flat surface according to the calculated factor
"k" of the solar DB, for all the stations.

4. With the monthly irradiation data, we calculate the
characteristic function of the forecast with the ARIMA
method and by the Fourier series decomposition

5. We compare the data obtained and compare it with the real
values of the stations to check which system is best
adjusted considering the term of RMSE, MAPE and R=.

Figure 1 shows the flow diagram of the rescarch camied out
to obtain the actual irradiation data of the mnstallations and

FRANCISCO JAVIER DIAZ PEREZ

their companson with the data of the diffcrent photovoltaic
gencrating stations.

Figure 1: Rescarch Flow Diagram.,

ANALYSIS DATA

We take the values of the energy data produced from the
different generating photovoltaic stations, with all the monthly
production values of 3 and 5 years according to the generating
station. With the obtained values. the transformation 1s carned
out to calculate the irradiation of the different years and
stations, filtering the values duc to the failure of the
measurements or the maintenance of the facilities. With the
step cocflicients "k" obtained from the PVGIS - Hclioclim
irradiation DB, the iradiation values for the inclined surface
of the photovoltaic solar panels are calculated from 10 ° to the
flat surface of 0 °. These values are shown in the following
Figure 2, which shows the irradiation calculated by months
for flat surfaces of 0.
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Figure 2: Solar irradiation calculated for 0°.

The monthly irradiation data depend on the solar height
calculated for cach geographical arca and the average daily
hours of insolation. that in the following Figure 3 we can
observe the distnibution of the imadiation according to the
hours of mnsolation and venfy how it has a lincar tendency
with a high correlation index R2 of the irradiation with respect
to the hours of insolation as expected.

0 Irradiation and hours of lnsolaﬂon

K000 3 I.
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Figure 3: Distribution of the irradiation according to
insolation

RESULTS

With the data obtained from monthly irradiation, we carried
out the forecast calculations for the ARIMA model according

to the Box-Jenkins methodology using the IBM SPSS
Statistics v.23 mathematical modeling software. The modeling
is done in two different ways, first the calculations are made
through the SPSS expert modeling module, showing in Table
3 the results obtained according to the models suggested by
the software for cach station. The calculations have also been
made following the steps for the calculation of cocfficients
according to the Box-Jenkins procedure, with which another
type of ARIMA modeling (p. d, q) was obtained. giving us an
ARIMA model (2.0.1), which is an ARMA model (2.1),
checking the results in Table 4. With the obtained data, the
comparison 1s made using the regression index R* of Karl
Pecarson [46] to justify their greater or lesser correlation [47)
We compared the accuracy of the different regressions
calculated by calculating the RMSE [48,49] and by MAPE
[50] which is an indicator of the prognosis that measures the
size of the error (absolute) in percentage terms, which gives us
a relative measure of the error. The functions used are as

follows:
vy
1% F*
?Z(HP —u,)
=

100
P - _Z [E== %1

Where "t" is the number of observations, "u" is the residuals
of the estimates, the subscript "p" being the predicted residuc
and "or" the observed residue, "Gr" is the calculated real
irradiation and "Gf" 1s the estimated irradiation according to
the forecast model analysed.

RMSE =

15442
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Table 3: Models and forecasts for expert mode of SPSS

SPSS expert modeling - ARIMA

Madel
Station  ARIMA R* RMSE  MAPE
(p.d.g)
FEM (3,100 0,846 6723 10, 68%
HIR (0,200 0,755 ESE,0 13,89%
NP (1.1.0y 0642 10303 17.37%

Table 4: Models and forecasts for the Box-Jenkins procedure

Box-Jenkins system modeling - ARIMA

Model
Station  ARIMA R: RMSE  MAPE
(p.d.ag)
FEM (20,1) 0918 501,2 7,24%
HIR (20,1) 0EE9 600,8 9,13%
INP (20.1) 0Fl6 T61.8 11.65%

It is werified with the obtained results, with the model
calculated by the Box-Jenkins procedure gives better results
than by the expert module of the SPSS Stanstics, with very
high adjustment charactenistic values in the three indicators of
prediction R, RMSE and MAPE. Figure 4 shows the results
for the calculations for the autocomelation function { ACF) and
partial autocomelation (PACF) plots of the differenced senes,
we can tentatively identify the numbers of AR and MA terms
that are needed. The plots vary within the 95% CI bounds.
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Figure 4: ACF and PACF of the residual emor for the AR {2)
and MA (1) models.

With the predicted values, we can observe in the following
Figure 5 the companson of the imadiation of the three stations
studied according to the vears that we have data, with respect
o the forecasts we calculate using the ARIMA model and real
values calculated according to the monthly gencrated
clectnoity production. We can observe the few differences
that are between the real and forecasted values.
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Figure 5: Real irradiation curve and predicted by ARIMA
model

The charactenistic function of the ARIMA model (2,0.1)
calculated for the imadiaton of one of the
photovoltaic stations, FEM, would be the following:

Y= 575598 + 1,17Y:1- 0.979Ye2+ 0.995E1

The prediction  calculations  according to  the Founer
decomposition have given us very good wvalues, with some
indicators for the three photovoltaic stations far supenor 1o the
ARIMA model, being very close to a perfect comrelation of
predicted values with respect to the real ones. In the following
Table 5 the values of the different calculated indicators are
shown.

cxample

Table 5: Models and forecasts for the Founier decomposition

FOURIER
Station R* RMSE MAFE
FEM 0,988 263.8 4.00%
HIR 0,980 3386 5,75%
INF 0,953 5052 B.09%

15443
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Figure 6: Fouricr decomposition and charactenstic harmonics together with real irradiation curve and
prediction for FEM station.

The Fourier decomposition that we have done has been until
the 6th harmonic. being the real function for an adjustment to
the perfect formed by the harmonic infinitics. Figure 6 shows
the decomposition of a sum of simple, sinusoidal functions
whose periodic frequency. The component of the Fourier
series whose frequency coincides with the fundamental (n=1)
is called the fundamental component:

a; cos(wo,) + b, sin(woy.

We can see how the adjustment of this function is superior 1o
that of ARIMA, with a value for this station represented by R*
= 0.998, and how the forecast data 1s almost the same as the
real calculated.

The characteristic function that the irradiation represents will
is composed by the harmonic components. so the harmonic of
order n or nth would be that whose frequency is n times the
fundamental. The values of a0/2 represent the average value
of the function f (t) over a period and are called the
continuous component. The sample function for the FEM
station is shown below:

Y, = 5.748,17 - 8.097,12 cos(>")
~ 0.545,50 sen (5 ) + 836,86 cos( ) -
8.432,06 sen (7 ) +5.229,29 cos( ")
~ 4.075,64 sen( 7" )+ 4.475,47 cos( * )+
837,37 sen (°) + 1.266,38 cos( 2~ )
+2.251,80 sen (“2%)— 302,21 cos( 2% )
+852,41 sen (o)

The following Figure 7 shows the comparison of the two
ARIMA and FOURIER non-lincar models according to the

R2 and MAPE indicators. verifying how in all cases the
Fourier model gives better results.

Comparison of R* and MAPE
100 14%
12%
0.90
{19
0.80 e
0.70 L
e
0.60 2
0.50 e

ARIMA  Fourier ARIMA  Feurier ARIMA  Fourier
FEM FEM HIR HIR NP INP
s R2 s MAPE

Figure 7: Comparison of ARIMA and FOURIER non-lincar
models according to the R2 and MAPE indicators.

DISCUSSIONS AND CONCLUSIONS

The calculation model of forecasts that we have developed for
solar iradiation estimation, considering the gencration of
electric energy by photovoltaic solar pancls (PV) is applicable
to multiple destinations, provided that we have sufficient
monthly data of scveral years and the characteristics of the
PV. With the ARIMA model or the Fourier decomposition
model, we obtained very good cstimations and forecasts of
irradiation, with R* values higher than 0.81 in all cases. We
have also verified that using the mathematical software SPSS
Statistics it 1s better to enhance the calculation by the Box-
Jenkins procedure than by integrated expert modeling. The
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most recommendable model is the Fourier decomposition,
with which we get better forecast indicators and a correlation
index R* in all cases greater than 0.95.
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4.7. Articulo 6. Reduction of energy consumption in hotels
with aerothermal enerqy. Case Study: Canary Islands

(Spain)

4.7.1. Resumen

En este articulo se presenta un modelo de gestion y control de eficiencia energética en hoteles
adaptado a los patrones de consumo que aseguran las exigencias de confort de los clientes e
integrandose en el entorno de un complejo turistico inteligente. Se realiza un analisis del ACS
de dos hoteles en funcionamiento de las islas Canarias con relacion a su ocupacion, obteniendo
una solucion basada en EERR mediante un sistema de bombas de calor de alta temperatura con
disipacion por aerotermia que debido a sus caracteristicas se puede considerar como equipo
basado en EERR y apoyadas por las calderas de GLP propano existentes. El control por
autdmatas programables esta integrado en un sistema de control y adquisicién de datos optimiza
los sistemas para mantener la maxima energia acumulada durante los periodos de tarifa eléctrica
mas barata, mediante un sistema de apertura y cierre de valvulas hidraulicas que consigue
ajustar la demanda del consumo de ACS para conseguir la mayor acumulacion de energia
durante los horarios con tarifa eléctrica méas barata.

El resultado después de dos afios y medio de registro de la actividad es un retorno de la inversién
mas rapido debido a la gestién energética optimizada del sistema, mediante el control de
horarios de funcionamiento ajustados a las necesidades de los clientes y a la tarificacion horaria.
También se ha pronosticado que durante los 12 afios de duracion estimada del sistema se habra
ahorrado mas de 1.179.737 € y 8.780.005 kWh térmicos en un hotel y 1.315.104 € y 9.522.301
kWh térmicos en el otro hotel por hotel. Este modelo mostrado se puede comprobar como es
econdmica y energéticamente muy eficiente y el dinero ahorrado se puede reinvertir en seguir
con mejoras en las instalaciones o directamente como beneficio de explotacion del

establecimiento.
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Abstract

This article presents a management model and control of energy efficiency in hotels adapted to the consumption patterns that ensure the
comfort requirements of customers and integrated into the environment of an intelligent tourist complex. The analysis of the hot water
system (DHW) of two hotels in the Canary Islands (Spain) in relation to their occupation, yields a solution based on renewable energies
using high temperature heat pumps with aerothermal dissipation and supported by boilers of existing LPG propane. The control by pro-
grammable automatons (PLC) integrated in a system of control and acquisition of data (SCADA) optimizes the systems to maintain the
maximum accumulated energy during the periods of cheapest electric tariff. by means of a system of opening and closing of hydraulic
Valves that It manages to adjust the demand of DHW consumption to achieve the highest energy accumulation during the hours with the
cheapest electricity tariff. The result after two and a half years of activity registration is a faster return on investment due to the optimized
energy management of the system, through the control of operating hours adjusted to the needs of customers and the hourly rate. It has
also been predicted that during the estimated 12 years of the system will have saved more than € 1,179,737 and thermal 8,780,005 kWh
in a hotel 1 and € 1,315,104 and thermal 9,522,301 kWh in the hotel 2. This model shown can be seen how economically and energeti-
cally very efficient.

Keywords: DHW, energy efficiency, hotels, aerothermal energy, SCADA, PLC.

states. By the year 2050, the EU has imposed an 80-95% reduction
in greenhouse gas emissions compared to 1990 levels. With these
guidelines for improvement in energy management and saving, the
tourism sector has launched a "green revolution", based on the
implementation of technologies to reduce consumption and the
certification of establishments and destinations, which leads to an
increase in the different certification systems and certified compa-
nies, as can be seen in Table I . where the main current environ-
mental management and energy management certifications are
being applied is the hotel establishments.

1. Introduction

The constant increase of tourism in Spain is a fact, and this past
year 2017 has again increased by 4.4% tourist GDP, now standing
at 11.5% of total Spanish GDP /1] and giving work to 13 % of the
employed population, which has led the sector to outstanding po-
sitions in the Spanish economy and enables both hotel and extra
hotel accommodation have begun to remodel their facilities and
equipment. Within these initiatives of improvements, and due to
the new awareness of customers towards the environment, great

efforts have been made in favour of the sustainability of the tourist Table 1. Main environmental and energy certificites,

destination and energy efficiency of the facilities. The hotel com- Neise Certificator
panies have worked in recent years, in the implementation of en-  [Ecolabel Europa /4] European Cc
ergy saving and efficiency measures in multiple facilities, betting Aito Star /5] Association Of International Tour Operators
on the reduction of consumption and greenhouse gas emissions Biosphere /6] Biosphere Responible Tourism
(GHG). through the implementation of energy management meth- Earthcheck /7] Ec3 Global
ods and of information and communication technologies in moni- Emas /8] European Comission
toring and control systems. This new "green revolution" of the Green Globe /9/ Green Globe Ltd
tourism business is well encouraged by the European Union (EU), Iso 14001 [10} International Organization For Standardization (Iso)
defining goals in reducing CO, emissions to 20% by the year 2020 Iso 50001 /11] Iso _
compared to the 1990s and establishing that 20% of the Total Leed[32) U5 Ko Builda: Gounolt
energy consumption is supplied by renewable energies (EERR) et 113} e

%S M . Step [14] S ble Travel Internationsal
/2]. In addition, new objectives have already been established for Fcolideres [15] Trivadvisor
future stages /3/, setting a reduction of 40% in emissions by 2012, o

The importance of these changes is due to two clear reasons. The
first is the need to reduce the energy consumption of the facilities,
meeting the expectations of customers without reducing the ser-
vices offered. The second is due to the change in mentality of

compared to 1,990, 27% of EERR, increase in energy efficiency
by 27-30% and 15% electric interconnection, that is, that the elec-
tricity generated in the EU can be transported to other member

Copyright © 2018 Authors. This Is an open access article distributed under the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work Is properly cited.
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customers, who begin to value destinations and establishments in
response to the environmental sustainability of their facilities and
services. Within these tourist destinations, we have taken as ex-
ample two establishments in the Canary Islands (Spain), where the
tourism sector is the main engine of the economy, representing
34.3% of GDP in 2016 and generating 39.7% of GDP. % of em-
ployment in the islands /6] and being an important factor in their
labour mobility /7. Tourist stays have increased by 27% from
2010 to 2016 [18] in an archipelago where 63% of its territory is
declared a biosphere reserve by UNESCO [19]. In this singular
tourist area, we focus our attention on the study of the DHW sys-
tems of two hotel establishments on the island of Fuerteventura.
The reason is that it has been proven in multiple investigations as
the sum of the air conditioning and the DHW are the main energy
consumers, depending on the percentage of each of the geograph-
ical area of study. For example, in Caribbean hotels, 48% of elec-
tric power 1s consumed in air conditioning (AA) f20/. in Hong
Kong AA accounts for 45% of electricity consumption f2If, in
hotels in the Balearic Islands the total energy consumption is be-
tween 22% for the DHW, the AA 14% and the heating 21% [22].
in the hotels in the United States the consumptions are divided in a
general way with the air conditioning 31% AA the 15% and the
DHW 17% and the rest for other uses f23/. in Britain the typical
distribution 1s 47% in heating and 20% in DHW [24/, and in
Greece the typical distribution 1s 35% in heating, 15% in AA and
22% in DHW [25]. Considering the consumption of customers per
day, which vary according to zones and tvpe of hotel, we can veri-
fy the importance of reducing these consumptions on the total
energy needed for a hotel, which has been studied by several au-
thors /26, 27, 28, 29, 30].

2. Methodology

The installations analysed belong to two four-star hotels of 333
and 354 rooms, designated as H1 and H2 respectively, as they
cannot be named due to the data protection of both companies,
where their DHW-based heating systems have been replaced,
propane LPG boilers, by systems based on aerothermy technology
of high temperature heat pumps. The data that are initially counted
are the annual occupation and the total consumption of LPG pro-
pane. By means of the studies of previous facilities of hotels of the
same category and climatic zone, and of the norms of calculation
[31]. it has been verified that the average consumption of the cli-
ents is of about 70 L/day of DHW, and the percentage of con-
sumption of total LPG propane by the DHW with respect to the
remaining consumers -furniture and laundry according to cases- is
between 60% and 75% of total consumption f32]. With this start-
ing data and once the possible heating systems were chosen, the
possibility of using a system based on aerothermy and biomass
was studied, whose forecasts of operating expenses and initial
investments can be checked in Table 2, where it was calculated a
theoretical coefficient of performance (COP) for heat pumps of
2.4, much lower than the real one. To make forecasts as accurate
and real as possible, it is necessary to have the greatest number of
exact values and not estimates, for which the energy management
of the establishments is fundamental to be able to perform these
calculations of energy system improvements

The chosen result of the alternatives analysed has been aerothermy
as a system to be implemented in both hotels, considering the
number of companies that know these technologies and that the
biomass fuel in the Canary Islands is not yet widespread and its
performance 1s reduced due to transport, as has been demonstrated
in several studies /33,34,35/. The solution consists of high tem-
perature heat pumps of 151.2 kW and 201.6 kW in the H1 and H2
hotels respectively, which are supported in a timely manner by the
existing boilers and regulated by a PLC-based control system with
connection to a computer through a SCADA system.

Table 2: Projection of consumption and installation expenses.

: Hotel HI Hotel H2
Previous (333 Reoms) | (354 Rooms)
Total Hotel Lpg Expenditure In Kg/Year | 100,455 Kg 142,260 Kg
Total Glp Expense In Dhw In Kg/Year 70,318 Kg 99,582 Kg
Thermal Needs Dhw In Kwh/Year 801 839 Kwh | 1,135,531 Kwh
Lpg Cost €/'Year 123.057 € 174.268 €
Projected Heat Pump Heat Pump
Necessary Investment 135.000 € 145.000 €
Consumption Electric In Kwh/Year 334000 Kwh | 473.138 Kwh
Cost Of Eleciricity 30,069 € 42582 €
Saving Compared Lpg 92.988 € 131.686 €
Amortization In Years 1,45 110

For the calculations of the system so that it complies with the cur-
rent regulations, the European Commission's guidelines for esti-
mating values that can consider energy from renewable sources in
operation of heat pumps according to dissipation systems have
been considered f36f and considering the data on the efficiency of
the equipment that regulates the seasonal vield factor (SPF) [37].
For its part, the Institute for Energy Diversification and Saving
(IDAE) has a document (it does not replace the standard) and
according to this f38/. the SPF will be calculated multiplying its
nominal benefits (COP) by a factor called representative
weighting factor (FP) and by a correction factor (FC) for the dif-
ferent technologies and applications of electrically driven heat
pumps.

3. Calculus

Initially we performed the calculations of the total COP of the
equipment considering the operating temperature and the envi-
ronmental dissipation for Fuerteventura and in the tables of the
manufacturer the values of electric consumption and thermal gen-
eration are obtained. Considering the system used for high tem-
perature heat pumps with dissipation by aerothermy., which are
formed by an external LG brand machine, model ARUN 160
LTE4, unit capacity of 50.4 kW, EER 4.30: SEER 7.27; COP 4.42
and 2 internal units of hydrokit brand LG model ARNH 08
GK3A2, with 25.2 kW of heat power, 80°C of maximum water
outlet temperature, and in each hotel is formed by 3 or 4 systems
to get the 151.2 kW or 201.6 kW thermal.

CDP&O’C= EThr:rrn:a]-|Ir (EEkcl_insin:Ic+ EE]m_ouIsidc) (l}

COPspc = 50.4 kWt / (7.68 + 2 x 4.87) kWe = 50.4 kWt / 17.42
kWe =2.89

To determine the SPF of the heat pump we need to know the cor-
responding FP and FC. The FP will be obtained in the tables of the
IDAE f38] 4.1 according to the climatic zone of the hotel site and
to the type of heat pump used and the FC in the table of the IDAE
4.2 with a COP calculated for 60°C. Fuerteventura is an area of
climatic severity in winter A f39/ and the type of heat pump is
aerothermal. Centralized equipment, so FP = 0.87. The tempera-
ture chosen for the preparation of the ACS 1s 60 ° C,so FC= 1.

SPF = COPymina 60°C x FP x FC (2)
SPF=289x087x1=251

Once 1t has been verified that the SPF of the pump exceeds the
minimum of SPF = 2.5, it can be considered that the heat pro-
duced by the pump comes from a renewable source of both facili-
ties. Now the amount of renewable energy is calculated, in ac-
cordance with the decision of the commission on calculation
guidelines /40f is calculated with the following formula:

El'cs =Qusr:ﬁ|lx (l'l‘{SPF} (3}
Quscul = Hip X Prated 4

Where are you the amount of renewable energy supplied by heat
pump technologies, Q.5 estimated total useful heat provided by
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heat pumps [GWh], Hy, equivalent hours of full load operation [h]
and P4 power of installed heat pumps, considering the duration
of the different types of heat pumps [GW].

Values for hotel H1:

Qusefull = 1170 % 151.2 x 10-6 = 0.176904 GWh

E. min = 0176904 x (1-1/2,5) = 0.106142 GWh

Epop = 0.176904 x (1-1/2,51) = 0.106424 GWh

Percentage of renewable energy = 0.106424 / 0.176904 = 60.16%

Values for hotel H2:

Quscfulz = 1170 x 201.6 x 10-6 = 0.235872 GWh

Ercs min2 = 0.235872 x (1-1/2,5) = 0.141523 GWh
E,..»=0235872 x(1-1/2,51)=0.141899 GWh

Percentage of renewable energy = 0.141899 / 0.235872 = 60.16%

Fig. 1 shows the operating scheme of the hotel's DHW system,
with both hotels being the same. The systems consist of 5 accumu-
lators of 5000 L - three for direct heating by boilers / heat pumps
and 2 for preheating by recovering air conditioning (AA) -, the
corresponding exchangers and circulation pumps. The primary
boiler circuits are 2 boilers 280 kW in the H1 hotel and 2 boilers
290 kW in the H2. The circuits of the heat pumps in the H1 hotel
are 3 heat pumps and in the H2 it is formed by 4 heat pumps as
well. The principle of operation is as follows: priority to the heat
pumps for the heating of the 3 DHW, ACS 3, 4 and 5 accumula-
tors, and in case 45 min did not reach the set temperature (61°C)
they would enter the boilers as a support system, motivated by
Legionella control regulations f#1]. The AA recovery system pre-
heats the 2 ACS | and 2 accumulators. Two motorized valves
have been added to this system, which are indicated in the diagram
as "night valves", which are activated when the AA system is not
operating and in the most economical electricity tanff schedule
P6, to accumulate the largest amount of water at the working tem-
perature, for which the operating temperature setpoint of the high
temperature heat pumps (2nd set point) is also increased, at 65°C,
in order to accumulate in the 5 existing accumulators the maxi-
mum possible energy during the periods of lowest price of the
same and in this way, reduce the average price of the useful elec-
tric kWh used for the heating of the DHW of the establishments.
In the SCADA you can put the different the different pump con-
trols, system temperatures, access to the programming of the oper-
ating hours and the operating status of the equipment.

4. Results and Discussion
The systems were launched in the hotels in September and De-

cember 2015 at the HI and H2 hotel respectively. The results,
after two and a half years of activity, have been very satisfactory,

MIGHT
VALVES

hours of operation and temperatures can be obtained greater sav-
ings with a correct management of the parameters as it is carried
out in the hotel H1 with respect to the H2. Fig. 2 shows the graphs
of energy consumption and expenditure per client-day of ACS of
the hotels, graphically checking the decrease of these in 2016-
2017 due to the new installation of aerothermy. With these new
equipment, a drastic reduction of energy consumption in ACS has
been achieved, as well as the emissions associated with LPG boil-
ers, with higher savings in the HI hotel compared to the H2 due to
the adjustment of the system by the equipment hotel maintenance.
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Fig. 2. Graph of decrease of energy consumption and economic expense in
DHW per night customer.

Table 3 shows the evolution of energy and economic costs of the
establishments, with a result of a reduction in energy consumption
to produce the ACS between 72.7% and 63% per hotel respective-
ly. 1t also shows that the average spending on ACS per client host-
ed in recent years (2010-2014) compared to the 2016-2017 year
has decreased by 79.4% and 70.3%. from an average of € 0.54 /
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Flg. 1. Diagram of operation of the DHW system of the study hotels.

with a return on investment faster than initially projected. Also, be
checked as by means of the possibility of adjustments, of times,

customer night (=pax) and 0.62 € / pax has gone to 0.11 € / pax
and 0.19 € / pax for each hotel respectively. We compare the sav-
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ings data for the years 2010 to 2014, since 2015 was launched at
the end of the year, 1t is verified that due to the price of the kg of
LPG, the amortization of the equipment has taken place in less
time than the one that it was estimated, since also the actual con-
sumption has been lower than projected due to PLC control that
optimizes the operation by schedules. As a result, the installation
has already been amortized in the time it has been running and is
currently generating benefits. The total energy saving in annual
kWh is greater than 600,000 kWh in both systems. The approxi-
mate consumption of LPG by the support boilers has been consid-
ered 5% of the total gas consumption in the H1 hotel and of 15%
in the H2, due to the excessive punctual consumption of DHW in
peak hours, mainly during the mornings between 8:00 a.m. to 9:00
a.m. hours and afterncons between 6:00 p.m. to 7:00 p.m.. with
the support of the boilers being necessary so as not to oversize the
installation of heat pumps. The difference in gas consumption is
due to the use of more optimized control systems in the H1 hotel
than the H2, with a difference of more than 35.5% between the
energy consumed per client of one hotel with respect to the other.

Table 3: Values of energy and economic consumption per customer and
day obtained.

H Type 2010 |2011 |2012 (2013 [2014 2015 | 2016 |2l:ll7

kWh/pax |4.54 (440 |4.54 [430 |4.13 [3.06 | 1.20 |1.2|]

! €pax__|047 [054 [058 [0.56 [0.57 [038 [0.11 [ 0.11

= KWh/pax [547 |479 |541 (488 |452 (460 | 191 |1.Bl]

€/pax 0.56 [0.59 [0.60 [0.64 [0.63 [0.50 [o.10 | 0.18

With the data obtained, the following Table 4 of expenses and
savings produced by this change in the energy model is generated.
Considering that the equipment has an average life of 12 years of
the system will have saved more than € 1,179,737 and thermal
8,780,005 kWh in a hotel 1 and € 1,315,104 and thermal
9,522,301 kWh in the hotel 2 for which it is expected to have
saved more than € 1,100,000 and in the H1 hotel and more than €
1,300.00 in the H2 hotel.

5. Conclusions

The investment in the reduction of energy consumption is the way
forward to maintain current quality and environmental standards,
without reducing services to customers and without increasing
operating expenses. It has been proven how the amortizations are
very fast, and the savings produced can be reinvested in further
modernizing other facilities or offering more services to custom-
ers. The investment in high efficiency systems and based on heat
pumps leave the possibility to get water heating systems with zero
emissions if they are made with joint supplies of photovoltaic
solar panels, which would achieve autonomous systems without
dependence on external energy. its operation. It is in the hands of
the owners or operators of the hotel facilities, the mentalizing and
making these improvements in their facilities, as well as in the
institutions to legislate and inform about these technologies and
their application to the current buildings, in search of the long-
awaited building of energy almost zero (ZEB) or almost zero
(nZEB).
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5.1. SINTESIS

En este capitulo se realiza la sintesis del desarrollo realizado, resaltando las contribuciones y
poniendo de manifiesto la relevancia del conocimiento generado dentro de un confinado campo
de la ciencia. Por lo tanto, se establece como objetivo de este capitulo la integracion de los
diversos temas tratados en los capitulos anteriores, resaltando los hallazgos ya establecidos con
comentarios adicionales sobre el significado de las observaciones, pronosticando las
implicaciones consecuentes del estudio y planteando posibles lineas de trabajo abiertas para

futuras investigaciones.

Es inicialmente asumido por hipétesis, que entre los factores determinantes de los modelos de
calculo econémico que pronostican la rentabilidad de los establecimientos turisticos basados en
las ocupaciones futuras, los gastos imputables a los suministros energéticos y de agua son
prioritarios para poder mejorar estas predicciones econdémicas. Los resultados analiticos
vertidos en este estudio de investigacion constituyen el fundamento para crear herramientas de
calculo fiables, que faciliten las predicciones necesarias para poder acometer los ajustes
necesarios sobre las mismas. Teniendo en cuenta las proyecciones futuras, que duplican el
numero de pernoctaciones mundiales a quince afios, es necesario poder contar con herramientas
de célculo fiables y sencillas, sobre las cuales poder realizar las predicciones necesarias y poder

acometer los ajustes precisos sobre éstas.

Como arranque del proceso investigador se formularon unos interrogantes de la investigacion,
cuyas respuestas han ido apareciendo en el desarrollo de las diferentes publicaciones. Se han
encontrado los indicadores claves y factores del consumo energético de los establecimientos
hoteleros, definiendo modelos de comportamiento de ocupantes en cuanto a los consumos
energéticos y de agua. Ha quedado establecida la relacion funcional entre los consumos
energeticos y emisiones de CO: en los establecimientos hoteleros, entre ellos, el consumo de
aguas en piscinas se destaca como factor relevante, con grandes diferencias entre el suministro
de agua centralizado y el local. También se ha demostrado como los modelos de generacion
eléctrica del archipiélago respecto a la peninsula, influyen de forma considerable en la
proporcién de las emisiones de GEI. Por ultimo, en cuanto al autoabastecimiento energético, se
han encontrado modelos para la realizacion de pronosticos o simulacién de aprovechamiento

de la energia solar fotovoltaica.

|
FRANCISCO JAVIER DIAZ PEREZ 141



5. DISCUSION Y FUTURAS LINEAS DE INVESTIGACION

5.2. CONTRIBUCIONES

Las principales contribuciones al conocimiento aplicado a la industria hotelera se pueden

resumir en los siguientes temas principales:

A) Modelo de consumo de agua en hoteles.

Se obtiene un modelo en el estudio comparativo del consumo de agua en hoteles de cuatro y
cinco estrellas en las Islas Canarias, al identificar los patrones principales de consumo. El
modelo obtenido se verifica mediante diferentes técnicas de regresion, para seleccionar y ajustar

el algoritmo éptimo, para poder obtener la funcién de calculo que define a estos consumos.

En este estudio queda demostrado que los modelos de correlacion basados en regresiones, con
las variables de la ocupacion o las estancias diarias, arrojan unos resultados satisfactorios para
los prondsticos en establecimientos de caracteristicas similares. Estos modelos se pueden
aplicar en cualquier tipo de suministro, siempre que las instalaciones a estudiar se mantengan
con iguales o similares caracteristicas durante el periodo de tiempo de la investigacion. Se
puede comprobar en la Figura 5.1 la aplicacion para el célculo de la curva caracteristica de

consumo de agua en hoteles de 4 estrellas.
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Figura 5.1. Curvas de consumos de agua para hoteles 4 estrellas seguin ocupacion de clientes.
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En la siguiente Figura 5.2 se muestra el esquema de célculo simplificado que se ha utilizado
para realizar los modelos de consumos de cualquier tipo de suministro y de sus emisiones

asociadas.

[

[

Historico de datos de
CONSUMOS previos

\_{_\‘

Herramientas de calculo
matematico

Consumos energéticos

Prondsticos de suministro y
de emisiones GEI

Consumos de agua

Figura 5.2. Modelo de calculo para calcular pronosticos de suministros y emisiones.

B) Modelo de suministro de energia y electricidad en hoteles.

Mediante el método de calculo explicado basado en regresiones, también se ha realizado el
modelizado de los consumos de electricidad y energia total en hoteles. Quedando demostrada
la validez de los modelos de regresion polindbmica y potencial utilizados para calcular los
valores aproximados de consumo de electricidad y energia total, los cuales pueden ser aplicados
en la mayoria de los hoteles con una tasa de ocupacion promedio de clientes de entre el 40% y
el 120%, que son tipicamente las ocupaciones promedio de los hoteles en las Islas Canarias

durante los diferentes meses del afio.

Con el modelo y algoritmo desarrollado, se pueden realizar simulaciones de consumo para
hoteles con las mismas o similares caracteristicas. Siendo una aplicacion muy interesante el
modelizado de consumos una vez realizados ajustes de reduccidn de energia, simulando valores
de ocupacidn para probar cual es el nivel de reduccion. En la Figura 5.3 y en la Figura 5.4. se
pueden observar las curvas caracteristicas de consumo total de energia y electricidad en hoteles

de 4 estrellas con caracteristicas similares.
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145 Consumos de energia total diaria segiin ocupacién
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Figura 5.3. Curvas de consumos de energia para hoteles 4 estrellas segin ocupacion de clientes.
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Figura 5.4. Curvas de consumos de electricidad para hoteles 4 estrellas segin ocupacién de clientes.

También se pone de manifiesto que los hoteles con plantas desadoras de agua de mar (EDAM)
para el consumo propio, el gasto de energia esta directamente relacionado con el consumo de
agua producido por los clientes, piscinas y riego, segun el tipo de riego utilizado. Poniendo de
relieve la necesidad de mejorar la eficiencia de las plantas de desalinizacion para reducir el

consumo de agua y el riego, a fin de lograr una reduccion de energia proporcional en los hoteles.
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C) Estudio comparativo de la huella de carbono.

En el estudio comparativo de la huella de carbono debido al consumo de agua y energia total
se ha demostrado como los establecimientos de categoria superior 5 estrellas, tienen unos
consumos y emisiones que triplican a los de categoria inferior y quintuplican los de categorias
mas baja de 3 estrellas, con unos valores por estancia que pueden ir desde los 41,96 kg CO./p
en los hoteles de 5* con desaladora centralizada, hasta los valores minimos de 7,94 kg COa2/p
en los hoteles de 3* con desaladora propia o local, dando unos valores medios de emisiones por
estancia de 14,23 kg CO2/p con desaladora propia o local y de 15,16 kg CO2/p con desaladora
centralizada. Las emisiones debidas al consumo eléctrico representan mas del 83% de las
emisiones del consumo energético, cuando solo representan el 58% de la energia consumida,

siendo los coeficientes de emision de Canarias cerca de 3 veces superior a los peninsulares.

En la siguiente Figura 5.5 se puede observar las grandes diferencias entre las emisiones segun
las categorias de los hoteles, el tipo de suministro de agua que tienen y se comparan con los

suministros en hoteles peninsulares.
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Figura 5.5. Emisiones CO,de los clientes seguin categoria y tipo de suministro.
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D) Célculos de consumo de agua, energia y huella de carbono en piscinas turisticas.

Se han encontrado interesantes resultados a partir de una estimacion de las necesidades de agua
en instalaciones de todas las piscinas turisticas de la region, procesando los datos de diversas
fuentes con un algoritmo propiamente definido, basado en los calculos de consumos total de un
amplio grupo de piscinas canarias, considerando a efectos practicos, que el total de aguas de
suministros proviene de EDAM de Osmosis inversa, mediante desaladoras locales o
centralizadas. En los resultados se observa que la huella de carbono es un 28,16% mas alta a
través de la produccion centralizada, en comparacion con la produccion local, debido a las
grandes pérdidas en las redes de suministro, comprobandose también la importancia de las
emisiones por islas y su gran variacion segun el tipo de suministro, como se puede observar en

la Figura 5.6 donde se muestran las emisiones del total de piscinas de cada isla.
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Figura 5.6. Emisiones de CO; debidas a la generacion de agua de piscinas turisticas segun tipo de
suministro.

Se ha estimado que la generacion del agua necesaria para piscinas turisticas a través de EDAM
representaria entre 0.089% y 0.114% de todas las emisiones en la region, de acuerdo con el tipo
de suministro, local o centralizado, respectivamente. Valores extremadamente significativos y

equivalentes al tratamiento biol6gico de todos los residuos solidos de las islas.
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E) Célculo de reduccion de consumos en el ACS mediante aerotérmia

Se muestra un modelo de reduccion de consumos del ACS de sistemas actuales basados en
energias fosiles, a otros sistemas mas eficientes mediante la instalacién de nuevos equipos de
calentamiento por bombas de calor de alta temperatura con disipacion por aerotermia. Se
comprueba la eficiencia de estos equipos, con una reduccion de los consumos energéticos
superior al 60% y una disminucion de los gastos econémicos imputables para el calentamiento
del ACS superiores al 70%. Con un retorno de la inversion muy rapido, de menos de un afio y
medio y con una duracidn prevista de 12 afios, lo cual es un sistema muy rentable, reduciendo
los gastos econdmicos del establecimiento y posibilitando la reinversién del dinero ahorrado en

los clientes o sumarlo como beneficio neto de la compafiia.

F) Célculos generacion solar fotovoltaica.

Se muestra un método para el calculo de la irradiacion y con ella, de la generacién eléctrica
mediante placas solares fotovoltaicas, basado en la estimacion de la irradiacion incidente en un
area geogréfica, a través de la produccién de energia eléctrica generada por instalaciones solares
fotovoltaicas conocidas. Se comprueba como con dos modelos matematicos no lineales
ampliamente conocidos y utilizados para otras cuestiones, como son el modelo estadistico
ARIMA o Box-Jenkins y el modelo de descomposicion en series de Fourier, se pueden calcular
estimacion de irradiacion solar validas para los prondsticos de generacion fotovoltaica,
obteniendo muy buenas estimaciones y prondsticos de irradiacion, con valores de R? superiores
a 0,81 en todos los casos. Siendo el modelo mas recomendable el de la descomposicion de
Fourier, con la que obtenemos unos mejores indicadores de los pronosticos y un indice de

correlacion R? superior a 0,95 en todos los casos.

|
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5.3. DISCUSION

5.3.1. Suministros energéticos y de agua. Emisiones asociadas

Este modelo de calculo mostrado se ha aplicado a un destino turistico especifico, como es el
archipiélago de las islas Canarias, el cual es un destino sensible y vulnerable
medioambientalmente, debido a su dependencia energética externa, su gran valor ecologico y
sus necesidades de desalacion de agua. Convirtiéndolo en un buen laboratorio para poder
comprobar los consumos energéticos y de agua de los edificios actuales, con las variables de

ocupacion y categorias, asi como sus emisiones asociadas.

La dependencia energética externa actual de esta zona, es debida principalmente a la falta de
inversiones y de no apostar por las energias verdes o EERR tanto por parte de las
administraciones como de los empresarios, lo que ha genera en este destino, una huella del
carbono muy superior a los destinos peninsulares. El principal factor implicado en estas
emisiones tan importantes, son los coeficientes de emision de CO; de la electricidad, siendo
casi el triple en Canarias que en la Peninsula, como se puede observar en la Figura 5.7 donde
se muestran los coeficientes mensuales de emisores promedios de la electricidad de los ultimos
afios (2015 a 2017) de Canarias y Peninsula [REE].

Coeficiente emisiones electricidad
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Figura 5.7. Coeficientes de emision mensuales promedio de la electricidad en suministro de media
tension de Canarias y Peninsula.

Con estos datos de coeficientes de emisiones, y teniendo en cuenta que el porcentaje de

generacion de EERR en Canarias es tal solo del 8% mientras que en Peninsula ha variado entre
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el 30% al 40% en los ultimos afios [REE, 2018], se comprueba la necesidad de disminuir dichos
coeficientes de emisiones de esta energia, para que la huella del carbono de los edificios
hoteleros también disminuya, ya que como se ha dicho anteriormente el 60% del consumo
energético promedio de los hoteles, corresponde a la electricidad, pero sus emisiones

representan mas del 83% de las emisiones totales de la energia.

En el calculo de las emisiones totales de los establecimientos debidos a los suministros, también
se han tenido en cuenta los correspondientes a la produccion del agua, para lo cual hay que
considerar que en la actualidad, mas del 94% del agua suministrada y consumida en el
archipiélago canario proviene de EDAM, y teniendo en cuenta el cambio climético y la
disminucion de las lluvias esperadas para mediados y finales de siglo, tanto en este destino y
como en la Peninsula, éste es el modelo de suministro que se considera sea el mas
probablemente utilizado para cubrir las demandas hidricas de los establecimientos y de las
viviendas. La suma de los datos de energia y agua nos ha dado como resultado, la huella del
carbono total de las estancias turisticas, comprobando las grandes diferencias entre las
categorias hoteleras. En la siguientes Figura 5.8 se puede observar los calculos realizados para
un grupo de hoteles de categoria 3,4 y 5 estrellas, para los valores de emisiones de energia y de
agua mediante suministro centralizado, por las redes de abastecimiento actuales, comparandolo

con los mismos hoteles a igualdad de consumos, si estuviesen en la Peninsula.

Emisiones totales CO, de agua y energia por cliente y dia

kg CO2 / cliente dia

. _|_|-|_|—|

5* Canarias 5* Peninsula i
4* Canarias 4* Peninsula i
3* Canarias 3* Peninsula

Energia = Agua

Figura 5.8. Emisiones de CO- debidas a la energia y agua de hoteles de categorias 5,4 3 estrellas en
Canarias y Peninsula por cliente y dia.
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Teniendo en cuenta las emisiones calculadas por pernoctacion en la investigacion realizada, se
obtiene unas emisiones promedio por estancia de Canarias de 14,54 kg COg/estancia, de las
emisiones totales de energia y agua. Realizando los célculos de emisiones estimadas para el afio
2017 segun las pernoctaciones en el archipiélago [ISTAC, 2018], y con los datos obtenidos del
estudio que nos da los valores de emisiones de cada categoria, obtenemos los valores de

emisiones totales anuales para cada categoria de hotel que se muestran en la Tabla 5.1.

Categoria Estancias kg CO2
1* 782.893 1.305.073
2% 2.907.491 9.928.048
3* 17.164.454 137.641.686
4* 44.649.618 607.041.031
5= 7.585.809 306.836.460
Total 73.090.265 1.062.752.298

Tabla 5.1. Emisiones estimadas anuales por categoria hoteleras en Canarias afio 2017.

Con estos resultados de emisiones comprobamos que los hoteles de categorias superiores, 4 y
5 estrellas, que representan la mayor parte de las estancias en hoteles anuales, con un 71,5% del
total, sus emisiones son muy superiores, correspondiéndoles el 86% de todas las emisiones de
los establecimientos turisticos de Canarias. Estos datos nos muestran el camino a seguir y por
donde se ha de empezar a realizar las reducciones de emisiones, la cual se ha de centrar en los
establecimientos turisticos de categorias superiores. En la Figura 5.9 se puede observar
graficamente, la importancia de las emisiones, principalmente de los establecimientos de 4 y 5

estrellas como se ha comentado.

70% Porcentaje de emisiones por categorias. Canarias 2017
60%
50%
40%
30%
20%
10%

0%
1* 2% . 3* 4 5*
% Emisiones =04 Estancia

Figura 5.9. Porcentaje de emisiones y estancias segun categorias para Canarias 2017.
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5.3.2. Reduccidn de consumos y emisiones

Una vez que ya obtenidos los modelos de consumos caracteristicos respecto de la ocupacion de
los establecimientos hoteleros de estudio, el consumo energético y de agua por categorias y sus
emisiones asociadas, es necesario avanzar para comprobar como se pueden reducir estos
consumos Yy emisiones de forma eficiente y econdmicamente viable, para que los edificios
actuales puedan seguir con su actividad economica, manteniendo los servicios y sin que se vea

afectada la calidad que demandan los clientes de este tipo de establecimientos.

Teniendo en cuenta que un hotel tiene multiples instalaciones y sistemas consumidores de
energia y agua, como pueden ser sistemas de calentamiento de agua caliente sanitaria (ACS),
climatizacion (aire acondicionado (AA) o calefaccidn, segin zonas climaticas), cocinas,
instalaciones frigorificas, alumbrado, piscinas y otros equipos consumidores varios. Respecto
de la energia, los principales suministros son la electricidad y el gas, también utilizando en
algunos hoteles gasoil y sistemas de EERR para generar energia térmica o eléctrica. Debido a
la gran cantidad de sistemas, instalaciones y suministros es importante que cualquier estudio de
mejoras o eficiencia energética se vaya realizando individualmente por sistemas o equipos para

poder obtener resultados a corto plazo y lo mas realistas posibles.

En la Figura 5.10 se muestra un método sencillo que se puede considerar su uso para poder
conseguir unos resultados adecuados en los planteamientos de mejoras, donde claramente se
observa que hay que centrarse en las diferentes instalaciones de forma individual. En este caso
se ha centrado el estudio en las piscinas, el suministro de agua local mediante desaladoras, las
EERR basada en energia solar y otras instalaciones, para poder obtener unos resultados que
sean mas facilmente evaluables. También se ha de tener en cuenta que con el conjunto de
mejoras realizados sobre cada instalacion, se debe de volver a realizar un analisis de consumos
y emisiones, segun los procedimientos de modelizacion mostrados, hasta conseguir los

resultados finales deseados y esperados.
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establecimiento.
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energéticos, aguay
emisiones.

Mejoras en
instalaciones

J

v L v v v

Suministro de agua o .
. UtI|I2aC|I0n EERR
desaladoras LS

ACS y climatizacion Otras instalaciones

Agua en piscinas

Figura 5.10. Método de mejora de consumos e instalaciones en los establecimientos hoteleros.

En la investigacion realizada, se han estudiado estas instalaciones mostradas en la anterior
figura, y sobre cada una de ellas se pueden realizar mejoras para aumentar su eficiencia, reducir
consumos, o utilizar métodos 0 modelos alternativos para el pronostico de las medidas a tomar.
Dentro de los diferentes sistemas estudiados, se podrian realizar las siguientes mejoras que con
los datos obtenidos en la investigacion consideramos serian los mas adecuados.

» Agua de piscinas. El consumo del agua de las piscinas es muy importante en los hoteles
vacacionales, ya que se pueden considerar a las piscinas como un servicio casi
imprescindible en este tipo de establecimientos y en el destino estudiado del archipiélago de
las Islas Canarias, se ha comprobado como la mayoria de los hoteles actuales tienen piscinas.

Las mejoras que implementar serian:

v" Reduccion de los volimenes totales de las piscinas, mediante vasos poco profundos,
pero que sean confortables para el cliente, debido a que como se ha demostrado, el

consumo de las piscinas es funcion del volumen de la misma.

v" Combinar los vasos de las diferentes piscinas, para conseguir el minimo nimero de
vasos de piscinas posibles, ya que, a igualdad de volumen total, cuantas mas piscinas

haya, mayores seran las péerdidas totales de las mismas.

|
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> Suministro de agua mediante EDAM. Teniendo en cuenta que los modelos de desalacion
actuales se basan principalmente en las tecnologias de osmosis inversa, con EDAM propias
o centralizadas para multiples establecimientos y con distribucion por las redes de suministro

actuales, se deberia mejorar en:

v' Todas las desaladoras han de tener sistemas de recuperacion de energia mediante el

agua de rechazo de las mismas.

¥v" En los establecimientos que se pueda utilizar desaladoras propias, se han de instalar

para reducir las perdidas asociadas a la distribucion centralizada.

v" Mantener y mejorar las redes de suministro actuales, para reducir las perdidas en los
sistemas de distribucion, que aumentan las emisiones de forma considerable, segln la
situacion de dichos sistemas en cada isla. Estas diferencias se pueden observar en la
Tabla 5.2, donde se muestran los porcentajes de pérdidas de las redes de
abastecimiento de los principales suministradores por islas, y el porcentaje de aumento

de emisiones de las desaladoras centralizadas respecto de las locales.

s % Emisiones superiores de las
% Pérdidas en las redes P

ISLA de suministro desaladoras centralizadas
respecto de las locales

Gran Canaria 23,0% 18,53%
Fuerteventura 35,8% 30,87%
Lanzarote 42,0% 36,84%
Tenerife 35,0% 30,10%
La Palma 43,0% 37,81%
La Gomera 24,0% 19,50%
El Hierro 48,7% 43,30%

Tabla 5.2. Porcentaje de pérdidas en redes de suministro y aumento de emisiones del agua de las
desaladoras centralizadas respecto de las locales.

» Utilizacion de EERR basadas en la energia solar. Para conseguir la reduccion de la huella
del carbono de la produccion energética en las zonas con alta dependencia externa, han de
intentar reducir los coeficientes de emisiones generales de la energia, en este caso de la

electricidad, para lo cual, basandose en las EERR solares, se ha de tener en cuenta:

v" Se han de utilizar de modelos de célculo de pronésticos basados en bases de datos

fiables para obtener valores realistas de produccién energética, apoyado

|
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principalmente en modelos de produccion eléctrica mediante placas solares
fotovoltaicas. Existen muchas diferencias entre las multiples bases de datos existentes
para una misma zona geogréafica, por lo cual se ha de usar el que consiga unos
prondsticos mas acertados y realistas, comparando los valores pronosticados con los
valores reales de instalaciones generadoras en funcionamiento, para poder escoger en

cada caso las bases de datos mas fiables.

En la mayor parte de los edificios hoteleros las superficies libres para instalar sistemas
de placas solares son escasas, por lo cual se han de usar los menores angulos de
inclinacion posible para que admitan la mayor cantidad de placas solares por unidad
de superficie posible. En la siguiente Figura 5.11 se puede observar la importancia del
incremento de la superficie de los colectores para una instalacion en Canarias,
comprobando como la superficie necesaria aumenta de forma considerable mientras
que la diferencia angulos no llega al 8% mientras que la superficie se puede

incrementar en mas del 80%.

Variacion de superficie e irradiacion segun inclinacién colectores 9%
80%

8
70% 5
60%
50%

40%

Incremento superficie total neces

30%

20%

10%

Angulo colector

0%
0 5 10 15 20 25 30 35 40 45 50 55

e 0% Incremento superficie total paneles e O/ INncremento irradiacion total

Figura 5.11. Incremento de irradiacion total y superficie necesaria de instalacion con la variacion de

inclinacion de los colectores.
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v" Enlos casos donde no se disponga de datos fiables para los prondsticos de generacién
e irradiacion, se utilizaran las instalaciones actuales en marcha como base para poder
realizar los prondsticos mediante los multiples modelos matematicos de uso general
que se pueden utilizar, como pueden ser el modelo ARIMA como se observa en la
Figura5.12, donde se muestran las curvas reales de irradiacion calculada y los valores
pronosticados mediante el método comentado, o por otros métodos como el modelo

de descomposicion de funciones de Fourier.
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Figura 5.12. Irradiacion real calculada y pronosticada mediante el método ARIMA de tres
instalaciones solares fotovoltaicas.
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» ACS. Como se ha demostrado, la viabilidad econémica y rapido retorno de la inversion hace

muy recomendable la instalacion de equipos basados en bombas de calor de alta temperatura

para poder obtener una reduccion de consumos y de gastos econémicos en el calentamiento

del agua. Teniendo en cuenta la eficiencia de estos equipos se podrian realizar los siguientes

sistemas de reduccion energeética con bombas de calor:

v

Realizar sistemas mixtos de ACS y aire acondicionado (AA)para recuperar el fluido
condensado y poder reutilizarlo para el pre-enfriamiento de sistemas basados en
enfriamiento de agua centralizado, o para la reduccion de temperatura de locales o

instalaciones que necesiten mantener una baja temperatura.

Utilizacion de sistemas de disipacion mas eficientes como pueden ser los geotérmicos

o hidrotérmicos en zonas geogréaficas sea factible su utilizacion.

Utilizar modelos mixtos de bombas de calor y placas solares fotovoltaicas para reducir

las emisiones debidas a la produccion de ACS.

> Otras instalaciones. Como se comentd anteriormente, los edificios actuales estan formados

por multiples instalaciones sobre las que se puede actuar (sin considerar su envolvente como

posible mejora) siendo algunas de estas posibles mejoras las siguientes:

v

Buscar la escalabilidad de las instalaciones, que se puedan ajustar a la ocupacion de
los establecimientos, para no producir consumos innecesarios en las mismas, y que
cada zona se pueda considerar como una parte fraccionable del establecimiento para

Su uso segln demanda.

Realizar siempre estudios previos de consumos y emisiones de forma individual de

cada sistema, para poder obtener varias alternativas de mejora.

La utilizacion del agua reutilizada para el riego se ha mostrado imprescindible para
zonas con recursos hidricos escasos y teniendo en cuenta el cambio climéatico que
reducira las recargas hidricas y las reservas del subsuelo por la disminucion de las
lluvias, se han de buscar métodos de purificacion para que estas aguas también se

puedan utilizar para otros fines, como la limpieza de instalaciones.
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Todas las mejoras en las instalaciones han de tener en cuenta su durabilidad, eficiencia y
rentabilidad econdmica, para que su implantacién sea viable para el futuro de la actividad del
establecimiento, y que no disminuya las expectativas de los clientes, ni su bienestar, debido a
las soluciones empleadas, si no que ha de seguir contando con los mismos servicios que

disfrutaba.

Para los establecimientos hoteleros se ha mostrado los pasos a seguir, pero desde las
instituciones, también hay que continuar trabajando para conseguir la sostenibilidad de los
destinos, lo cual pasa por el giro de las politicas turisticas actuales para realizar una apuesta
firme por las energias “verdes” o renovables, para que los destinos turisticos mas
medioambientalmente vulnerables logren una independencia energética e hidrica que minimice

la huella del carbono generada en los mismos.

Las politicas turisticas de los gobiernos han de converger hacia modelos basados en
legislaciones medioambientales y de eficiencia energéticas mas restrictivas, con el fin de
conseguir unos edificios mas autosuficientes, energéticamente hablando, y poner medios para
logralo, tanto financieros para las empresas como de inspeccién y control de los
establecimientos actuales y futuros.

|
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5.4, FUTURAS LINEAS DE INVESTIGACION

Con los resultados obtenidos se ha comprobado como el modelo presentado es util para los
edificios turisticos actuales que tienen histéricos de datos, siendo el principal problema que se
puede encontrar con este modelo el cambio de las caracteristicas de los establecimientos, sus
instalaciones o clientes, para lo cual habria que actualizar los datos mediante valores calculados
para las nuevas caracteristicas de los mismos. Teniendo en cuenta esta necesidad de tener datos
correctos y suficientes, se pueden considerar que las lineas futuras de investigacion se han de
centrar en el analisis y disminucion de la huella ecolégica del turismo, tanto a nivel de consumo
de recursos, como de reduccion de emisiones y los aspectos econoémicos de estas mejoras, asi
como el uso de tecnologias basadas en EERR. En la Figura 5.13 se puede observar las futuras

lineas de investigaciones a realizar.

Futuras lineas de
investigacion en
establecimientos y destinos
turisticos

y

Modelizacién de Comparacién de .
. Necesidades y
consumos y equipos de
_ L 2 demandas de los
emisiones de generacion de agua, ;
. L . o clientes y su
equipos individuales. ACS, climatizaciony Lo
. , S compatibilidad con
Algoritmo de célculo ventilaciony el .
i . un turismo
para cualquier efecto del cambio :
o S sostenible
establecimiento climatico sobre ellos

y

RESULTADOS ESPERADOS:
Edificios turisticos sostenibles,
rentables, preparados para el cambio
climatico y para cumplir las
expectativas medioambientales de
los clientes

Figura 5.13. Futuras lineas de investigacion
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Los tres temas principales a desarrollar en futuras lineas de investigaciones serian:

>

Modelizar los consumos energéticos, de agua y de emisiones de los equipos individuales
de los edificios turisticos, teniendo en cuenta cada sistema e instalacion individualmente,
comprobando los factores principales que intervienen en dichos consumos, como pueden
ser: ocupacion, tipo de estancia, datos climaticos, afio de instalacion / fabricacion,
externalizacién de servicios, recursos accesibles, etc. Con estos datos generar los
algoritmos de calculo para poder evaluar de forma rapida y fiable la huella energética y
ambiental de cualquier establecimiento, equipo o sistema de un establecimiento turistico,

asi como el producido por los diferentes tipos clientes.

Comparacion de las distintas tecnologias de equipos para la generacion de agua, ACS,
climatizacion y ventilacion de las instalaciones, para comprobar cuales se adecuan méas a
los edificios actuales y la posibilidad de su instalacion y amortizaciones futuras, teniendo
en cuenta los datos de cambio climaticos previsibles en instalaciones de alta durabilidad,
como pueden ser los sistemas solares térmicos o fotovoltaicos, los cuales ya se veran
afectados por estos cambios en los pardmetros climaticos, los cuales influyen en sus
caracteristicas de funcionamiento y rendimiento, asi como su compatibilidad con lograr
edificios ZEB.

Las necesidades y demandas de los clientes y su compatibilidad con los destinos
sostenibles. Mediante la comparacion de la rentabilidad econémica, la necesidad de
sostenibilidad de los destinos, tanto a nivel medioambiental como de recursos energéticos
y naturales, respecto de lo que el cliente espera obtener en el destino, crear un modelo de

equilibrio, que sea provechoso para todos los interesados.
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6.1. CONCLUSIONES

La introspeccion del trabajo de investigacion desarrollado en el &mbito de este estudio, que ha

generado la publicacion de varios articulos, alguno de ellos en revistas de alto impacto, permite

extraer las siguientes conclusiones finales..

>

Se ha descrito y verificado un método de calculo mediante la aplicacion de las funciones
estadisticas y de correlacion, con el cual se han obtenido los modelos y funciones
caracteristicas de los consumos tipico de agua, electricidad y energia para un grupo de
hoteles homogéneos de un segmento determinado, el cual se puede reproducir para
cualquier otro tipo de hotel del sector y con ello, poder comprobar y comparar los

consumos de los mismos.

Queda de demostrado como los establecimientos de categoria superior (5 estrellas) tienen
unos consumos y emisiones que triplican a los de categoria directamente inferior (4

estrellas) y quintuplican los de categorias mas baja del estudio (3 estrellas).

Se pone de manifiesto la importancia de la energia eléctrica para las emisiones totales de
los establecimientos, que en los hoteles de estudio, representaban méas del 83% de las
emisiones del consumo energético, cuando solo representan el 58% de la energia
consumida, siendo los coeficientes de emision de Canarias cerca de 3 veces superior a los
peninsulares, siendo los culpables de estas altas emisiones el tener tan solo el 8% de este
tipo de energia generada por EERR.

Con el calculo del aprovechamiento del agua reutilizada para el riego se ha estimado que
se podria reducir el 15% del consumo de agua potable total debido al riego, analogamente,
con el uso de agua de mar o de pozos para las piscinas, se podria reducir el 16% del agua
potable debido al consumo en piscinas. Todo esto totalizaria una media de disminucion
del 31% el consumo de agua, y consecuentemente, mitigaria las emisiones producidas

por la generacion de estos recursos hidricos.

Se han valorado cuantitativamente los consumos y emisiones producidas para la
produccion del agua necesaria para el mantenimiento de las piscinas turisticas,
evidenciando el gran consumo de agua que generan, ya que las renovaciones diarias de

agua promedio son de un 2% del volumen de las mismas.
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>

Queda demostrado que la generacion de agua de forma industrial es mas rentable, tanto
econdmica como medioambientalmente, mediante la instalacion de plantas de
desalinizacion locales en los centros de consumo, que generan un menor gasto energeticos
y de emisiones, que las plantas centralizadas lejos de los consumidores, las cuales
suministran mediante redes de abastecimiento que generan grandes pérdidas y un
sobrecoste energético y medioambiental que sea calculado superior al 28% que las plantas
locales.

Se ha demostrado la viabilidad economica y energética de utilizar bombas de calor de alta
temperatura para la reduccion de los consumos energéticos y econdémicos de los

establecimientos debidos al calentamiento de agua para el ACS.

Para la obtencidn de pronosticos fiables y realistas de la produccion de EERR basadas en
la radiacién solar, como son la generacion fotovoltaica y la térmica para climatizacion y
ACS, se han estudiado un método para la creacion de prondsticos fiables, basado en el
estudio estadistico de equipos generadores actuales, para estimar la irradiacion real de

zonas especificas, lo cual dio unos valores muy altos de correlacion r? cercanos al 0,95.

Como sintesis de la investigacion realizada, se puede concluir que, para la reduccion de los GEI

y los consumos energéticos y de agua de los edificios turisticos, y como paso previo para

conseguir edificios ZEB 0 nZEB, se han de centrar los trabajos en cuatro puntos generales:

>

Realizar estudios de consumos energéticos y de agua de los edificios actuales, para

generar una base para identificar las posibles reducciones a aplicar.

La produccion de agua industrial se ha de realizar mediante EERR en los centros

consumidores y reducir las perdidas de las redes de suministro.

La utilizacion de sistemas mixtos de instalaciones térmicas para poder reutilizar la energia
sobrante de los diferentes sistemas mediante modelos de recuperacidn energia en ambos

sistemas frio / calor.

La generacion energética se ha de basar en EERR, y los prondsticos de generacion se han
de fundamentar en estudios y bases de datos fiables, adaptados a cada zona e instalacion

que se vayan a implantar.

FRANCISCO JAVIER DIAZ PEREZ 162



6. CONCLUSIONES

Finalmente y ante las proyecciones futuras de cambio climatico, apremian actuaciones urgentes
para poder reducir las emisiones de COz. Los resultados de esta investigacion sirven para
proponer fundamentos, definir procedimientos y establecer herramientas, que actuarian sobre
la eficiencia energética con reduccion de consumos de agua y energia en los edificios turisticos
y se confirma que el Unico camino posible para conseguir la sostenibilidad de los destinos
turisticos pasa por el giro de las politicas empresariales turisticas para una apuesta firme por las
energias “verdes” o renovables, que den una independencia energética e hidrica a los diferentes
establecimientos, especialmente en los destinos mas vulnerables medioambientalmente y

climaticamente debido al impacto del cambio climatico.
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Anexo 2. Paper: Assement solar database regarding
production values in Fuerteventura photovoltaic
installations.

Resumen

El conocimiento de la radiacion incidente en un area geografica es muy importante para
maultiples facetas del desarrollo de la zona. Los sistemas de calculo actuales se basan en modelos
estadisticos de las mediciones de estaciones locales terrestres 0 mediante calculos de la
radiacion externa por modelos de calculo de radiacion externa medida por satélites. En el
siguiente articulo realizamos un estudio de diferentes bases de datos (DB) de irradiacion
utilizadas para los calculos de produccidon de energia solar fotovoltaica, comparando los valores
de 8 DB ampliamente reconocidas y utilizadas: PVGIS-Helioclim, Adrase-Ciemat, NASA-
SSE, AEMET, Soda-pro, ITC, IDAE-Censolar, y UNE 94003:2007, respecto de los valores de
irradiacion equivalentes calculados para 11 instalaciones generadoras en funcionamiento
conectadas a red, con angulo de inclinacion de 10° todas ellas ubicadas en la isla de
Fuerteventura, en el archipiélago de las Canarias y con potencias maximas instaladas desde los
88 kW a los 552 kW.

Comprobamos con los datos obtenidos y calculados, que las diferencias entre valores
pronosticados de las diferentes DB vy los reales obtenidos de las instalaciones, pueden llegar a
unas diferencias mensuales superiores al 30% y anuales de un 10%, siendo los meses con mayor
diferencia los de invierno y otofio. El calculo de irradiacion equivalente para superficies
inclinadas se realiza mediante el sistema simplificado por célculos del angulo de incidencia
mensual, que nos da valores de irradiacion global equivalente con valores aproximados de +-
2% entre inclinaciones de 1° a 55° del generador fotovoltaico. Se finaliza calculando los datos
de irradiacion real de Fuerteventura para superficies planas, y generando la funcion polindbmica
que describe la irradiacion real mensual en la isla segin los datos de generacion de las

instalaciones de estudio.
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Abstract

Objectives: To investigate the differences between the 8 main databases irradiation, from the values of equivalent irradiation of
11 generating facilities in operation for the Canaries. Methods/Statistical Analysis: Itobtains the data of the 8 bases of irradiation
(DBs) for 0° and pass for 10° of inclination. It compared the average real of all 11 facilities and compared to those of the study
DEs, then calculates the equivalent irradiation on flat surfaces at 0* and compared the valucs of DBs respect to the calculated for
the investigated facilities. Calculate the polynomial function for the irradiation curve from the real valour’s of the installations
Findings: We verified with the data obtained and calculated that the differences between predicted values of the different DBs
and the real ones obtained from the facilities can reach monthly differences of more than 30% and annual differences of 10%, the
months with the greatest difference being those of winter and autumin. The calculation of equivalent irradiation for inclined surfaces
is performed by the simplified system by calculations of the monthly incidence angle, which gives us equivalent global irradiance
values with approximate values of +-2% between inclinations of 1 to 55" of the photovoltaic generator. Recommending the use of
the data from the UNE 94003: 2007 standard and AEMET data with a difference of less than 1% per year for horizontal surfaces.
The PVGIS database is too optimistic in its calculations and its values tend to be with 10% higher yields. The values obtained from
differences between databases are comparable with others obtained in their comparisons with data obtained by satellites or in areas
such as Poland. ﬁppljuﬁunﬂmpmwments: The article concludes that with the data and the function obtained, realistic forecast

can be made quickly and easily for further study.

Keywords: PV, Energy in Canary Islands, nZEE, Irradiation, Photovoltaic, Renewable Energy, Solar Energy

1. Introduction

Photovoltaic solar energy is an energy considered as clean
and renewable, recognizing its primary fuel as inexhaust-
ible, which are the energy of the photons emitted by our
star the Sun. Among its most important and main features
of this energy, it can highlight its Free disposition, gratu-
itousness and its foreseeable duration of millions of years.
In addition, photovoltaic solar installations have the pos-
sibility of being modular and increasing the power of the
generating plants in a simple way, through an increase of
generation surfaces, as well as the possibility of architectural
integration in current buildings, which makes it highly rec-
ommended for installation (ZEB) or near zero (nZEB)S,

*Author for correspondence

there being many examples of its application as integra-
tion of photovoltaic solar panels in buildings, Building
Integrated Photovoltaics (BIPV)X and in other types of
facilities such as airports?, the main and most important
disadvantage is that its production is linked to sunlight, so
it can occur during the day, depending on the weather con-
ditions and the incidence of the solar rays of the site where
they are installed. It is also verified that the surplus is very
small compared to the solar energy received on the surface
of the solar plaques, which is increasing annually, passing
from its beginnings in 1883 with a yield of 1%, up to the
current values of the plates Of modern silicon with yields
of 25%, being the values of generic panels in the market
today, between 12% and 16%.
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Taking into account Spains photoveltaic potential,
due to its geographical location, its annual irradiation and
the incentives developed by the different Spanish govern-
ments to stimulate the installation of photovoltaic plants,
together with the rest of renewable energies (RREE)®=,
achieved that installation of grid-connected generating
plants, increased potentially between 2006 and 20114
This continued increase in facilities and the impossibil-
ity of sustainability of the incentive system, the different
governments were cutting these subsidies to production,
beginning in 2010% and ending with the definitive sus-
pension of these subsidies and incentives to production
in the vear 2012%. This meant a standstill of the new
facilities as of that year, as can be check in Figurel on the
evolution of the photovoltaic power plant at the national
level, where it can be observed that as of 2012 the installed
power remains constant without increasing it. Due to this
suspension of the remunerations to renewable, at present
the installations with connection to network no longer
have a profitability comparable to the years prior to 2012,
although, due to its expected duration of the installations
of 25 years, it has not stopped being a bad investment, but
with a very low profitability, provided that legal certainty
is maintained in its regulation.

The self-consumption and BIPV applications have
become an interesting model for their installation®* and
integration in existing buildings, which together with
other RERs can be made mixed generation models 12
to cover the different demands of energy of the buildings,
in order to obtain buildings ZEB or nZEB. On the part of
the International Energy Agency (IEA), a study on self-
consumption through solar photoveltaic energy has been
carried out, comparing and informing on the policies of
the different countries regarding viability and legislation
on self-consumption. Spain is the fourth country of the
European Economic Community (EEC), with the highest
average annual irradiation®, which places it in a leading
position in order to achieve high yields in photovoltaic
solar installations, with any self-consumption facility
being much more efficient In Spain than in most countries
of the EEC. This generation potential is also applicable to
the archipelago of the Canary Islands, an ultra-peripheral
region of Europe, located between the co-ordinates 270
37 “and 29 25" north latitude and 13 20 ‘and 18 10" west
longitude, at about 940 Km to the south of the European
continent, but whose average annual irradiation is com-
parable to the south of mainland Spain, as can be seen by
its consideration as zone V, according to the zoning made
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by the technical code of the building (CTE)# in force in
Spain.
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Figure 1. Photovoltaic power installed Spain.
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electricity generation 2006-2016 in the peninsula and the
Canaries. Source: REEL

Canary Islands, the need for generation through RREE,
being an area of special importance, both ecologically and
in the capacity to implement development models com-
patible with its conservation, is very important, proof of
this is that 63%= of the archipelagos surface is declared
a Biosphere Reserve by United Nations Educational,
Scientific and Cultural Organisation (UNESCO). The
canary current energy model has as one of its main needs
to be able to achieve an environmentally sustainable
system, the amplification of the systems of generation
byRREE. being in values of generation by renewable well
below peninsular Spain, where this type of generation has
gone from a 19.4% in 2006 to 40.5% in 2016, while in the
Canaries its value has remained almost unchanged, from
6.2% in 2006 to 8% in 20164, as can be observed In Figure
2, of the structure of electric power generation between
2006 and 2016.

This use of the RREE, has managed to reduce the emis-
sion coefficient due to electricity production in mainland
Spain 40%, between the period 2006 to2016, being the
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reduction for the Canary Islands of only 7%. This causes
that the emission factors of the electrical generation are
262% higher in the Canary Islands than in the Peninsula,
as can be seen in Figure 3.

Fmmission Fadona elewtiiediy ke OO0, BWh
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Figure 3. Evolution emission factors Spain peninsular and

Canary Islands 2006-2016. Source: REEY

Taking into account the importance of continuing
with the reduction of CO2 emissions, due to the influ-
ence on the climate change that they produce=, and the
possibility of realizing systems of self-generation by pho-
tovoltaic solar panels in areas with high irradiation, such
as the Canary Islands. It is necessary to verify that the
estimated production data calculated by means of the dif-
ferent existing irradiation DBs corresponds to the actual
generation of the planned and running plants, since for
the estimation of the production of electric energy by
means of PV, the main data needed is the irradiation
of the installation area, being in this case an area of the
archipelago of the Canaries, which together with the char-
acteristics of the generator itself, will give us the estimated
production values for each generating plant. The irra-
diation data is obtained from the different DBs that are
publicly accessible, in most cases, and by means of which
an approximate production can be estimated. The differ-
ent values of the DBs can generate very high estimation
differences, as can be verified in the study of irradiation
data calculated by satellites*=* or in the web-based com-
parison for Polanda over estimation of the winters and
the summers are underestimated.

The comparisons of data will be made for 8DB of
free access through the corresponding websites of each
of them or through access to public regulations. The
DBs are: PVGIS-Helioclim, ADRASE-Ciemat, NASA,
AEMET, Soda-pro, ITC-Canarias, IDAE-Censolar and
UNE standard 94003:2007, comparing the irradiance data

of flat surfaces with the calculated values of irradiation
for 11 installations of peak power or maximum installed
between 88kW and 552kW, all of them with angle of incli-
nation of the plates of 10-.

2. Experimental

Earth Planet, due to its movement of translation around
the sun and the decline of the axis of rotation, produces
a difference in the incidence of solar radiation between +
2345 to -23.45%, with respect to the reference latitude.
This difference makes it necessary to calculate the decline
of the earth each day, in order to estimate the optical angle
of the photovoltaic solar panels, in order to achieve the
highest irradiation. For the calculations of the angle of
decline of the earth relative to the Sun, it use the well-
known Cooper equation=, which gives the value of the
approximate decline of the reference point at solar noon

of the day considered
94 + ﬂ}]
365

&(n) = 23.45 = sen [3'&{] *

Where “n” is chosen day counting from January 1 to
the day in question. In this study we will use the average
decline for each day 15 of each month (14 in February), to
later calculate the optimum slope of the collectors on that
date, where it would receive the solar rays in a perpen-
dicular way and be able to take advantage of 100% of the
energy. The angle of each day will be given by the formula:

fin)l =8 — &(n)

Where “8” is the latitude of the place, “§ (n)” is the
declination of the earth on the chosen calculation day. It
should be noted that the slope or angle of the collectors
calculated will be South in the Northern Hemisphere and
North in the Southern Hemisphere.

The other adjustable angle of the solar panels is the
azimuth, which is the orientation angle of the panels with
respect to the north south axis thereof. In our case the
facilities are always oriented to the south to ¢, per local
will not be taken into account. Since the azimuth is a not
very important reduction factor, with annual values that,
according to the CTE:, the value of approximate losses
can be calculated for slope values of panels larger than
15", by means of the function:

Ligz = 1-(3.5-{10.7(-5) »pu'2 )

Where “i” is the azimuth angle to the South.

To take into account that the global irradiation data of
the different DBs that are obtained are for flat surfaces, so
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it is necessary to calculate the same for inclined surfaces.
In order to obtain this new value as accurate as possible,
the values of the three components of direct, diffuse and
albedo radiation must be found, with several methods
for obtaining and estimating them®. For our model
of approximation, we will use the global irradiance val-
ues of the DB for the flat surface and calculate the global
irradiance value for the angle of inclination of the panels,
according to the latitude of the place, for the 15th day of
each month (14 In February), with the calculation func-
tion where the multiplying factor of the irradiance value is
obtained for flat surfaces, and will give us the approximate
result for the inclined surfaces, by means of the following
function:

cos (@—a—d&(n)

cos(@—48(n))

G() = K(n) = G(0°)

Where “6" is the latitude of the place, “n” is the chosen
day counting from January 1 to the day in question, “8
(n)” is the declination and of the earth on the chosen cal-
culation day, A “is the fixed inclination angle of the solar
panels " G (0°) “is the irradiance value for flat surfaces
at 0°,

The approximation values of this method are suffi-
cient for this study, since as can be verified in Figure 4, the
differences between the values calculated by this method
described above or by the decomposition of global irra-
diation in direct, diffuse and albeo that the base performs
of Furopean PVGIS-Helioclim data, we obtain a maxi-
mum difference for the average annual value of 5% at
inclinations of 70, In our research, with 10= tilt angles,
the difference is 1.31% over the annual average, so it will
use this approximation method.

K(n)=

2.1. Calculus Production

In order to carry out generation calculations using PVs,
it is necessary to take into account the incident radiation
at each moment, the maximum or peak power of the gen-
erator and the total losses, which are included in a total
efficiency index known as “Performance ratio” (PR)=
With the following function we calculate the generated
energy injected in the network, at each moment:
Ereq =PR=G(E. p) =Py,

Where “PR” is the global loss index that encompasses
all losses of the system, “G([, p)” is the mean irradiance
according to a declination and a given azimuth and “Ppp”
is the maximum power of photovoltaic generators

The calculation of the PR is made taking into account
all the losses of the generating system, which are given by
the function:

PR=(1~(L, + L, + L+ L) * L * L, * L,

The meaning and calculation of the different terms of
the equation are as follows:

Temperature loss of the “LT” module. Due to the oper-
ation at a temperature different from the one calculated in
standard conditions, it generates losses that we calculate
them by the method of Osterwarld, that according to the
T+ of the cells we will have losses, that comes given by the
function

Ly =1—(r+0c-125)
NOCT — 25

200 )

Where “Gin” is the instantaneous or average daily
radiation in W/m? “y" is the coefficient of variation of
the maximum power point with temperature, “Tc” is the
plate temperature, “Ta" is the ambient temperature And
"WOCT™ is the nominal operating temperature of the
module for radiation values of B00W/m?, 20-C ambient
temperature, with AM 1.5G spectral distribution and 1
m/s air velocity.

Lost by dispersion of parameters “LD". The PVs are
not exactly the same and have a power difference between
them, so these differences create losses in generation.

Dirt of *LP" plates. Losses due to dust on the mod-
ules. In Canary Islands due to the episodes of “calima™:,
this parameter becomes very important and its value can
become very high if the modules are not cleaned regu-
larly.

}Ir_mt by angular and spectral reflectance “LR". Due to
the angles of incidence of the solar rays and the selective
spectrum of the photocells, whose current generated is
different for each wavelength of the solar spectrum of the
incident radiation.

Losses due to the efficiency of the “LIn" inverter. The
European efficiency value of the inverter® given by the
manufacturer, which is calculated by the function

g = ZEE‘M t'}[ld’r!

Te=T,+ (a::-,. .

Where “aen” is the European weighting factor, *ni_
MPP" corresponds to the inverter / follower performance
{ efficiency value for the maximum power point, "n5"
represents the performance at 5% of the power of the fol-
lower, “nl0 “ to 10% and so on, with the different vields
expressed for the powers represented by the subscript.

4 | Vol 10 (13} | April 2017 | www.indjst.org Indian Journal of Science and Technology

]
FRANCISCO JAVIER DIAZ PEREZ 205



Francisco Javier Diaz Perez, D. Chinarro, A. Guardiola Mouhaffel, R. Diaz Martin and M2 R. Pino Otin

Lost in “LE" electrical wiring. Total losses due to volt-
age drop from the DC and AC part.

Other “LV™ losses. There are several other losses not
previously considered.

In order to make a comparison of the efficiency of the
systems using a common unit or index, the value of YF,
which represents equivalent or peak solar hours (HSP), is
a unit that measures solar irradiation and is defined as the
time in hours of a hypothetical constant solar irradiance
of 1000 W/m® calculated in standard conditions (STC),
that in case of knowing the generated energy is given by
the expression:

E
YF = HSP = 22
Fep
Where “Ered” is the generated energy injected into
the grid, and “Ppp” is the maximum power of photovol-

taic generators.

Ll Taffeaemwor®s bitwecn ool and olmated vide:

55 4 Raairn

Figure 4. Differences between the wvalue obtained by
PVGIS and the approximate used, for the annual average of
irradiation.

2.2. Methods

The method used to compare the actual data with those of

the study DBs was the following:

1. Initially the data of the irradiation values of the differ-
ent DBs of their web pages or recognized documents
and those of production of the study plants supplied
by the managers of the facilities were obtained.

2. We pass the irradiance value from flat surface to
inclined surface of all DBs, obtaining the monthly
irradiation values at 10° of inclination, as well as their
average, maximum and minimum values.

3. We calculate the average “PR” for all the research facili-
ties, for which we took the average radiation values of all
the data of the monthly DB, obtaining the value of the

PR for each month. As the plates are with similar char-
acteristics we use the standard values for all of them.

4. With the data of monthly irradiation and “PR” we cal-
culate the equivalent HSP of each of the DB. The HSPs
of the different facilities are also calculated by monthly
production of the same and their maximum power or
peak installed, obtaining the monthly data per instal-
lation as the averages of the generation of the years per
installation.

5. We compare the average real HSP data of all the facili-
ties, compared to those of the study DBs at the 10°
angle of the plates. Compare the actual generation
data with the different DBs: total annual values and
monthly values.

6. We pass the actual HSP generation data to equivalent
flat surface values at 0%, using the conversion factor K
and compare the values. With this data we calculate
the equivalent irradiation on flat surfaces at 0°.

7. We compared the values of annual and monthly irradi-
ance on a flat surface at (¢ of DBs with respect to the
calculated real equivalent for the investigated facilities.

8. Calculate the polynomial function for the equivalent
irradiation curve in Fuerte ventura using the calcu-
lated irradiance data from the real installations.

Figure 5 shows the flow diagram of the research
carried out to obtain the actual irradiation data of the
installations and their comparison with the data of the
different general use DBs.

3. Analysis Data

The data of solar irradiation are fundamentally able to
realize any calculation of photovoltaic installations, being
able to obtain the same ones of several local or global
DBs. In this study eight international comparisons are
being made, widely used by designers around the world.
Have been chosen for the realization of the investigation
are the following:

3.1 PVGIS - Helioclim:-

« The EEC photoveltaic information system,
which through the network of meteorclogical
stations, satellites and by means of data interpo-
lation, performs its irradiation calculations with
a GIS positioning system and the model “r sun
* 2 Widely used by all types of institutions and
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designers, with data from Europe, Africa and received by a plane normal to the solar rays. The
Asia for any inclination. geographical coverage corresponds to the field
of vision of the Meteosat satellite, ie, it covers
3.2 ADRASE - Ciemat® Europe, Africa, the Atlantic Ocean and theMid-
« Access to solar radiation data from Spain dle East. The spatial resolution is approximately
(ADRASE) of the Spanish government’s energy, 20x20 km. The temporal coverage of the data is
environmental and technological research cen- from 1985 to 2005.
tre (CIEMAT), which supplies solar radiation
data from Spain with a resolution of 5x5 km, (om production facilities 0
with averages of values from the last 20 years of and irradiation DBs

satellite measurements and 50 ground stations.

Calculations are obtained for percentile 25 and T T
75, as well as maximum and minimum# of the from 0° to 10° of
different zones. Data are taken from the 75th AR |
percentile for the study. *
Calculation of the
3.3 NASA-SSE* average monthly PR of
the study facilities
« Meteorologicaland solardatasponsored by the US ’
National Aeronautics and Space Administration |
(NASA) in the Surface Meteorology and Solar l l
Energy (SSE) program, which provides data for
the whole world, with solar radiation values on a CGW;:‘?:.W"B' “‘:::";:I‘::"': :;‘dv
horizontal plane. Covers a resolution of 100x100 S
km. Average of temporary data of 22 years. It | |

compares the data of the satellites with those of
its world stations on land. Widely used globally

244

for comparative irradiation studies £,

3.4 AEMET#® —r
« Data provided by Spain’s state meteorological the installations at 10°
agency (AEMET), whose data have been con- G‘:‘“mnm]
densed into Spain’s solar radiation atlas®, with l
data averages from 1983 to 2005, using satellite
data and of the national radiometric network. e L
Average values data are used. The resolution of to the real calculated for
data is of 3x3 km and the values of provincial [ S Meon
capitals are given. In this case, data from Las ” +
Palmas de Gran Canarias are used. Conclusions and polynomial
function of iradiation for PV

in Fuerteventura

3.5 Soda-pro*

» A service created from the Information Society
Technologies (IST) program of the European
Commission for the year 2000, This service
offers time series of monthly, weekly and daily

Figure 5. Rescarch Flow Diagram.

3.6 ITC-Canarias®

values of global solar irradiation in a horizon- « Data from the Canaries of the Canary Islands
tal plane, as well as the monthly irradiation Technological Institute (ITC) which have been
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obtained from 51 radiometric stations between
1998 and 2009, A geographic information system
with approximate resolution of 230x250m per
pixel. The data are for horizontal global irradia-
tion and global horizontal irradiation to sky. The
data we use are horizontal global irradiation.

3.7 IDAE - Censolar®

« The Institute for Diversification and Energy
Saving (IDAE) also makes available the solar
radiation tables of the company Censolar, for
use in the calculation of solar thermal plates=,
checking its utility for photovoltaics in this study.
Average data on the irradiation of provincial cap-
ital of various models of calculation of external
radiation and by measuring stations, with adjust-
ments of approximately -10% of the actual values
that are not useful for useful generation. It refers
to provincial capitals, in this case, the data of Las
Palmas de Gran Canarias are used.

3.8 UNE 94003: 2007=

« Spanish national standard that provides the ref-
erence values of global daily irradiance, daily and
monthly temperature on horizontal surface, for
calculations of low temperature solar thermal
plants, but we will check in this study its Useful
for calculations of photovoltaic generation. It

refers to provincial capitals, in this case, the data
of Las Palmas de Gran Canarias are used.

In the following Table 1, all the data of average irradia-
tion for horizontal surfaces of the different DBs for the
study area, that is the capital of the island of Fuerteventura,
Puerto del Rosario, located in the coordinates 28.50¢
north and 13, 860 west. This is the easternmost and clos-
est island to Africa, the archipelago of the Canary Islands
(Spain). The data will be compared to verify the maxi-
mum, minimum and average values of the different DBs,
where it can be seen that the differences between irradia-
tion values are very high, reaching values of about 28%
difference. In the annual averages, we find differences of
20%, values which to make estimations are already con-
siderable, for calculations of viability of solar installations
and must be taken into account for adjustments of possi-
ble projects. The shaded DBs give values of the provindal
capital, Las Palmas de Gran Canarias and not Puerto del
Rosario, being those that have to be used for the whole
province, for which, these values are used for comparison.

The data of temperature and daily in isolation will be
used those supplied by AEMET for the station located in
the municipality of Puerto del Rosario through several
programs of public use of AEMET=2 and obtaining the
values that appear in Table 2. It can be observed as the
average temperatures of 1980-2010 and 2010-2015 have
increased an average of 3% in recent years, due to which
we will use the average data of the most updated years

Table 1. Solar irradiation data in kWh/m* month of study DB for horizontal surfaces ¢

MONTH | PVGIS ADRASE | NASA | AEMET | Soda | ITC IDAE UNE | Max | Ave- | min % Dk
Helioclim | Ciemat Pro Canarias | Censolar | 94003 rage Max
min
JAN. 3980 3500 3700 3.760 3140 | 3475 3111 3720 | 39B0 | 3548 | 3111 27.9%
FEB. 4810 4.700 4630 4.450 4910 | 4439 35944 4435 (4910 | 4540 | 3944 24.5%
MAR. 5910 5.900 5.860 5.380 6.130 | 5.864 4944 5342 | 6130 | 5666 | 4944 24.0%
AFR. 6850 6.700 6810 6.240 6.410 | 6428 5444 6.132 6850 | 6377 | 5444 25.8%
MAY 7.3%0 7.400 7.320 6.670 6.960 | 7.202 6.027 6.618 7400 | 6948 | 6027 211.8%
JTUN. 7.540 7700 7.320 6.570 6.620 | 7407 6.250 6742 | T 7019 | 6250 23,2%
JUL. 7530 7.600 6.990 6.570 7.530 | 7.357 6.750 6.747 | 7600 | T134 [ 6570 15, 7%
AUG. 7.220 7000 688D 6.380 6.980 | 6899 6.083 6.354 | 7220 | 6724 |6GO83 18, 7%
5EFR 6. 280 .00 6110 5.730 5.850 | 6024 5.50:0 5.680 | 6280 | 5897 | 5500 14,2%
OCT. 52120 4.700 4.990 5.220 4870 | 4.716 4194 4.766 | 5220 | 4834 | 4194 24.5%
NOWV. 4.200 3.700 3.930 3840 4.160 | 3.637 34le 3914 (4200 | 385D | 3416 23.0%
DIC. J.bb0 3.200 3400 3470 3.260 | 3.182 2972 3.462 | 3660 | 3326 | 2972 23, 1%
Avcrage 5.890 5.675 5.660 | 5.357 5.580 | 5.553 4 889 5.326 | 5890 | 5491 |488% 20,5%
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for the calculation of temperature losses calculations solar
panels. The average monthly sunshine data will also be
used by AEMET as they are based on the observation data
of the Puerto del Rosario weather station with average
historical data from 1980 to 2010. The solar hours of the
month of February are referred to 28 days.

Table 2. Temperature and insolation data of Puerto del
Rosario, Fuerteventura. Source: AEMET

Month | Imsolation | Insolation | T* Average | T=Average | % Differ
ours/ howrsiday | 1980-2000 | 2000-2005 | Averages
month

TAN. 190,00 6,13 17.6 184 4. 82%

FEB. 189,590 6,78 7.9 182 1, 40%

MAR. 133,00 7.52 189 19.0 0,33%

APR. 24230 8,08 195 20,1 3,18%

MAY. 280,20 9,04 M6 221 T31%

TUN. R4 B0 9,49 ns 232 3,20%

UL 193,90 948 4 M5 207%

AlG IR& RO 932 ME 255 3,66%

SER 246,20 B2l 44 48 1.53%

OCT. 127,10 733 ns M 5,15%

NOW, 202,60 6,73 .9 5 3,05%

DIC. 185,50 6,00 189 19.6 3,68%:

Average | 283550 | 7,77 21,1 0,7 3,08%

The characteristics of the island of Fuerteventura,
where the installations are located, is extremely arid, with
86.6% of the area classified as arid and the remaining 13.4%
is semi-arid*. Suspension is usually quite high because
of the sand and dry land of Fuerteventurageography. To

Table 3. Fuerteventura Facility’s data

the dust in its own suspension, we must add that of the
Saharan air masses that regularly affect the Canary Islands
and the island of Fuerteventura mainly due to its proxim-
ity to the Sahara®==, as well as the insignificant annual
rainfall, With a mean of 98 mm annually*, less than 0.3
Lim* per year, causes that the losses of the plates by dirt
due to the dust, are very high in these installations, if it is
not made a correct maintenance and control Of cleaning
them.

Table 3 shows the main data of the 11 study facilities,
where there are installations connected to low voltage
and medium voltage, with maximum or peak power val-
ues ranging from 88 kW to 532 kW, with nominal power
greater than 100 kW connected to power transformers
medium voltage. All equipment is located on roofs and
flat or sloping roofs of industrial buildings. The models of
panels are of siliconpolycrystalline with values of variation
of the coefficient of temperature of between -0,43% °C to
-0,48% =C, with an average value of -0,45% *C, as well asa
nominal operating temperature Between 45°C and 47°C,
with an average of all facilities of 47°C. The efficiency of
the panels is between minimum values of 13% and above
14%, with an average efficiency of 13.62%. With all these
data can be considered that the different panels are of
similar characteristics to each other, so the calculations
of losses and PR value, we will perform with the average
values of the study facilities. Another very characteristic
feature of these facilities is The angle of inclination of the
panels of 10°, which is with all these data can be consid-
ered that the different panels are of similar characteristics
to each other, so the calculations of losses and PR value,

Installation | Mark Model T TONC |m’FPV | Efficiency | Wpp | N*FV | Peak Rated
Coeff. PV Power | power
FEM SolarWorld | SW220 -0, 45% 4 1,68 13,12% 2240} 400 BE. DO BOLOG0
INP SolarWorkd SW230 -0, 45% 46 1.68 13,72% 230 1920 441.600 A0 000
HIE SalarWorkd SW213n -0, 48% 46 1,68 13,72% 230 2400 552.000 SO0 00
IMNS1 SCHOTT ASEL65T- 17D -047% 45 131 12, 96%: 170 592 10640 SO0
INS2 SEY SCM 72-180 -0,45% 46 132 13.61% 180 576 103680 100 308
GLOBAL
INS3 Photowatt PW1650-175 -0,43% 7 129 13.,55% 175 495 86625 110e0. 00300
PW1650-170 -0,43% 47 128 13,1 6% 170 75 4.750
M54 Photowati PWI1650-175 -0,43% 7 129 13,55% 175 495 RS 625 100 308
PW1650-170 -0,43% 47 128 13,1 6% 170 75 4.750
IMNS5 Photowati PYW 2050-100 -0,43% 7 147 13, 64% 200 518 103600 S0L000
INS6H SolarWorld S5W240-245 -0,45% & 1.68 14,61 % 245 LS E] 105 760 100 e300
CAR Photowatt PW2050-210 -0,43% 7 147 14.32% 210 512 107520 100 308
CA Photowatt PW2050- 105 -0,43% 7 147 13,98% 205 1606 329230 3e0. 000
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we will perform with the average values of the study facili-
ties due to the need of space saving to be able to install
more solar modules in the existing surface, that is to say
to increase the installed power by unit of surface, but
without producing shades that diminish the generation in
winter. If we take into account that the minimum distance
between rows of panels must ensure that the generated
shadow produces 4 hours of sunshine around noon of the
winter solstice™, we can calculate the minimum distance
between contiguous panels by the following function:
Lesina

"= anG1 - 6)

Where “L” is the height of the panel, “8” is the latitude
of the location and “a” is the fixed inclination angle of the
solar panels.

Taking into account this way of calculating it, will ver-
ify that the differences between placing the solar plates at
the optimal angle of 28 at this chosen angle of 10 reduces
the distance between panels by 65%, which means that
the distance is 1.7 times lower with this chosen angle, and
instead the energy production of using the optimal angle
of inclination 28” would only increase by 4% than if we
used the chosen inclination of 10°. This motivates that the
cases of reduced surfaces in roofs of existing buildings,
it is advisable to use small angles of inclination in order
to be able to install as many photovoltaic modules in the
smallest possible space, which in this case, is the own one
of the roof of the ship where the generators are installed,
and in this way, increase the installed power per unit area.

Table 4. Loss or efficiency values for calculations.
Source: IDAE and own

Diescription Value
Temperature losses Calculate
Lost by dispersion 2,0%
Lost dust and dirt 3,0%
Lost reflectance 3,0%

European Investor Efficiency | 95%
AC and DC circuit efficiency | 7%
Efficiency due to other losses | %6%

J"..I"F"'J"J"-J"J"E

4. Calculus

In order to calculate the losses by estimating the PR, the
irradiation is taken from all the irradiation values of the
DBs, once adjusted for the 10 inclination angle of the

study facilities, and with the daily in isolation data, The
radiation values are obtained, with which the temperature
loss data can be calculated. The rest of the values of losses
and average efficiency used will be those of the following
Table 4, where they appear the generic coefficients of cal-
culation. Figure 6 shows the graph of the PR value for the
different months, checking the validity of the calculation
model, since the differences between the maximum and
minimum radiation values only influence + - 1% of the
PR average value. We take these average values to perform

the calculations.

e FEvaliies) aveisges. Rag alid min

- v | L Lt E JIEsy - L L= - - T 1 EX.
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Figure 6. Differences in FR values according to average,

maximum and minimum irradiance data of the different

study DBs.

In the following Figure 7 the values in columns of the
actual generation of the different installations per year in
MWh appear. The values of the graphs, being of instal-
lations with different maximum peak power, are not
comparable to each other, for which we have to pass the
data to the same indicator that does not take into account
the generated total energy but the HSP equivalents of pro-
duction, And in this way we can compare all the facilities
to referring an equal index and with the same unit.

In order to carry out the calculations of the facilities to
obtain their equivalent HSPs, we take the average genera-
tion values per month and per vear of each installation,
with respect to all the annual and monthly data we have
obtained from the different installations. The calcula-
tion performed is for the daily averages of HSP, which
is calculated by dividing the actual produced energy
value between the installed peak power and this value is
divided between the days of the month to have a daily
HSP value, which will be the comparable data for all gen-
erating plants. Once this value is calculated, the plants

Vool 10{13) | April 2017 | www.indjst.org Indian Journal of Science and Technology | 9
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can already be compared to each other, by a same ratio,
independent of the total installed power. Figure 8 shows
all the average production curves in HSP calculated for
the average of each month, with the data of all the years of
study of all the generating stations, as well as the average
values, maximum and minimum values.
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Figure 7. Production values in kWh of the different
installations per year.
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Figure 8. Average real HSP values of the years of the different
installations with panels with 10° angle.

Table 5 shows the average monthly HSP data of the
data obtained from the different stations of study, cal-
culating the average generation per month of the years
that have data, with the monthly and annual maximum
and minimum values, as well as the Standard deviation
of the same. It can be seen that the months of greatest

10 | voi 10 (13) | April 2017 | wwwindistorg

differences are those of February and September, which
has a variation of 27.6% between generations of plants.
The average annual difference reaches 14.9% between the
maximum and minimum values, so the average value we
get, will give us results that will be within the limits of +
-7.5% of the estimated real value, with the data between
+6% and +14% according to the calculated months, with
respect to the average value obtained, with an average
standard deviation of the annual data of 0,34HSP.

Table 5. Maximum, minimum and average values of
HSP and their deviations for the study facilities 10°

Month | Max | Average | min | Diff. % | Standard
Max- deviation
min

JAN. 329 |309 286 | 13.2% 0,22

FEB. 4,22 | 3,70 306 |27,6% 0,58

MAR. [493 |453 389 |21.2% 0,53

APR. |550 [495 444 | 19.3% 0,53

MAY |559 |524 471 | 153% 0,44

JUN. |606 |553 505 | 16,8% 0,51

JUL. 586 |534 472 | 194% 0,57

AUG. [527 |496 461 | 12,5% 0,33

SEP. 482 | 437 3,60 | 253% 0,62

OCT. |[390 |364 3,17 | 18,8% 0,37

NOV. |313 |283 251 | 19,9% 0,31

DIC. 293 |2,71 248 | 153% 0,22

T 458 | 424 389 | 149% 0,34

The last comparison between the real values of the
plants is the YE, which corresponds to the annual produc-
tion HSP. This value is calculated by dividing the actual
output with respect to the installed peak power. This
Figure is very important for producers, since this annual
value is tabulated by law= according to the climatic zone
and the type of installation and there are a maximum
allowable production values for the payment of produc-
tion premiums. For study facilities that are untraceable
and in climatic zone V*, it has maximum values of HSP
of 1753, not exceeding this value of the plants, as can be
observed in Figure 9 where the different values of HSP of
all the facilities and all the years of investigation, being
verified that the maximum values are above the 1600
hours, as the FEM with 1635 hours, INS3 with 1607
hours, INS4 with 1609 hours, INS5 with 1636 hours and
the highest equivalent production, which is the newest
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installation INS6 with 1655 hours, but none exceeding
the threshold of 1700 equivalent hours.
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Figure. 9. HSF annuals (YF) Facility’s study.
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4.1 Comparison of Actual and Projected
Values

Once verified and calculated the actual data of the differ-
ent facilities, for HSP values, then compare these values
with those estimated in the different study DBs, for which

it pass the irradiation values shown in Table I, To new val-
ues of global irradiance of plates inclined to 10° with the

value of the calculated coefficient K, multiply it by irradia-
tion to 0" and give us the value for 10°. With this global
irradiation value on the plates at 10°, we perform the total
HSP calculations, for which we divide the value between
1000 kWh/m’®, and finally perform the calculation of the
useful HSP by multiplying by the previously calculated
monthly PR value. With the data obtained, Table 6 is gen-
erated, showing the actual caloulated values for the study
facilities and the theoretical values of the DBs, where the
differences between the HSP values of each DB and the
real can already be verified. With these values we perform
the calculations of comparison of all the generation data
of the different research plants that are converted from
kWh to HSE. Figure 10 shows the annual average differen-
tial values of the calculated values of the DBs, where it can
be seen that the DBs of the UNE 94003 and AEMET are
the ones whose projection is closer to reality in all cases,
With average differences that do not exceed 5%, the value
calculated by PVGIS which gives higher values with an
average difference of 12.9%,

It can also be seen how there are generating instal-
lations whose calculated value predicted with respect to
the real becomes 22.6% higher, in the installation of IN52
with PVGIS data. The differences between the maximum
and minimum values are between the different DBs with
respect to the annual data between 1% and 10.2%, prov-
ing that the differences between the DBs are very linear
and follow a very similar irradiation function. Figure 11

Table 6. Summary of daily HES values of the different databases already calculating the total losses by the factor PR
with respect to the real value obtained from the study facilities for a 10+ angle

Month | PV PVGIS | ADRASE | NASA | AEMET | Soda- | ITC IDAE UNE |Max | Avcrage | min

real Helioclim | Ciemat pro Canarias | Censolar | 94003

value
JAM. 309 |3,38 3,19 335 |340 289|317 2,86 337 [358 |323 2,86
FEB. 3,70 413 405 4.0 386 421 345 3,46 385 421 3,92 346
MAR. 453 |480 479 476 |441 495 |47 4,09 439|495 |462 409
APR. (495 |527 5,17 524 | 4,86 497 |499 4,30 478 |[527 |495 4,30
MAY [524 |[5351 5,51 546 | 503 522|538 459 500 551 521 459
JUN. |[553 |[554 5,64 539 |490 493 |545 4,68 500 564 519 468
JUL. (534 |s5,32 5,56 517|489 552 541 5,01 501|556 |s5.26 4,89
AUG. 496 |539 5.4 517 |4.83 523|518 463 481 [539 |506 463
SEP 437 |487 4,68 476 | 4,50 458 |47 433 446 [487 |46 433
OCT. (364 |437 3,89 411|427 402 |390 3,51 394 |427 |399 3,51
NOV. [283 |369 329 348 [341 366 | 324 3,06 346 369 |34l 3,06
pic. (271|333 295 312 318 3,00 |294 2,76 317|333 |306 2,76
T 424 |477 4,64 462 |4,39 456 | 455 4,05 437|477 |449 405
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shows the representative graphs of theexisting differences
between the actual values as compared to those of the
monthly level. This is observed more clearly as the winter
and autumn months are the ones that generate greater dif-
ferences, which become Up to 31% higher than the values
observed in the real installations, and are the main cause
of the annual differences that forecast much higher values
of generation than the real ones. While in the summer
months, the values are quite close to reality, being even
lower in some cases. Again, the values obtained by the
PVGIS database are those that give higher values, while
the values of IDAE-Censolar have lower values than the
real ones, and the values of the standard UNE 94003 and
of the AEMET Which are more similar to reality, even so,
all of them being overly optimistic in HSP values for the
months of November mainly.

Ll Duited cirera ® o bebween AT pral valie saad DD anmel g 18

Figure 10. Differences between total annual values HSP
calculated from irradiationDE, with respect to the real value
with the plates at 10°,
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Once verified and demonstrated the differences of
values between the DBs respect of the real production
data of the studied facilities, we have to calculate what
the actual irradiation incident on flat surfaces of the
plants of Fuerteventura, to verify the differences of real
values of irradiation With the DBs. Having the aver-
age HSP value of the installations with the solar plates
inclined 10, we perform the theoretical calculation of
HSP equivalents for a flat surface 0, calculating the divi-
sor factor K for each month, which is the same one that
we use for the Adjustment of the irradiation of the DBs
to 10°. Calculating the value of HSP with losses due to
the PR factor, we have to calculate the real incident value

12| vl 10 (13} | April 2017 | www.indjstorg

without losses, dividing this value between the efficiency
coefficient of the system or PR previously obtained, finally
obtaining the actual value of HSP for horizontal PVs of 0 °
angle. With the actual value of HSP which allows to have
radiation incident, multiplying that value by 1000 kWh/
m’. Table 7 shows the data corresponding to HSP with
losses and real, at 10 and 0°, as well as the values of PR
and K, obtaining the final value of the irradiation without
losses and for flat surfaces at 0=,
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Figure 11. Monthly differences between total HSP values
calculated from irradiation and real DE.

Table 7. Average values of HSPE, coefficients PR and K,
and irradiance value equivalent to 0=

Month | K H5F | HSP | PR HSP | Irradiation
PR PR o kwh/m*
10 o

JAN. 1,19 (309 |[259 |76,45% [3.39 |3.3%

FER. 1,14 (370 | 324 |7575% |428 |[4.282

MAR. (109 (453 (4,15 |74,79% | 535 |35

APR. 1,04 (495 (4,74 | 7430% |6,38 | 6.380

MAY | 1,01 |524 (517 |7400% | 6,98 |6.983

JUN. 100 | 553 |553 |7400% |747 | 7467

JUL. 101 (534 |531 |7330% | 7,25 |[7.245

AUG. | 1,03 |496 (48] |7305% |6,59 |6.587

SER 1,07 | 437 | 409 | 73,06 | 559 | 35593

OCT. | 1,12 [364 |[325 [7366% |441 |4410

NOV, (1,18 (2,83 (241 |7543% | 3,19 |3.19]

DIC. 1,21 (271 |2,24 |76,22% (294 | 294

TT 424 | 396 |7450% |5.34 | 5336
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Comparing the annual average annual irradiance val-
ues for flat horizontal surfaces of the DBs with respect to
the calculated real value, we obtained Figure 12, where
we can graphically check how the values of AEMET DB
and UNE 94003:2007 only differ from + -0.3% in rela-
tion to the real value. The biggest differences are PVGIS
with a value higher than + 10.2% and with the data from
IDAE -Censolar that values are much lower than -8.5%. It
is very important to keep in mind that these data refer to
irradiation on flat surfaces, ie at 0° of inclination. The cal-
culated values of irradiation show that for annual values
the differences are not very excessive, considering that the
values of + -3% per year are acceptable, among which we
can consider AEMET, Solar-pro, ITC-Canarias and UNE
94003 DBs acceptable.

Differences *s betu een veal radiation sad DB Grradiotion annund o 8+

| |
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Figurc12. Percent annual differences between the real value
and the DB for horizontal surface irradiation.

It also compare the monthly irradiation data of all the
DBs with respect to the calculated real, showing in Figure
13 the graphs of the different irradiations, where it can be
observed how the real irradiation is found, in most of the
months, between the Values of the different DBs, being in
the months of November and December when its value
is inferior to all DBs. The data of IDAE-Censolar always
are well below the rest of values of irradiation, as well as
those of PVGIS also usually have the superior value of the
rest in most of the months, reason why it gives calculated
values of tan generation Generous in most of the months.
In order to perform rapid calculations of irradiation of
Fuerteventura, we have calculated the characteristic poly-
nomial function, which is also shown along with the
previous graphs, performing the regression of the real
irradiation data, giving us the value of the characteris-

Vol 10 (13) | April 2017 | www.indjst.org

tic function, which can be used to make the necessary
monthly approximations for calculations of photovoltaic
production.
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Figure 13. Curves of rcal irradiation and of the DB for
Fuerteventura.

y=-141,51x* + 1741,3x + 1682,5

Table 8 summarizes the percentage differences
between the actual irradiance value calculated for the
installations and the data that the different DBs offer
us, where the contrasts between real values and those
obtained by the DBs are appreciated.

Having real values of irradiation is very important for
its use in monthly and not only annual electricity genera-
tion forecasts, since at the moment the current facilities
that are made of self-consumption is necessary to have
real monthly values, in order to calculate the effective sav-
ings according to the electric rate of each billing period,
which changes according to the hours and months of the
year according to 2, 3 or 6 tariff periods and thus make
the amortizations in the shortest possible time. Along
with the monetary savings achieved, savings in CO, emis-
sions must be taken into account in order to achieve low
emission buildings as well as a real alternative to near-
zero energy (nZEB) projects.

5. Discussions and Conclusions

Through this research study of irradiation comparison of
general DBs with respect to real data, it has been verified
that all DBs have different data, not agreeing their values
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Table 8. Percentage differences between the real value and the values of the DBs for irradiation in horizontal
surfaces at (e

Month | PV PVGIS | ADRASE | NASA | AEMET | Soda- |ITC IDAE UMNE Max Average | Min

real Helio- Ciemat pro Can- | Censolar | 94003

value | clim arias
JAM. 3394 17,3% 3% 9.0% 10,8% -7,5% 2 4% -8,3% 9.6% 17,3% 4 5% -8.3%
FEB. 4282 12,3% 9.8% B 1% 3,9% 147% | 3,7% -7.9% 3.6% 14,7% 6,0% -7.9%
MAR. | 5554 6,4% 6,2% 5.3% -3,1% 104% | 5,6% -11,0M% -3 8% 10, 4% 2.0% -10,00%:
APE. 6.380 74% 5,0% 6,7% -2 2% 0.5% 0% -14, 7% -3 9% T4% 0,0% -14,7T%
MAY 6983 5,8% 6,0% 4 B% -4 5% -0,3% 3,1% -13,7% -5,2% 6,0% -0,5% -137%
JUMN. 7467 1,0% 31% -20% | -12,0% S10,3% | -0,8% | -16,3% -9.7% 3,1% -6,0% -16,3%
JUL. 7.245 319% 4.9%, -35%N || 93N 3,9% 1,5% -6, 8% -6,9% 4 9% -1,5% -9 3%
AUG. | 6.587 9,6% 6,3% 4 4% -3,1% 6,0% 4 7% =TT -3,5% 9,6% 2,1% =77
5EPR 5.593 12,3% 7.3% 9.2% 24% 4.6% Fiv- 1 -1,7% 1,5% 123% 5.4% -1,7%
OCT. 4.410 184% o, 6% 13,1% | 18,4% 104% | 6,9% -4.9% B1% 18 4% 9.6% -4 9%
NOW. 3.191 31,6% 15,9% 23.2% | 20,3% 30, 4% 14)0% | 7,00 7% [ 316% | 206% 7,0
DIc. 2944 24.3% 8,7% 15,5% | 17,9% 10,7% | 8,1% 0,5% 17,6% | 243% 13,0r% 0,9%
T 5.336 10,4%: 6, 4% 6,1% 0,4% 4 6% 4. 1% -8.4% -0,2% 104% [ 29% -8.4%

in any case and with very large differences according to the
calculation months. It is verified that the actual data differ
from those projected in absolute and monthly annual val-
ues, with very large variations depending on the DB used.
It has been possible to verify and conclude that:

The calculation of irradiation for inclined sur-
faces can be made by the simplified method to
values close to 55 of inclination, with differences
of + -2% that can be assumed in most projects.
When installing PV in areas where the surface of
use is very important and high values of installed
power per unit area are required, smaller angles
of inclination should be chosen, lower than the
optimum value, in order to reduce the distance
between Modules and thus increase the installed
power per unit area.

The different DBs do not agree in their values
or in their production estimates, so their use
must be careful and whenever annual and non-
monthly estimates can be made, whose values
are more closely adjusted to actual productions.
When it is necessary to make monthly produc-
tion estimates, you must perform calculations
with several DBs and take the average values to
obtain more realistic adjustments.

The DBs that have more real values, to be able to
make correct estimates, are those that have been
calculated by observation and crossing of data of

M| vl 1013} | April 2017 | wwwindjstorg

stations, being for the zones of calculation, those
generated by national estates, recommending the
use of the data from the UNE 94003:2007 standard
and AEMET data with a difference of less than 1%
per vear for horizontal surfaces. The PVGIS data-
base is too optimistic in its calculations and its
values tend to be with 10% higher yields.

In order to carry out more accurate calculations
and forecasts, account must be taken of meteo-
rological and land-type data, since in this case it
is verified that being an arid zone the losses are
probably higher due to dirt on the plates and
losses by Dust in suspension in the months of
winter and autumn, due mainly to the calima, for
which a future investigation on the influence of
this phenomenon in the production would have
to be made.

The most up-to-date and modern facilities have a
higher efficiency with equivalent HSPs per plant
which can be up to 7% higher than the average.
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Abstract

In recent years solar photovoltaic energy has gained much prominence as
producer of electric energy for sale and self-consumption, as well as for its
environmental side. as a greenhouse gas reducer. This makes it necessary to
make production forecasts as close as possible to reality and, in this way, to be
able to evaluate its economic viability and the environmental improvements by
reducing emissions achieved as realistically as possible. In the following article,
we performed a study of the different irradiation databases (DB) used for
calculations of photovoltaic solar energy production, comparing the widely
recognized and used 8 DB values. PVGIS, Adrase-Ciemat, NASA, AEMET,
Soda-pro, ITC, IDAE-Censolar, and UNE 94003, with respect to the equivalent
irradiance values of 11 generating installations in operation, connected to a
network with a 10 ° inclination angle, all located on the island of Fuerteventura,
in the archipelago of The Canary Islands (Spain) and with maximum powers
installed from 88 kW to 552 kW.

We verified with the data obtained and calculated that the differences between
predicted values of the different DBs and the real ones obtained from the
facilities can reach monthly differences of more than 30% and annual differences
of 10%, the months with the greatest difference being those of winter and
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autumn. The calculation of equivalent irradiation for inclined surfaces 1s
performed by the simplified system by calculations of the monthly incidence
angle, which gives us equivalent global wradiance values with approximate
values of +-2% between inclinations of 1 to 55° of the photovoltaic generator. It
1s concluded by calculating the real irradiance data of Fuerteventura for flat
surfaces, and generating the polynomial function that describes the monthly real
irradiance in the island according to the generation data of the study facilities.

Keywords: solar energy, photovoltaic, nZEB, irradiation, PV, renewable energy,
energy in Canary Islands.

1. INTRODUCTION

Photovoltaic solar energy is an energy considered as clean and renewable,
recognizing its primary fuel as inexhaustible, which are the energy of the photons
emitted by our star the Sun. Among its most important and main features of this
energy, we can highlight its Free disposition, gratuitousness and its foreseeable
duration of millions of years. In addition, photovoltaic solar installations have the
possibility of being modular and increasing the power of the generating plants in
a simple way, through an increase of generation surfaces, as well as the
possibility of architectural integration in current buildings, which makes it highly
recommended for installation (ZEB) or near zero (nZEB) (Attia, S., Mlecniki, E.,
Loon, §..2011), (Crawley, D., Pless, 8., Torcellini, P. 2009) there being many
examples of its application as integration of photovoltaic solar panels in
buildings (Building Integrated Photovoltaics® BIPV) (ww.batchgeo.com, 2017),
(Yoon, J.H., Song, J. and Lee, 8.J., 2011) and in other types of facilities such as
airports (Riither, R and Braun, P.2009) The main and most important
disadvantage 1s that its production 1s linked to sunlight, so it only occurs during
the day, depending on the weather conditions and the incidence of the solar rays
of the site where they are installed. It 1s also verified that the surplus 1s very
small compared to the solar energy received on the surface of the solar plaques,
which is increasing annually, passing from its beginnings in 1883 with a yield of
1%, (Kenneth, Z. and Paul, H., 1984). up to the current values of the plates of
modern silicon with yields of 25% (Green, M.A., Emery, K., Hishikawa, Y. et al,
2016), being the values of generic panels in the market today, between 12% and
1 6%.

Considering Spain's photovoltaic potential, due to its geographical location, its
annual wradiation and the incentives developed by the different Spanish
governments to stimulate the installation of photovoltaic plants, together with the
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rest of renewable energies (RREE) (Government of Spain, 2007), (Government
of Spain, 2010), (REE, 2017), achieved that installation of grid-connected
generating plants, increased potentially between 2006 and 2011 (REE, 2017).
This continued increase in facilities and the impossibility of sustainability of the
incentive system, the different governments were cutting these subsidies to
production, beginning in 2010 (Government of Spain, 2010) and ending with the
definitive suspension of these subsidies and incentives to production in the year
2012 (Government of Spain, 2012). This meant a standstill of the new facilities
as of that vear, as can be check in Fig. 1 on the evolution of the photovoltaic
power plant at the national level, where it can be observed that as of 2012 the
installed power remains constant without increasing it. Due to this suspension of
the remunerations to renewable, at present the installations with connection to
network no longer have a profitability comparable to the years prior to 2012,
although, due to its expected duration of the installations of 25 years, it has not
stopped being a bad investment, but with a profitability Very low. provided that
legal certainty is maintained in its regulation (Guaita-Pradas, 1. and Mari
Soucase, B., 2014).

w0 Photoveltaic power installed in Spain

4,500
4,000
3,500
3,000

Ez.mn
2,000
1,300
1,000

500

: 2,008 2007 2,008 2008 ZOWD 2011 ZDM2 2013 Z0M4 2,045 2010
Fig. 1. Photovoltaic power installed Spain.
Source: Spanish Electricity Grid (REE)

The self-consumption and BIPV applications have become an interesting model
for their installation (Matallanas, E., Castillo-Cagigal. M., Caamaiio-Martin, E. et
al, 2011) and integration in existing buildings, which together with other RERs
can be made mixed generation models (Gallo, A., Téllez Molina, B.. Prodanovic,
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M., et al, 2014), (Badwawi, R.A., Abusara, M. and Mallick, T., 2015), (Kim,
JH., Kim, H.R. and Kim, 1.T., 2015) to cover the different demands of energy of
the buildings, in order to obtain buildings ZEB or nZEB. On the part of the
International Energy Agency (IEA). a study on self-consumption through solar
photovoltaic energy has been carried out, comparing and informing on the
policies of the different countries (Masson, G., Ignacio Briano, J. and Jesus Baez,
M., 2016) regarding viability and legislation on self-consumption. Spain 1s the
fourth country of the European Economic Community (EEC), with the highest
average annual irradiation (Suri, M., Huld, T.A., Dunlop. E.D. and Ossenbrin,
H.A., 2007), which places 1t in a leading position to achieve high yields n
photovoltaic solar installations, with any self-consumption facility being much
more efficient In Spain than in most countries of the EEC. This generation
potential 1s also applicable to the archipelago of the Canary Islands. an ultra-
peripheral region of Europe, located between the co-ordinates 27° 37 "and 29° 25'
north latitude and 13® 20 'and 18" 10' west longitude, at about 940 Km to the
south of the European continent, but whose average annual irradiation is
comparable to the south of mainland Spain, as can be seen by its consideration as
zone V, according to the zoming made by the techmical code of the building
(CTE) (Government of Spain, 2006) in force in Spain.

Canary Islands, the need for generation through RREE, being an area of special
importance, both ecologically and in the capacity to implement development
maodels compatible with its conservation, is very important, proof of this is that
63% (Government of the Canary Islands, 2016) of the archipelago's surface is
declared a Biosphere Reserve by UNESCO. The canary current energy model
has as one of its main needs to be able to achieve an environmentally sustainable
system, the amplification of the systems of generation by RREE, being in values

of generation by renewable well below peminsular Spain, where this type of
generation has gone from a 19.4% in 2006 to 40.5% in 2016, while in the
Canaries its value has remained almost unchanged. from 6.2% in 2006 to 8% in
2016, as can be observed in Fig. 2, of the structure of electric power generation
between 2006 and 2016.
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e % Renewable energy (RREE
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Fig. 2. Percentage of RREE generation over the total electricity generation 2006-

2016 in the peninsula and the Canaries.
Source: REE

This use of the RREE, has managed to reduce the emission coefficient due to
electricity production in mainland Spain 40%, between the period 2006 to 2016,
being the reduction for the Canary Islands of only 7%. This causes that the
emission factors of the electrical generation are 262% higher in the Canary
Islands than in the Peninsula, as can be seen in Fig. 3.

. Emission factors electricity kg CO,/KWh
0B -_-_-_-_-"'-—-.______-————"--._____

0.7

. M
0.2

ZODG 2007 2008 2009 2000 2001 20012 2003 2,004 2015 2016
kgr CO2kWh Mainland kgr CO2/kWh Canarias

Fig. 3. Evolution emission factors Spain peninsular and Canary Islands 2006-
2016.
Source: REE
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Taking into account the importance of continuing with the reduction of CO2
emissions, due to the influence on the climate change that they produce (IPCC,
2015), and the possibility of realizing systems of self-generation by photovoltaic
solar panels in areas with high irradiation, such as the Canary Islands, it is
necessary to verify that the estimated production data calculated by means of the
different existing irradiation DBs corresponds to the actual generation of the
planned and running plants, since for the estimation of the production of electric
energy by means of PV, the main data needed is the irradiation of the installation
area, being in this case an area of the archipelago of the Canaries, which together
with the charactenistics of the generator itself, will give us the estimated
production values for each generating plant. The irradiation data are obtained
from the different DBs that are publicly accessible, in most cases, and by means
of which an approximate production can be estimated. The different values of the
DBs can generate very high estimation differences, as can be verified in the study
of irradiation data calculated by satellites (Vernaya, C., Pitavala, S. and Blancb,
P., 2014), (Suri, M., Remund, J., Cebecauer, T. et al, 2008) or in the web-based
comparison for Poland (Mazurek, G., 2014) overestimation of the winters and the
summers are underestimated.

The comparisons of data will be made for 8 DB of free access through the
corresponding websites of each of them or through access to public regulations.
The DBs are: PVGIS-Helioclim, ADRASE-Ciemat, NASA, AEMET, Soda-pro,
ITC-Cananas, IDAE-Censolar and UNE standard 94003:2007, comparing the
irradiance data of flat surfaces with the calculated values of irradiation for 11
installations of peak power or maximum installed between 88 kW and 552 kW,
all of them with angle of inclination of the plates of 10°.

2. EXPERIMENTAL

Earth Planet, due to its movement of translation around the sun and the decline of
the axis of rotation, produces a difference in the incidence of solar radiation
between + 23.45° to -23.45° with respect to the reference latitude. This
difference makes it necessary to calculate the decline of the earth each day, to
estimate the optical angle of the photovoltaic solar panels, to achieve the highest
rradiation. For the calculations of the angle of decline of the earth relative to the
Sun, we use the well-known Cooper equation (Cooper, P.1., 1969), which gives
the value of the approximate decline of the reference point at solar noon of the

day considered
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n|= R -l|- * S2n *

Where "n" i1s the chosen day counting from January 1 to the day in question. In
this study we will use the average decline for each day 15 of each month (14 in
February), to later calculate the optimum slope of the collectors on that date,
where it would receive the solar rays in a perpendicular way and be able to take
advantage of 100% of the energy. The angle of each day will be given by the
formula:

B(n) =6 —8(n)

Where "8" 1s the latitude of the place, "5 (n)" is the declination of the earth on the
chosen calculation day. It should be noted that the slope or angle of the collectors
calculated will be South in the Northern Hemisphere and North in the Southern
Hemusphere.

The other adjustable angle of the solar panels i1s the azimuth, which 1s the
orientation angle of the panels with respect to the north south axis thereof. In our
case the facilities are always oriented to the south to 0° per local will not be
considered. Since the azimuth 15 a not very important reduction factor, with
annual values that, according to the CTE, the value of approximate losses can be
calculated for slope values of panels larger than 15°, by means of the function:

L,=1-(35+10"%+p%
Where "u" 1s the azimuth angle to the South.

We must consider that the global irradiation data of the different DBs that are
obtained are for flat surfaces, so it i1s necessary to calculate the same for inclined
surfaces. To obtain this new value as accurate as possible, the values of the three
components of direct, diffuse and albedo radiation must be found, with several
methods for obtaining and estimating them (Muzathik, A.M., Ibrahim, M.Z.,
Samo., K.B. and Wan Nik, W.B., 2011). (Aggarwal, R.K., 2013), (Nooriana,
A.M., Moradib, I. and Kamalia, G.A., 2008), (Klein, S.A. and Theilacker, J.C.,
1981). For our model of approximation, we will use the global irradiance values
of the DB for the flat surface and calculate the global irradiance value for the
angle of inclination of the panels, according to the latitude of the place, for the
15th day of each month (14 In February), with the calculation function where the
multiplying factor of the irradiance value 1s obtained for flat surfaces, and will
give us the approximate result for the inclined surfaces, by means of the
following function:
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cos (6 —a—8(n)
cos(B — &(n))

G(B) = K(n) * G(0%)

Where "0" is the latitude of the place, "n" is the chosen day counting from
January | to the day in question, " (n)" is the declination and of the earth on the
chosen calculation day, A "is the fixed inclination angle of the solar panels e" G
(0°) "is the irradiance value for flat surfaces at 0°.

K(n) =

The approximation values of this method are sufficient for this study, since as
can be verified in Fig. 4, the differences between the values calculated by this
method described above or by the decomposition of global irradiation in direct,
diffuse and albeo that the base performs of European PVGIS-Helioclim data, we
obtain a maximum difference for the average annual value of 5% at inclinations
of 70°. In our research, with 10° tilt angles, the difference is 1.31% over the
annual average. so we will use this approximation method.

8%

Difference% between real and estimated
value

-
»
©

% Difference
N

S0 55 60 65 TO

10 IS5 20 25 30 35 40

Angle PV

Fig. 4. Differences between the value obtained by PVGIS and the approximate
used, for the annual average of irradiation.

2.1. Calculus production

To carry out generation calculations using PVs, it is necessary to consider the
incident radiation at each moment, the maximum or peak power of the generator
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and the total losses, which are included in a total efficiency index known as
"Performance ratio” (PR) (UNE-EN, 2000). With the following function we
calculate the generated energy injected in the network, at each moment:

Ereq = PR+ G(B, 1) * P,

Where "PR" 1s the global loss index that encompasses all losses of the system,
"G (P, n)" 15 the mean irradiance according to a declination and a given azimuth
and "Ppp" 1s the maximum power of photovoltaic generators

The calculation of the PR i1s made considering all the losses of the generating
system, which are given by the function:

PR=(1—(Ly+Lp+Lg+Ly))*Lg+Ly=*Ly
The meaning and calculation of the different terms of the equation are as follows:

#  Temperature loss of the "LT" module. Due to the operation at a
temperature different from the one calculated in standard conditions, it
generates losses that we calculate them by the method of Osterwarld
(Osterwald, C.R.. 1986), that according to the T® of the cells we will
have losses, that comes given by the function

Ly =1—(y*(Tc — 25))
NOCT — 25

800 )
Where "Gin" is the instantaneous or average daily radiation in W/m?, "y"
1s the coefficient of varmation of the maximum power point with
temperature, "Tc" is the plate temperature, "Ta" i1s the ambient
temperature and "NOCT" (IEC, 2016) is the nominal operating
temperature of the module for radiation values of 800 W/m?, 20°C

ambient temperature, with AM 1.5G spectral distribution and 1 m/s air
velocity.

TE =Ta+ [Gin*

#  Lost by dispersion of parameters "LD". The PVs are not the same and
have a power difference between them, so these differences create losses
In generation.

»  Dirt of "LP" plates. Losses due to dust on the modules. In Canary Islands
due to the episodes of “calima™ (Viana, M., Querol, X., Alastuey, A. et
al, 2002), this parameter becomes very important and its value can
become very high if the modules are not cleaned regularly.

»  Lost by angular and spectral reflectance "LR". Due to the angles of
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incidence of the solar rays and the selective spectrum of the photocells,
whose current generated 1s different for each wavelength of the solar
spectrum of the incident radiation.

#»  Losses due to the efficiency of the "LIn" inverter. The European
efficiency value of the inverter (UNE-EN, 2013) given by the
manufacturer, which is calculated by the function

Ne = z day * Nij_MPP

Where "aeu" is the European weighting factor, "mi_MPP" corresponds to the
inverter / follower performance / efficiency value for the maximum
power point, "n5" represents the performance at 5% of the power of the
follower, "nl10 " to 10% and so on, with the different yields expressed for
the powers represented by the subscript.

#  Lost in "LE" electrical wiring. Total losses due to voltage drop from the
DC and AC part.

#  Other "LV" losses. There are several other losses not previously
considered.

To make a comparison of the efficiency of the systems using a common unit or
index, the value of YF (UNE-EN, 2000), which represents equivalent or peak
solar hours (HSP), 1s a unit that measures solar irradiation and is defined as the
time in hours of a hypothetical constant solar irradiance of 1000 W/m® calculated
in standard conditions (STC), that in case of knowing the generated energy is
given by the expression:

E
\FF:HSP:P—"“'

PP

Where "Ered" is the generated energy injected into the grid, and "Ppp" i1s the
maximum power of photovoltaic generators.

2.2. Methods

The method used to compare the actual data with those of the study DBs was the
following:

1.  Imtially the data of the wradiation values of the different DBs of their
web pages or recognized documents and those of production of the study
plants supplied by the managers of the facilities were obtained.

]
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2

We pass the irradiance value from flat surface to inclined surface of all
DBs. obtaining the monthly irradiation values at 10° of inclination, as
well as their average, maximum and minimum values.

3.  We calculate the average "PR" for all the research facilities, for which
we took the average radiation values of all the data of the monthly DB,
obtaining the value of the PR for each month. As the plates are with
similar characteristics we use the standard values for all of them.

4.  With the data of monthly irradiation and "PR" we calculate the
equivalent HSP of each of the DB. The HSPs of the different facilities
are also calculated by monthly production of the same and their
maximum power or peak installed, obtaining the monthly data per
installation as the averages of the generation of the years per installation.

5.  We compare the average real HSP data of all the facilities, compared to
those of the study DBs at the 10° angle of the plates. Compare the actual
generation data with the different DBs: total annual values and monthly
values.

6.  We pass the actual HSP generation data to equivalent flat surface values
at 0°, using the conversion factor K and compare the values. With this
data we calculate the equivalent irradiation on flat surfaces at 0°.

7.  We compared the values of annual and monthly irradiance on a flat
surface at 0° of DBs with respect to the calculated real equivalent for the
investigated facilities.

8.  Calculate the polynomial function for the equivalent irradiation curve in
Fuerteventura using the calculated irradiance data from the real
installations.

Fig. 5 shows the flow diagram of the research carried out to obtain the actual
irradiation data of the installations and their comparison with the data of the
different general use DBs

]
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Fig. 5. Research Flow Diagram.

3. ANALYSIS DATA

The data of solar irradiation are fundamental to be able to realize any calculation
of photovoltaic installations, being able to obtain the same ones of several local
or global DBs. In this study eight international comparisons are being made,
widely used by designers around the world. Have been chosen for the realization
of the investigation are the following:
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» PVGIS — Helioclim (PVGIS, 2017): the EEC photovoltaic information
system, which through the network of meteorological stations, satellites and
by means of data interpolation, performs its irradiation calculations with a
GIS positioning system and the model "r.sun" (Stri, M., Huld, T.A. and
Dunlop, E.D., 2005). Widely used by all types of institutions and designers,
with data from Europe, Africa and Asia for any inclination.

> ADRASE - Ciemat (ADRASE-CIEMAT, 2017): Access to solar radiation
data from Spain (ADRASE) of the Spamish government's energy,
environmental and technological research center (CIEMAT), which supplies
solar radiation data from Spain with a resolution of 5x5 km, with averages of
values from the last 20 years of satellite measurements and 50 ground
stations. Calculations are obtained for percentile 25 and 75, as well as
maximum and minimum (Polo, J., 2012) of the different zones. Data are
taken from the 75th percentile for the study.

» NASA-SSE (NASA-SSE, 2017): meteorological and solar data sponsored by
the US National Aeronautics and Space Administration (NASA) in the
Surface Meteorology and Solar Energy (SSE) program, which provides data
for the whole world, with solar radiation values on a horizontal plane. Covers
a resolution of 100x100 km. Average of temporary data of 22 vears. It
compares the data of the satellites with those of its world stations on land.
Widely used globally for comparative irradiation studies (Gairaa, K.,
Benkaciali, S., 2011), (Mitrushi, D., Berber, P., Irma Bérdufi, L. et al, 2015),
(Piragnolo, M, Masiero, A., Fissore, F. and Pirotti, F., 2015).

» AEMET (AEMET, 2017-1): data provided by Spain's state meteorological
agency (AEMET), whose data have been condensed into Spain's solar
radiation atlas (Sancho, J.M., Riesco, 1., Jimeénez, C. et al, 2012), with data
averages from 1983 to 2005, using satellite data and of the national
radiometric network. Average values data are used. The resolution of data is
of 3x3 km and the values of provincial capitals are given. In this case, data
from Las Palmas de Gran Canarias are used.

» Soda-pro (Soda-pro, 2017): A service created from the Information Society
Technologies (IST) program of the European Commission for the year 2000
(Gschwind, B., Menard, L., Albuisson, M. and Wald. L., 2006). This service
offers time series of monthly, weekly and daily values of global solar
irradiation in a horizontal plane, as well as the monthly irradiation received
by a plane normal to the solar rays. The geographical coverage corresponds
to the field of vision of the Meteosat satellite, ie, it covers Europe, Africa, the
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Atlantic Ocean and the Middle East. The spatial resolution 1s approximately
20x20 km. The temporal coverage of the data i1s from 1985 to 2005.

» ITC-Canarias (ITC-Canarias, 2017): data from the Canaries of the Canary
Islands Technological Institute (ITC) which have been obtained from 51
radiometric stations between 1998 and 2009. A geographic information
system with approximate resolution of 250x250m per pixel. The data are for
horizontal global irradiation and global horizontal irradiation to sky. The data
we use are horizontal global irradiation.

» IDAE—Censolar (IDAE, 2017): the Institute for Diversification and Energy
Saving (IDAE) also makes available the solar radiation tables of the
company Censolar, for use in the calculation of solar thermal plates (IDAE.
2009), checking its utility for photovoltaics® in this study. Average data on
the irradiation of provincial capital of various models of calculation of
external radiation and by measuring stations, with adjustments of
approximately -10% of the actual values that are not useful for useful
generation. It refers to provincial capitals, in this case, the data of Las Palmas
de Gran Canarias are used.

» UNE 94003:2007 (UNE-EN, 2007): Spanish national standard that provides
the reference wvalues of global daily irradiance, daily and monthly
temperature on horizontal surface, for calculations of low temperature solar
thermal plants, but we will check in this study its Useful for calculations of
photovoltaic generation. It refers to provincial capitals, in this case, the data
of Las Palmas de Gran Canarias are used.

In the following Table 1, all the data of average irradiation for honzontal
surfaces of the different DBs for the study area, that is the capital of the island of
Fuerteventura, Puerto del Rosario, located in the coordinates 28.50° north and
13,86 west. This is the eastern most and closest island to Africa, the archipelago
of the Canary Islands (Spain). The data will be compared to verify the maximum,
minimum and average values of the different DBs, where the differences
between irradiation values are very high, reaching wvalues of about 28%
difference. In the annual averages. we find differences of 20%, values which to
make estimations are already considerable, for calculations of wviability of solar
installations and must be considered for adjustments of possible projects. The
shaded DBs give values of the provincial capital, Las Palmas de Gran Canarias
and not Puerto del Rosario, being those that must be used for the whole province,
for which, these values are used for comparison.

]
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Table 1. Solar irradiation data in kWh/m* month of study DB for horizontal
surfaces 0°

MONTH PVGIS ADRASE NASA AEMET Soda ITC IDAE UME Max Average min % DML
Helioclim Ciemat Pro Canarins Censolar 94003 Max min

JAN. 3980 1500 3700 3760 3040 3475 L 3720 3%E0 3548 3111 1T.0%
FEE. 4810 4700 4630 4450 4910 4439 IS4 4435 4910 4540 34 24.5%
MAR. 5910 5900 5860 5380 60130 5864 45944 5341 6130 5666 4944 I4.0%
APR. 6850 6700 GHI0 6240 6410 6428 544 6132 650 6377 S444 IS5EW
MAY 73590 T4 T30 6.6T0 6960 7.202 6027 6618 7400 6948 60217 ILE%
JUM. 7.540 TT00 T30 65T 6.620 7.407 6230 6742 TTOD 7019 6230 23.2%
JUL. 7530 7600 6990 6570 7.530 7.357 6,750 6747 TedD TI34 6570 15T%
AUG, 7.210 TOM  GEED 6380 6980 6899 6083 6354 710 6714 60E3 18 T%
SEF. 6280 6000 G110 5730 5850 6.024 5500 5680 62E0 SHOT 5500 14.2%
T, 5210 4700 4990 523 4870 4716 4194 4766 320 4834 4194 14.5%
MOV, 4200 1700 3930 3E40 4060 3637 3416 3914 4200 3ES0 3416 13.0%
Dic. 3660 1200 3400 3470 3260 3182 297> 3462 1660 336 2972 111%

Averape 590 56T 5660 5357 5580 5553 4HEY 5316 SH9D 5491 4ERY 205G

The data of temperature and daily mmsolation will be used those supplied by
AEMET for the station located in the municipality of Puerto del Rosario through
several programs of public use of AEMET (AEMET, 2017-2), (AEMET, 2012)

and obtaining the values that appear in Table 2.

Table 2. Temperature and insolation data of Puerto del Rosario, Fuerteventura.
Source: AEMET

Month Imsolation Insolation T Average  T" Average % Differ Averages
hours/month hours/day 1980-2010 2010-2015

JAN. 190,00 6,13 176 184 4.82%
FEB. 189,90 6,78 179 182 1.40%
MAR. 233,00 1,52 18.9 190 0.33%
AFPR. 242,30 8,08 19.5 20.1 3.18%
MAY. 280,20 0.04 20,6 221 7.31%
JUN. 184,80 949 22,5 23,2 3.20%
JUL. 293,90 0,48 24 245 2.07%
AUG. 188.80 032 4.6 25.5 3.66%
SEP. 246,20 8.21 244 248 1.53%
OCT. 227,10 133 229 24.1 5,15%
NOV. 202,60 6,75 209 215 3.05%
DIC. 185,90 6,00 18.9 19.6 3.68%
Average 1835,50 7,77 1,1 1,7 3,08%
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It can be observed as the average temperatures of 1980-2010 and 2010-2015
have increased an average of 3% in recent years, due to which we will use the
average data of the most updated years for the calculation of temperature losses
calculations solar panels. The average monthly sunshine data will also be used by
AEMET as they are based on the observation data of the Puerto del Rosario
weather station with average historical data from 1980 to 2010. The solar hours
of the month of February are referred to 28 days.

The characteristics of the island of Fuerteventura, where the installations are
located, i1s extremely arid, with 86.6% of the area classified as and and the
remaining 13.4% 1s semi-arid (Tejedor, M., Jiménez Mendoza, C.C., Diaz Peia.
F. et al, 2013). Suspension is usually quite high because of the sand and dry land
of Fuerteventura geography. To the dust in its own suspension, we must add that
of the Saharan air masses that regularly affect the Canary Islands and the 1sland
of Fuerteventura mainly due to its proximity to the Sahara (Dorta, P., Gelado,
M.D.. Hemandez, 1.J. et al, 2005), (Dorta, P.. 1999), as well as the insignificant
annual rainfall, With a mean of 98 mm annually, less than 0.3 L/m® per year,
causes that the losses of the plates by dirt due to the dust, are very high in these
installations, if it 1s not made a correct maintenance and control Of cleaning
them.

Table 3. Fuerteventura Facility’s data.

Installation Mark Maodel T TONC w' Efficiency Wpp NPV Peak Rated
CoefT. Py Py Power power

FEM SolarWorld SW220 D48 46 168 13.12% el | 4] EE.0D0 RO000
INF SolarWorld  SW230 A48 46 168 13.72% I3 1520 4401600 400000
HIE SolarWorld SW230 A48% 46 168 13.72% I3y 2400 552000 500000
INS1 SCHOTT  ABEI&ST-170 D47% 45 1.31 12.596% 17 59 100640 900000
INS2 5KY SCM T2-180 D45 46 1,32 1361% L8y 576 103680  100.000

GLOBAL

INS3 Photowatt  PWI630-175  043% 47 1.X  13.55% 175 495 E6625 10000
FWI1as0-170  -D43% 47 LY 13,16% 17 175 29750

INE4 Photowati  PW1a30-175  043% 47 1LY 1355% 175 455 &0.625 100D
PWI650-170  043% 47 LY 13.16% 17y 175 20750

INSS Photowatt  PW20530-360  043% 47 147 13.64% ik 318 103600 90,000

INS6 SolarWorld  SW240-245 A% 46 LaR  14.61% M5 He 109.760  [D0.ODH

CAR Photowatt  PW2030-210  -0.43% 47 147 1432% 21 512 107.520 10000

A Photowatt  PW2030-105  0.43% 47 147 13.98% M5 La0é 329230 300.000
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Table 3 shows the main data of the 11 study facilities, where there are
installations connected to low voltage and medium voltage, with maximum or
peak power values ranging from 88 kW to 552 kW, with nominal power greater
than 100 kW connected to power transformers medium voltage. All equipment 1s
located on roofs and flat or sloping roofs of industrial buildings. The models of
panels are of silicon polycrystalline with values of variation of the coefficient of
temperature of between -0.43% °C to -0.48% °C, with an average value of -
0.45% °C, as well as a nominal operating temperature Between 45°C and 47°C,
with an average of all facilites of 47°C. The efficiency of the panels is between
minimum values of 13% and above 14%, with an average efficiency of 13.62%.
With all these data can be considered that the different panels are of similar
charactenistics to each other, so the calculations of losses and PR value, we will
perform with the average wvalues of the study facilities. Another wvery
characteristic feature of these facilities is The angle of inclination of the panels of
10°, which 1s with all these data can be considered that the different panels are of
similar charactenstics to each other, so the calculations of losses and PR value,
we will perform with the average values of the study facilities due to the need of
space saving to be able to install more solar modules in the existing surface, that
Is to say to increase the installed power by unit of surface, but without producing
shades that diminish the generation in winter. If we consider that the minimum
distance between rows of panels must ensure that the generated shadow produces
4 hours of sunshine around noon of the winter solstice (IDAE, 2011), we can
calculate the minimum distance between contiguous panels by the following
function:

h— L*sina
~ tan(61— @)

Where "L" is the height of the panel, "0" is the latitude of the location and "a" 1s
the fixed inclination angle of the solar panels.

Considening this way of calculating it, we verify that the differences between
placing the solar plates at the optimal angle of 28" at this chosen angle of 10°
reduces the distance between panels by 65%, which means that the distance is
1.7 times lower with this chosen angle, and instead the energy production of
using the optimal angle of inclination 28° would only increase by 4% than if we
used the chosen inclination of 10°. This motivates that the cases of reduced
surfaces in roofs of existing buildings, it 1s advisable to use small angles of
inclination to be able to install as many photovoltaic modules in the smallest

]
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possible space, which in this case, is the own one of the roof of the ship where
the generators are installed, and in this way, increase the installed power per unit
area.

4. CALCULUS

To calculate the losses by estimating the PR, the irradiation is taken from all the
irradiation values of the DBs, once adjusted for the 10° inclination angle of the
study facilites, and with the daily insolation data, the radiation values are
obtained, with which the temperature loss data can be calculated. The rest of the
values of losses and average efficiency used. will be those of the following Table
4. where they appear the generic coefficients of calculation.

Table 4. Loss or efficiency values for calculations. Source: IDAE and own.

Mame Description Value
Lr Temperature losses Calculate
Lo Lost by dispersion 2,0%
Ly Lost dust and dirt 3.0%
Lr Lost reflectance 3,0%0
Lin European Investor Efficiency 95 %
LE AC and DC circult efficlency 97 %
Ly Efficiency due to other losses 0

Fig. 6 shows the graph of the PR value for the different months, checking the
validity of the calculation model, since the differences between the maximum
and minimum radiation values only influence + - 1% of the PR average value.
We take these average values to perform the calculations.

]
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Fig. 6. Differences in PR values according to average, maximum and minimum
irradiance data of the different study DBs.

In the following Fig. 7 the values in columns of the actual generation of the
different installations per year in MWh appear. The values of the graphs, being
of installations with different maximum peak power, are not comparable to each
other, for which we must pass the data to the same indicator that does not
consider the generated total energy but the HSP equivalents of production, and in
this way, we can compare all the facilities to referring an equal index and with

the same umnit.

1 —
241
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Fig. 7. Production values in kWh of the different installations per year.

To carry out the calculations of the facilities to obtain their equivalent HSPs, we
take the average generation values per month and per year of each installation,
with respect to all the annual and monthly data we have obtained from the
different installations. The calculation performed i1s for the daily averages of
HSP. which 1s calculated by dividing the actual produced energy value between
the installed peak power and this value i1s divided between the days of the month
to have a daily HSP value, which will be the comparable data for all generating
plants. Once this value is calculated, the plants can already be compared to each
other, by a same ratio, independent of the total installed power. Fig. 8 shows all
the average production curves in HSP calculated for the average of each month,
with the data of all the years of study of all the generating stations, as well as the

average values, maximum and mimimum of the same ones of the Total of the
same
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6.3 HSP Average for installation of PV 10°
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Fig. 8. Average real HSP values of the years of the different installations with
panels with 10° angle

Table 5 shows the average monthly HSP data of the data obtained from the
different stations of study, calculating the average generation per month of the
vears that have data, with the monthly and annual maximum and minimum
values, as well as the Standard deviation of the same. The months of greatest
differences are those of February and September, which has a variation of 27.6%
between generations of plants. The average annual difference reaches 14.9%
between the maximum and minimum values, so the average value we get, will
give us results that will be within the limits of + -7.5% of the estimated real
value, with the data between +6% and +14% according to the calculated months,
with respect to the average value obtained, with an average standard deviation of
the annual data of 0,34 HSP.

]
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Table 5. Maximum, minimum and average values of HSP and their deviations
for the study facilities 10°.

Month  Max  Average min  Diff. % Max-min Standard deviation

JAN. 3729 3.09 2.86 13.2% 0,22
FEB. 422 3,70 3,06 27.6% 0,58
MAR. 4,93 4,53 3.89 21.2% 0,53
APR.  5.50 495 4.44 19.3% 0,53
MAY  5.59 524 4,71 15.8% 0,44
JUN. 6,06 553 5,05 16.8% 051
JUL.  5.86 534 4,72 19.4% 0,57
AUG. 527 4,96 4,61 12,5% 0,33
SEP. 4,82 437 3,60 25.3% 0,62
OCT. 3.9 3.64 3,17 18.8% 0,37
NOV. 3,13 2.83 2,51 19.9% 031
DIC. 2.93 271 248 15.3% 0,22

TT 458 4,24 3,89 14.9% 0.34

The last comparison we make between the real values of the plants is the YF,
which corresponds to the annual production HSP. This value is calculated by
dividing the actual output with respect to the installed peak power. This figure is
very important for producers, since this annual value 1s tabulated by law in the
CTE, according to the climatic zone and the type of installation and there are a
maximum allowable production values for the payment of production premiums.
For study facilities that are untraceable and in climatic zone *V™, it has
maximum values of HSP of 1753, not exceeding this value of the plants, as can
be observed in Fig. 9 where the different values of HSP of all the facilities and
all the years of investigation, being verified that the maximum values are above
the 1600 hours, as the FEM with 1635 hours, INS3 with 1607 hours, INS4 with
1609 hours, INS5 with 1636 hours and the highest equivalent production, which
is the newest installation INS6 with 1655 hours, but none exceeding the
threshold of 1700 equivalent hours
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Fig. 9. HSP annuals (YF) Facility’s study.

4.1 Comparison of Actual and Projected Values

Once we have verified and calculated the actual data of the different facilities, for
HSP values, we will compare these values with those estimated in the different
study DBs, for which we pass the irradiation values shown in Table 1, To new
values of global wradiance of plates inclined to 10° with the value of the
calculated coefficient K, we multiply it by irradiation to 0° and give us the value
for 10°. With this global irradiation value on the plates at 10°, we perform the
total HSP calculations, for which we divide the value between 1000 kWh/m?, and
finally perform the calculation of the useful HSP by multiplying by the
previously calculated monthly PR value. With the data obtained,

]
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Table 6. Summary of daily HES values of the different databases already
calculating the total losses by the factor PR with respect to the real value
obtained from the study facilities for a 10° angle

Installation Mark Maodel T TONC m' Efficiency Wpp NPV Peak Rated
Coefl. Y MY Power power

FEM SolarWorld SW220 -148% 46 LR 1312% 00 400 ER.DOD #0000
INP SolarWorld SW230 -048% 46 .68  13.72% 1300 1510 441600 S0000
HIE SolarWorld SW230 -048% 46 168 13.72% 130 2400 552000  SO000

INS1 SCHOTT  ASEL&ST- 170 -0.47% 45 1.3l 12.%% 1T 592 100640 90000

IN&2 SKY SCM T2-180 -0.45% 46 132 1361% I8 576 103680 10000
GLOBAL

IN53 Photowatt  PWI630-175  -0.43% 47 L.X¥%  1355% 175 495 B662S 100 0o}
FWIlaz0-170 043 47 1L.¥  13%]16% IT0 175 29950

IN54 Photowati  PWIa30-175  -043% 47 LY 1355% 175 495 B6uG2S 10 O}
FWIas0-1T0  -043% 47 L2 1316% I/ 175 29750

INGE Photowatt  PW2050-200  -043% 47 14T 1364% ey 518 103600 0000

INSG SolarWorld SW240-245 -045% 46 168 14.61% 45 448 109.760 D000

CAR Photowatt  PW2030-210  -043% 47 147 1431% o 51 107520 10000

0CA Photowatt  PW2030-205  -043% 47 147 139% M5 L6086 329230 00000

Table 6 is generated. showing the actual calculated values for the study facilities
and the theoretical values of the DBs, where the differences between the HSP
values of each DB and the real can already be verified. With these values we
perform the calculations of comparison of all the generation data of the different
research plants that are converted from kWh to HSP. Fig. 10 shows the annual
average differential values of the calculated values of the DBs, where the DBs of
the UNE 94003 and AEMET are the ones whose projection is closer to reality in
all cases, with average differences that do not exceed 5%, the value calculated by
PVGIS which gives higher values with an average difference of 12.9%.
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= Differences % between HSP real value
and DB annual to 10°

PVGIS Helioclim ADRASE Ciemat NASA
AEMET s Soda-pro 1TC Canarias
IDAE Censolar UNE 94003

Fig. 10. Differences between total annual values HSP calculated from irradiation
DB, with respect to the real value with the plates at 10°.

It can also be seen how there are generating installations whose calculated value
predicted with respect to the real becomes 22.6% higher. in the installation of
INS2 with PVGIS data. The differences between the maximum and minimum
values are between the different DBs with respect to the annual data between 1%
and 10.2%, proving that the differences between the DBs are very linear and
follow a very similar irradiation function. Fig. 11 shows the representative
graphs of the existing differences between the actual values as compared to those
of the monthly level. This i1s observed more clearly as the winter and autumn
months are the ones that generate greater differences, which become Up to 31%
higher than the values observed in the real installations, and are the main cause
of the annual differences that forecast much higher values of generation than the
real ones. While in the summer months, the values are quite close to reality,
being even lower in some cases. Again, the values obtained by the PVGIS
database are those that give higher values, while the values of IDAE-Censolar
have lower values than the real ones, and the values of the standard UNE 94003
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and of the AEMET Which are more like reality, even so, all of them being overly
optimistic in HSP values for the months of November mainly.

Differences % between real value and
monthly DB to 10°

%% Dif: PVGIS Heliochim
- % Dif. NASA
e %% Dif. Soda-pro

% Dif: ADRASE Ciemat
% Dif. AEMET
% Dif ITC Canarias

Fig. 11. Monthly differences between total HSP values calculated from
irradiation and real DB.

Once verified and demonstrated the differences of values between the DBs
respect of the real production data of the studied facilities, we must calculate
what the actual irradiation incident on flat surfaces of the plants of Fuerteventura,
to verify the differences of real values of irradiation With the DBs. Having the
average HSP value of the installations with the solar plates inclined 10°, we
perform the theoretical calculation of HSP equivalents for a flat surface 0°,
calculating the divisor factor K for each month, which is the same one that we
use for the Adjustment of the irradiation of the DBs to 10°. Calculating the value
of HSP with losses due to the PR factor, we have to calculate the real incident
value without losses, dividing this value between the efficiency coefficient of the
system or PR previously obtained, finally obtaining the actual value of HSP for
horizontal PVs of 0 ° angle. With the actual value of HSP which allows to have
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radiation incident, multiplying that value by 1000 kWh/m®. Table 7 shows the
data corresponding to HSP with losses and real, at 10° and 0° as well as the
values of PR and K, obtaining the final value of the irradiation without losses and
for flat surfaces at 0°.

Table 7. Average values of HSP, coefficients PR and K, and irradiance value
equivalent to 0°.

Month k HSP PR HSP PR PR HSP 0" Irradiation

107 0" kWh/m*

JAN. 1,19 3.09 2,59 716,45% 3,39 3.394
FEB. 1,14 3,70 3,24 15,75% 4,28 4.282

MAR. 1,09 4,53 4,15 14,79% 5,35 5.554
APR. 1,04 4.95 4,74 74,30% 6,38 6.380
MAY 1,01 3,24 3,17 714,00% 6,98 6.983
JUN. 1,00 3,53 5,53 74,00% 7.47 7.467
JUL. 1,01 3,34 5,31 13,30% 7,25 7.245

AUG. 1,03 4.96 4.81 13,05% 6,59 6.587
SEP. 1,07 4,37 4,09 13,06% 5,59 3.593

OCT. 1,12 3,64 3,25 13,06% 4.41 4.410
NOV. 1,18 2,83 241 1543% 3,19 3.191
DIC. 1,21 2.7 2,24 16,22% 2,94 2944

TT 4.24 3.96 74,50% 5,34 5.336

Comparing the annual average annual wrradiance values for flat horizontal
surfaces of the DBs with respect to the calculated real value, we obtained Fig.
12, where we can graphically check how the values of AEMET DB and UNE
94003:2007 only differ from + - 0.3% in relation to the real value. The biggest
differences are PVGIS with a value higher than + 10.2% and with the data from
IDAE -Censolar that values are much lower than -8.5%. It 1s very important to
keep in mind that these data refer to irradiation on flat surfaces, ie at 0° of
inclination. The calculated values of irradiation show that for annual values the
differences are not very excessive, considering that the values of + - 5% per year
are acceptable, among which we can consider AEMET, Solar-pro, ITC-Canarias
and UNE 94003 DBs acceptable.
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Differences % between real irradiation and DB
irradiation annual to 0°

107

«DICPVGIS % Dif « Dif. NASA o Dif. 2 Dl( Soda- Dxr Imc '. AE %6 IMf. UNE
Helioclim  ADRASE AEMET 4ol
Ciemat

-107%

Fig. 12. Percent annual differences between the real value and the DB for
horizontal surface irradiation.

We also compare the monthly irradiation data of all the DBs with respect to the
calculated real, showing in Fig. 13 the graphs of the different irradiations, where
it can be observed how the real irradiation i1s found, in most of the months,
between the Values of the different DBs, being in the months of November and
December when its value is inferior to all DBs. The data of IDAE-Censolar
always are well below the rest of values of irradiation, as well as those of PVGIS
also usually have the superior value of the rest in most of the months, reason why
it gives calculated values of tan generation Generous in most of the months. To
perform rapid calculations of irradiation of Fuerteventura, we have calculated the
characteristic polynomial function, which is also shown along with the previous
graphs, performing the regression of the real irradiation data, giving us the value
of the charactenistic function, which can be used to make the necessary monthly
approximations for calculations of photovoltaic production.

y =-141,51x* + 1741,3x + 1682,5
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Irradiation real and DBs at 0°

6,500

5.500

4,500

3,500

y=-141.51x*+ 1741.3x + 1682.5

R? = 0.9455 S
2,500
1 2 3 4 5 6 7 8 9 10 11 12
Month
=ww= REAL PVGIS Helioclim ADRASE Cremat
NASA Atlas AEMET e Soda-pro
ITC Cananas IDAE Censolar UNE 94003

Fig. 13. Curves of real irradiation and of the DB for Fuerteventura.

Table 8 summarizes the percentage differences between the actual irradiance
value calculated for the installations and the data that the different DBs offer us.
where the contrasts between real values and those obtained by the DBs are
appreciated. To highlight the great differences of the month of November in all
cases.

Having real values of irradiation is very important for its use in monthly and not
only annual electricity generation forecasts, since at the moment the current
facilities that are made of self-consumption is necessary to have real monthly
values, in order to calculate the effective savings according to the electric rate of
each billing period, which changes according to the hours and months of the year
according to 2, 3 or 6 tariff periods (Government of Spain, 2008) and thus make
the amortizations in the shortest possible time. Along with the monetary savings
achieved, savings in CO; emissions must be considered to achieve low emission
buildings as well as a real alternative to near-zero energy (nZEB) projects.
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Table 8. Percentage differences between the real value and the values of the DBs
for irradiation in horizontal surfaces at 0°

Month PV PYGIS ADRASE NASA AEMET Soda- ITC IDAE UNE Max  Average min
real  Helinckim Ciemat pra  Canarias  Censslar 94000
value

JAN, 3334 173% 1% 0% 10E% -T5%  24% 3% 946% 173% 4.5 -Bi%
FEB. 4281 123% 9.3% B1% 3%% 4™ 3T e 36% 4™ e T
MAR 5534  64% 2% 55%  -31% 104% 5.46% -1L0%  -3E% 104% 20 -11.0%
APR. 6380 T4% 50% 6T -22%  05% 08% -147% -319% T4% Ol -147%
MAY 6983 58w 60% @ 48%  45%  -03% 31% -137% -52% 60% -0.5% -137%

JUN. T467 10 31% -20% -120% - -0,8% -163% 9.7 11% -60% -163%
11.3%

JUL. 7245 3% 49% -35% 93N 3% L5% 4.8 -6%% 49%  -1L5%  93%W
AUG. 6587 96 63%  44% A% 6l 4% LT -35% 94% Ll T
SEPF. 5591 123% 73%  21%  I14% 460 T =1L L5% 123% S54%  -1LTh
OCT. 4410 184% 66%  131%  1E4% 104% 6.9% 4% BI% 184% 6% 4%
NOY. 1191 3.6% 150% I3I% I103% J04%  140% T0%  ILT% 3l.6% I046% T.0%
DIC, 1944 243% 1% 155%W 179% 10.™% &.1% 09% 17.6% 243% [30% 059%

TT 3336 104% 64% 60% 04% 46% 41% -B4%  02% 104% 2% B4

5. DISCUSSIONS AND CONCLUSIONS

Through this research study of irradiation companson of general DBs with
respect to real data, it has been verified that all DBs have different data, not

agreeing their values in any case and with very large differences according to the
calculation months. It is verified that the actual data differ from those projected
in absolute and monthly annual values, with very large variations depending on
the DB used. It has been possible to verify and conclude that:

# The calculation of wradiation for inclined surfaces can be made by the
simplified method to values close to 55° of inclination, with differences of +
-2% that can be assumed in most projects.

# When installing PV in areas where the surface of use i1s very important and
high values of installed power per unit area are required, smaller angles of
inclination should be chosen, lower than the optimum value, to reduce the
distance between Modules and thus increase the installed power per unit
area.

# The different DBs do not agree in their values or in their production
estimates, so their use must be careful and whenever annual and non-
monthly estimates can be made, whose values are more closely adjusted to
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actual productions.

# When 1t 15 necessary to make monthly production estimates, you must
perform calculations with several DBs and take the average values to obtain
more reahistic adjustments.

# The DBs that have more real values, to be able to make correct estimates, are
those that have been calculated by observation and crossing of data of
stations, being for the zones of calculation, those generated by national
estates, recommending the use of the data from the UNE 94003:2007
standard and AEMET data with a difference of less than 1% per year for
horizontal surfaces. The PVGIS database 1s too optimistic in its calculations
and its values tend to be with 10% higher yields.

# To carry out more accurate calculations and forecasts, account must be taken
of meteorological and land-type data, since in this case it 1s verified that
being an arid zone the losses are probably higher due to dirt on the plates and
losses by Dust in suspension in the months of winter and autumn, due mainly
to the calima, for which a future vestigation on the influence of this
phenomenon in the production would have to be made.

# The most up-to-date and modern facilities have a higher efficiency with
equivalent HSPs per plant which can be up to 7% higher than the average.
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Abstract

This article presents a comparative study of energy and
water consumption in four-star hotels in the Canary Islands
{Spain), specifically on the islands of Fuerteventura and
Lanzarete, with and without desalinationseawater reverse
osmaosis plants (SWROP), in ovder to define a pattern of
consumption based on the average occupancy rafes
ofdifferent  establishments. They are compared through
different types of regression fo test the model ofbest fitand
generate the calculation algorithm of said consumption. We
demonstrate the validity of the potential and polynomial
maodels of regression used to calculate the approximate
values for consumption of water, electricity and energy, valid
for most of the hotels with an average occupancy rate of
between 40% and 120%, which are typically the average
occupancy rates for hotels in the Canary Islands during
various months of the year. Through a calculated and
demeonstrated system of analysis, approximate simulations of
consumption can be perfermed for hotels with the same or
similar characteristics and modeling of reduced energy
consumption can be performed by simulating oceupancy
vitlues to test the level of reduction. The article concludes
with the functions for the approximate calculations of
energy consumption, electricity and water per guest, per day
Sfor hotels with simifar characteristics to those in the study.

Keywords: Canary hotels,energy  consumption,
efficiency, hotel energy performance, modelling.

energy

1. Introduciion

At a global level, two-thirds of emissions come from energy
consumption, the tourism sector - being a major consumer of
energy -contributing 5% due to the inefficiency of energy
consumption that occurs in that sector. The tourist
accommodation sector represents more than 20% of emissions
from tourism and energy consumption from tourism overall[1]
is equivalent to [% of global emissions. For this reason, hotel
buildings, which operate in geographical areas with a high
concentration of tourism and intensive seasonal use, pose a
major challenge to the sustainability of tourist destinations.

The European Union has set a goal of reducing energy
consumption, as well as CO2emissions, by 20% by 2020 in
comparison to 1990 levels, stipulating that 20% of total
energy consumption must come from renewable sources and
giving much importance has been placed on energy efficiency
through the publication of several directives on the matter,
such as directive 2010/31/EU on energy efficiency in
buildingsque have generated studies on its implementation in
the European Union by A. Garcia Hooghuis y F.J. Neilade [2]
y and investigated their application in buildings by M. Kraus ,
and D. Kubeckova [3], and directive 2012/27/EU on energy
efficiency. which also highlights the importance of promoting

energy efficiency in buildings, setting a time to achieve zero
energy buildings (ZEB) or near to zero (nZEB). this being an
obligation in new constructions for the year 2018 general
government and by 2020 the other buildings, studied its
obligation to application by Orsolya Banyai, Liszlo Fodor
[4]which has been studied their application in Lithuania by A.
Zigurs and U.Sarma [5].

The archipelago of the Canary Islands, belonging to Spain and
located in the Atlantic Ocean near the coast of southern
Morocco and the Sahara, north Africa, between coordinates
27°37 and 29°25' north latitude and 13°20° and 18°10" west
longitude, with a total area of 7447 km® and an oceanic
subtropical climate, has stable year-round temperatures
mitigated by the sea in winter and in summer by trade winds.
Currently the tourism sector in the Canary Islands represents
31% of the archipelago's GDP and generates 36% of
employment on the islands, it being the main engine of the
economy It is the main engine of the economy and its labour
mobility as demonstrated in the study of J.5. Leon Santana
and Dirk Godenau (2015) [6] on the labour market in the
Canary Islands. At this location, there are 626 hotels that offer
more than 244,000 hotel beds. Annually, around 13,000,000
tourists visit and produce more than 100 million overnight
stays in hotels on the islands. Taking into account the
importance of tourism for the Canary Islands, the search for
models of energy consumption and water sustainability is
essential and wvalid for implementing energy efficiency
strategies in hotels, which has become an essential aspect of
European strategy for sustainable growth in 2020, and one of
the most profitable ways to strengthen the security of energy
supplies, as well as reduce emissions of greenhouse gases and
other pollutants. It is very important to know the distribution
of energy consumption in hotels so that it can be shown where
improvements can and should be made in order to make
reductions. Distribution varies according to geographical area
and category of hotel, hotels in the Caribbean where 48% of
electricity consumed in air conditioning [7]. in Hong Kong the
air conditioning accounts for 45% of electricity consumption
[8]. hotels in the Balearic Islands is between 22% for DHW |
cooling 14% heating and 21% [9The overall mean of hotels in
the US total energy consumption is 31% to the air
conditioning, the air conditioning 15% and 17% to ACS [10]
Tourist associations, along with several universities. have
conducted various studies on the consumption of hotels. The
International Tourism Partnership (ITP), in conjunction with
Cornell University, has published the results of the study
"Comell Hotel Sustainability Benchmarking” (CHSB) by
Howard Chong and Eric E. Ricaurte [11] to provide points of
reference to hotels regarding energy and water consumption,
and worldwide carbon footprint references for different tvpes
of establishments in various countries.
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ANEXOS

Other research has been carried out by the scientific
community, as the simulation of energy consumption in hotels
in Britain by S. Taylor. A. Peacock. P. Ban fi Il. L. Shao [12]
with results of average energy intensity of 368 kWh / m2 /
year, the study realizadoen one Abdelhak hotel Khemiria
Tunisia and Mohamed Hassairib [13] with a result of energy
consumption of 171 kWh/m®/yearsuch as that performed by
Rajagopalan Privadarsini, Wu Xuchao and Lee Siew Eang in
2009 [14] whereby a study of 29 energy intense hotels was
conducted in Singapore, checking their linear correlation with
various parameters of different hotels. such as the average
monthly occupancy rate and average temperature. The average
consumption of the hotels stood at 427 kWh/m*/year.
Heterogeneous samples of hotels concluded with the need to
group the data into more homogeneous hotels for utility
models in simulating energy consumption. In 2012, Jen Chun
Wang [15] performed a comprehensive study on the basis of
200 hotels in four categories, checking the levels of energy
consumption based on the category of hotels, among other
factors. Energy consumption was between 280 and 143
kWh/m%/year and average consumption per occupied room
was between 26.7 and 9.4 kWh/room/vear, with 84% of the
energy consumed being electricity. In 2012, Ifigenia Farrou,
Maria Kolotroni, Mat Santamorius [16] conducted a study on
the classification of hotels in Greece for their energy
consumption, according to the climatic zone and type of hotel,
in which they took into account the size of the hotels but not
their occupancy rates. The study of Paulina Bohdanowicz and
Ivo Martinac in 2007 [17] - roughly 184 hotels from the
Hilton and Scandic chain in Europe - created a model of
energy and water consumption in these hotels, taking into
account multiple variables and modeling them by linearization
of annual consumption. When basing a study on
heterogeneous hotels, values are very generic and hardly
usable for modeling all hotels, since there are large variations
between them. In the study of Miguel Cruz, 2011 [I£], to
model water consumption in Acapulco. he found that the
logarithmic model was the most appropriate for consumption
of this type. In 2014, Gregorio Escalera, Amelia Perez and
Luis WVizcaino [19] investigated the modeling of water
consumption in hotels through regression models in order to
obtain a hyperbolic model of water consumption in hotels of
the type investigated here. In investigations of Stefan
Grossling [20] on the impact of tourism by type of
accommodation, it means data for different countries and a
global estimate is obtained per bed per night use 36
kWh'bed/night, with consumption water through very uneven,
with values between 100 to 2000 L'bed/might so can not
generate reliable means of water consumption per customer
per day. On the island of Mallorca a study on water
consumption was held in hotel and residential populations Hof
Angela and Thomas Schmitth in 2011 [21] which concluded
that consumption is highly variable between 188-1181 1/
person [ day and the pool water represents 20 L / person / day.

Data published by the major chains should also be taken into
account, since they provide general data on energy and water
consumption in their hotels, motivated by environmental
certifications and their corporate environmental responsibility
policies, which can be useful for checking the average
consumption of different establishments comparatively. albeit
without any model of consumption or grouping of hotels with
similar characteristics.
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For this research, we focused on hotels in the Canary Islands,
specifically on 4-star hotels, both with and without
desalination plants to provide their own water, on the islands
of Fuerteventura and Lanzarote. These two destinations have
an average of 2.3 and 2 million tourists a year and 18.7 and
16.5 million overnight stays respectively, with an increase in
the number of tourists 374% from 1990 to 2010 [22].

The reason that the study focuses on 4-star hotels, is that they
represent more than 55% of the hotels in the Canary Islands
and more than 70% of the rooms. with which it is possible to
realize an approximation of the consumption of most of the

hotels on the islands.

2. Experimental

The data obtained from the corporate departments of the
hotels from this study of total energy, water and electricity
consumption, and number of guests staying a night (=
overnight stays), was reviewed alongside the technicians
responsible for each establishment, filtering out erroneous data
- due mainly to failure to collect it or other chance events
outside of normal operations (e.g.. water leaks, renovations of
facilities, breakage, etc.). With this list of definitive data,
already filtered and reviewed. the calculation was performed
for the histogram of the resulting data. generating the
characteristic points grouped by frequency ranges. To
calculate optimal ranges, the Sturges’ formula [23] was used,
which gives us the number of intervals depending on the
amount of data obtained.

The next step was to perform the grouped distributions by
intervals calculated, and once thevalues were grouped. the
arithmetic mean of the data was performed in order to obtain
the different characteristic points of consumption and perform
the correlation calculations. The values are ordered by daily
guest occupancy rates, which gives us a more accurate
correlation than classic systems of monthly or annual
consumption, because in this way, errors due to the different
number of days in a month - which would provide an error of
6% in February and 3% in the months containing 31 days —
are annulled, obtaining a distribution of values more tightly
adjusted to their real values. With the data obtained from
hotels, the calculations for total energy, electricity and water
costs per guest per night were performed.

To test what kind of correlation resembled the models of
consumption the most, comrelation calculations were
performed for linear, exponential, logarithmic. and polynomial
of the second degree and potential models, testing their
coefficient of determination and calculating their modeling
function.

Linear Regression whose shape fitssy =ax + b
Exponential Regression whose shape fits: y = aeb¥
Logarithmicregressionwhoseshapefits:y = alnx + b
Secondorderpolynomialregressionwhoseshapefits:y = a +
b + cx?

» Power Regression whose shape fits:y = ax®

¥V VY

The calculation of the values to find the function of the line of
different value matrices was performed by the method of least
squares. With the lines generated, calculation of the
correlation between the wvalues can be performed, which
indicates the degree of dependence between two variables, so
we used the correlation coefficient of Karl Pearson [24]. To
interpret the correlation coefficient of Karl Pearson, it must be
taken into account that its value ranges between | and -1.
Values closer to | imply a perfect positive linear relationship
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and -1 a perfect negative relationship. Values closer to 0
indicate a lower linear relationship [25].

To test the correlation between the data, the coefficient of
determination R* was used to interpret the proportion or
percentage of variation in the dependent variable, which is
explained by the variation in the independent variable, i.e., the
percentage of values that fit with the shape of the graph [26].
The functions calculated generate the various energy and
water consumption graphs to test their shape and to generate a
valid energy model.

This same methodology was used to calculate the correlations
of all hotels for different total water, electricity and energy
consumption levels. With data from all the establishments,
and due to the different maximum capacities of each hotel,
guests had to be averaged as a percentage of occupancy,
which was necessary 1o make the relative comparison of the
average daily occupancy rate and work with the data from all
hotels as if they were a single establishment in order to
generate the corresponding function for hotels of similar
characteristics.

In the following graph, we show schematically the workflow
that was followed to perform the correlation calculations,
where a summary of the steps taken can be seen as follows: 1)
data collection and filtration, 2) perform the mean arithmetic
of the data according to the intervals calculated. 3) perform
calculations and generate the correlation graphs of the
different models, 4) change the occupancy rates 0 a
percentage and use all the values for the total calculation as if
it were a single hotel, 5) calculate the final model of energy
and water consumption for establishments, and 6) conclusions,

Graphic modeling of

Fig. 1.Diagram of the workflow for the researchwork. Source:
Original,
To carry out the study of consumption in hotels, we chose
several characteristic hotels in the Canary Islands, located on
the eastern islands of Fuerteventura and Lanzarote, which
have a peculiarity that distinguishes them from other hotels on
other islands: their 100% reliance on desalinated water, due to
the absence of hydrological resources for water distribution
for general consumption on these islands. The hotels studied
differ according to the way they supply water for human
consumption, which is by producing water through a
desalination seawater reverse osmosis plants (SWROP) either

located on the premises and belonging to the hotel or through
a public water supply from a municipal plant located
externally.

In the search for hotels with homogencous characteristics,
facilities were chosen that were less than 30 years old, had a
4-star rating, and fitted into the category ‘holiday
establishment’, which implies a type of tourism where more of
the hotel is enjoyed, such as the continual use of restaurants
and swimming pools for the duration of the stay. All
establishments have swimming pools and air conditioning, not
counting heating. The gardens of the hotels are irrigated with
desalinated or reclaimed water, which is motivated by the
possibility of having their own treatment plant or external
supply of reclaimed or desalinated water, since not all
establishments  have the possibility of irrigating  with
reclaimed water. The modeling calculations were performed
regardless of the irrigation methods used in each hotel.

The hotels studied do not have the facilities to generate their
own clectricity, cither for their own consumption or for sale,
except for replacement generators in case of power failure
from the grid, nor do they have their own cogeneration
equipment. All electricity comes through an external supply
network, being, in all cases, medium voltage with
transformers located within the hotel facilities. Other fuels and
power generation systems used by hotels, for which data are
available are: LPG propane, diesel, biomass pellets and
thermal solar panels.

Consumption data for the hotels was obtained between 2007
and 2015, depending on the facilities, with minimum values
per hotel of 4 years and maximum of 6 years. During the years
of study. diesel boilers have been replaced with biomass
boilers, producing similar yields and allowing equivalent
calculations to be performed by transferring all combustibles
to the same unit of energy, i.e., kWh.

2.1 Dataanalysis

Table 1 shows the general data of the establishments studied,
with their main characteristics and facilities being presented.
The low use of renewable energy can be observed, present
only in a few establishments for the heating of water for
human consumption (DHW), as well as the lack of heating
facilities. Due to the data protection of the hotels, we refer to
each hotel with a code.

In considering a study of hotels with similar capacities and
facilities, all feature gardens, swimming pools and have air
conditioning in all rooms and public areas (restaurants, bars
and lounges). The need be able to generate their own supply of
water through desalinationSWROP is also verified where
there is an absence in the public supply, as is the case in some
areas of the islands in this study, so it is necessary that hotels
have their own desalination plants SWROP. With the main
data from the hotels, a comparison was performed to check the
average values of the facilities listed in Table 2. In this
comparison of different facilities, the homogencity of
establishments canbe checked.

FRANCISCO JAVIER DIAZ PEREZ

266



Table 1. Details of facilities and characteristics of hotels studied. Source: Original.

DATES HPE HT ESA ECA HTI MSL
Location Fuerteventura  Fuerteventura  Fuerteventura  Fuerteventura Lanzarote Lanzarote
Construction date 2000 2004 2003 2.007 1.997 1988
Land arca 30008 34879 27.163 34670 JB.622 26.163
Constructed area 25912 31.132 22710 28307 34012 24.507
GENERAL Rooms 333 354 2w 346 329 343
Beds 678 710 532 692 658 T8
Garden area 2000 1 1000 6000 14,000 2000 5,000
‘Waler source SWROFP SWROP Public supply  Public supply SWROP SWROP
Imgation source SWROP SWROP Recycled Recycled SWROP SWROP
N* Freshwater 2 1 2 1 8 1
Area m® 572 240 702 589 1.160 1.084
Volume m” 765 ] B9l T 1.135 1.727
POOLS N"l:|:il:n.1l:i2|:d]:lﬂ0| I. - 3 . J. . J. - 2. - 2
Heating system Electncity ALC Recovery Elecinicity Elecinicity Elecincity Solar pancls
kW heating 38 ITE 101 135 25 95
Area m® &6 232 i3l 439 a5 120
Volume m” 130 240 298 487 95 110
Haot Combustible LPG Propane  LPG Propanc Diescl oil Diesel ml Lf&s:r;ﬁc Diesel oil
WaterDHW kW heating 537 650 B0 1.000 2724200 430
Biomass heating kW 270
Renewﬂ_'fe N° Solar p:mE‘Is 168 92
ERETR) Solar pancls m* 340 795
Air HWVAC System 1 2 2 2 1 1
Conditioner kW Total HVAC chillers 344 228 792 804 285 450
DesalinationS kW Power (feed + plant) 65 65 52 1200
WROP Production m3/hour 12 12 11 18
Years of date 2010-2013 2010-2015 20072012 20072012 2010-2015 2010-2015
Table 2. Main indicators of the hotels studied. Source: Original.
INDICATORS HPE HT ESA ECA HTI MSL A Typueat
) - - : : SYERARE  geviation
m* Construction / rooms 78 88 85 82 104 71 83 11
m*Gardens / rooms 24 il k] 40 24 15 26 9
% Gardens / land area 27 2% 12% 40% 21% 19% 27% %
m’ Pools / rooms 20 1.5 39 30 i 35 19 10
w’ Pools / rooms 27 1.6 4.5 34 3,7 54 35 1.3
kW Heating water / rooms 1.6 1.8 30 29 1.4 1.3 0 07
EW AC/ rooms 1.0 23 30 23 1.5 1.3 1.9 07

Hotels in the Canary Islands, mainly those in the eastern
islands of Fuerteventura and Lanzarote, have the peculiarity
that they do not need heating in winter. The average winter
temperatures do not require the use or installation of heating
systems. which reduces the average consumption during the
winter months, air conditioning not being required in most
establishments either. The average temperature of the coldest
months of December, January and February is close to 18°C,
with a minimum average of 16°C and a maximum of 20°C,
making heating and air conditioning unnecessary.

2.2 Consumptionwater performance

To perform the calculations of water consumption, the
peculiarity of these establishments must be taken into account,

counting two extra types of consumption that are independent
of hotel occupancy and operations. These consumptions are
the replacement of swimming pool water and the irrigation of
gardens, which have been studied independently.

Consumption from irrigation has not been taken into account
in the calculations of the total water consumption of the
hotels, since irrigation water can be of two types: purified
water which has specific rules Royal Decree 1620/2007 for its
implementation, which was studied and compared with other
European countries N.V. Paranychianakis, M. Salgot and A.N.
Anelakis in 2015 [27]. and water for human consumption
which has specific rules Royal Decree 140/2003. both of
which are incompatible with each other. lrrigation costs in
respect to total water consumption can be seen in table 3,
reaching an average expenditure at 12% of total water

Table 3. Total consumption, percentages and garden surface area for irrigation water. Source: Original.

TYPE HPE HT ESA ECA HTI MSL Total / Average
Total water consumption 453.535 468617 4234594 397289 424.167 467479 1.634.581
Irrigation water consumption 46.286 79.232 25480 77.285 38.263 37.388 303.934
% Consumpiion irrigation 1% 17% 6% 19% e % 12%
m garden B.000 11.000 £.000 14.000 8.000 5.000 52.000
Average daily consumption 21 36 1 42 17 11 139
Lim daily 1.64 3,29 1,70 3,03 2,18 2,26 2,67
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Table 4. Average air temperature and percentage of monthly irrigation water consumption, Source: Original.

UNIT Jan Feb Mar Apr Muy Jun Jul Aug Sep Ot Nav Die Average
r 17.9 17,9 189 20,2 21,7 232 248 23,5 249 2318 21,3 19,1 179
% fl‘ﬂ'gﬂ?fﬂﬂ 63% 'y 2% 3% TH% 92% 4y 1S 3% Bl Tah TS Billa

consumption. Given the total surface area of the gardens,
irrigation consumption is calculated as mof garden, with an
average of 2.67 'm® and a standard deviation of 0.6 1/m?,

To perform a simplified approximation of the consumption of
irrigation, taking into account only the air temperature and not
considering go their factors, such as the type of flora, the
similarity of the gardens, or the rainfall of the islands, annual
accumulated average being the lowest in both the Canary
Islands and Spain of between 60 mm on the coast and tourist
and 200mm areas uninhahited mountainous areas [28] will not
consider this factor. With the average data of the percentage of
consumption for irrigation in respect to the maximum value of
the monthly irrigation values of the hotels shown in Table 4, a
lingar regression to test their dependence on the temperature
was performed, proving that its coefficient of determination is
very high and hence their dependence very strong, as shown in
figure 2.

AVERAGE MONTHLY: IRRIGATION AND
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Fig. 2. Average consumption of irrigation water and
representation of the linear regression function.

Ciiven that the annual average for daily consumption is 2.67
'm?, corresponding 1w 80% of the value of irrigation, the
maximum value, 100%, corresponds to 3.34 1'm?, which is the
maximum value of daily irrigation. With the function
calculated by linear regression, the function for calculating
monthly consumption in litrestor irrigation according to the
surface area of the garden can be generated.

Wi = (3,34(0,0371¢t — 0,0152)4, )d

Where "A," is the area of garden in m?, "d" is the number of
days of the menth of calculation and "f" the average monthly
temperature in °C in the arca where the hotel 1s situated on the
islands.

With the consumption of water in swimming pools, which is
another determinant factor in the cost of water, there are
several variables involved in the daily renewal necessary to
maintain the level of the swimming pools, which can be
enumerated with the following factors: evaporation, leakage in
the pool itself and the circuit, washing of filters, etc. Table 3
shows consumption data for hotel swimming pools,
differentiating between the cold and heated pools. The
importance of pool maintenance, which amounts to 13% of the
wiler consumption of a hotel, can be checked, without taking
inte account maintenance of hot tubs, which are affected by
the rules of legionella RD 865/2003 and which mark the
minimum amount of waler maintenance of this type 1t has
been studied for this type of thermal pools by Maciej Walczak
. Aleksandra Burkowska -But , Maria Swiontek Brzezinska ,
and Arkadiusz Krawiee [29] Daily consumption of water for
swimming pool maintenance, generically speaking, takes a
daily value of 2.42%, with a standard deviation of 0.5%,
which is considered sufficient to perform an approximate
calculation for the water consumption of swimming pools,
according to volume.

As hotel swimming pools use fresh water, this expense for
modeling calculations of total water consumption has to be
taken into account. In order to caleulate approximations of
monthlyswimming pool water consumption in m’, taking into
account the volume, the following function can be used to
simulate an approximation of consumplion:

Wp., = {(}, 024-2!’1-,,]41
Where "Vrr" is the total volume of coldwater swimmingpools,

Table 5. Water consumption in recreational and climatized pools. Source: Original,

TYPE HPE Hr ESA ECA Hrr MSL TOTAL
Tuial water consumption 453,535 468,617 423494 397.289 424,167 467479 2.634.581
Total Year Comrsumpption water pools 53929 26,342 49,4930 G K214 400576 113809 351900
Yo conmsunpiion pool 12% % 12% 17% 10%% 214% 13%
Volume water posi m' 765 266 Bl Tiks 1.135 1.727 5.490
Cold pool  Averagedaily consumption 21 4 17 16 1% 4% 123
% averageduily consumption ___2.76% 1,51% 1.91% 2,22% 1.55% 2,78% 2.25%
Climatized Volume water pool i’ 130 208 208 487 79 (] 1.402
& Averagedaily consumption 3 T 7 19 2 i 43
proct % averageduily consumplion 1,%6% 24T 2.35% 3,85% 218% 5 44% 3.00%
Volume water pool i’ 895 S 1.189 1.193 1214 1.837 6,802
Toral Averagedaily consumption 24 11 24 34 19 54 167
% awﬂrﬁe’dﬂ?y;wsuwﬂhm 2 64% 2.01% 2 02% 2 8% 1,.59% 204% 2 A2%
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heated pools and Spas in m?, "d" is the number of days of the
month of the calculation.

2.2.1 Water consumption in hotels withou! frrigation

Having established the average consumption from swimming
pools and irrigation, the correlation calculations of different
levels of water consumption of hotels - recalling that the
consumption of irrigation has not been taken into account, but
the consumption of pools has -were performed. The following
graphs show the different average points caleulated for each
hotel, according to the daily occupancy rate and daily average
water consumption in litres per guest. The graphs of each
hotel represent the characteristic function with a  greater
correlation index and a greater determination coefficient R*
for different regression models.
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Fig. 3.Charactenistic function with the greatest correlation
index for each hotel for different regression models for water
consumption, without considering irrigation. Source: Original.

Table 4 summarizes the calculation values of the functions of
the investigated regression models, where the different values
of the coelficient of determination can be checked, with the
potential and polynomial correlation which best fit the graph.
The increased potential of consumption is due to the declining
number of guests. Sinee the minimum consumption of some
facilities is independent of the number of guests, we consider
the minimum fixed consumption to be maintained.

Table 4.Summary of functions and coefficient of determination of the different types of correlation for water consumption.

Source: Original.

CORRELATION TYPE HPE HT ESA
Linear y=-0,2687x + 483 y=), 3 148x + 486 =), 3466 + 590
E Linear B 05842 084496 01,7860
= Exponemtinl y =517 5300 = 552 D6t y= 619,13 500
=2 Exponeniial B 09002 08758 08161
] Logarithmic ¥ =147 %n(x) + 12659 ¥ = =188,7In{x) + 14995 y==16330n{x) + 14242
= Logarithmic B’ 09034 0,8784 11,8245
= Palynomial ¥ = (L0006x7 - 0887 1x + 649,43 v = 0,0006x - 1,0462x + 698,32 o= 00006 - 08853 + 710,89
=) Polywomial R° 09083 04854 08162
}"E Potemtinl v = 5148 By 4™ y = 15860y ¥ = 4226537
Paotential R* 09139 08929 8381
CORRELATION TYPE ECA HTI MA&L
FLimear y=-0,3142x + 4594 y=-A1,1 759 + 411 y=-0,2056% + 460
?} Linear B 08662 08380 09158
= Exponential y = 556, e R ¥ = 419,72 ¥ =457 92 B0
2 Expenential B 053590 08377 01,9338
'2::.': Logarithimic ¥ = -1634ln(x) + 13599 ¥ = =717, 36Ini(x) + 801 63 ¥y =-135.2In{x) + 11982
ar Logarithmic B 0.ka03 08637 09554
ﬁ Palynamial v = -00002x" - 0,0453x + 423 45 v = 00004x° - 04961% + 47884 ¥ = 0,00045° - 10,7261 % + 624,71
~ Polymomial B 0R733 DRTIY 09727
-~ Potential ¥ = 8995 3 0 ¥=1352 2 %% ¥ = 45824
= Potential R’ 08013 08591 11,9653
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4.3 Electricily consumplion i | ELECTRICITY CONSUMPTION ESA
Electricity in hotels is the main source of energy used in them, = -
since most of the equipment and facilities work with this type g
of energy. Electricity consumption represents about 70% of Eﬁm \ = 5400z
the total energy consumpiion of hotels. In the hotels in this = 2 : B R*=0.941
study, ail.clcclric power is 5up_plicd cxtcrpaily, not n::uunl!ng % %' HKHH
the establishments with any active generation or cogeneration = Bz e
system, so their external dependence is total. This external ;ﬁm e -
dependence clashes with the possibility of obtaiming buildings g = L
with ZEB or nZEB, so it is necessary to model their 27
consumption  amd  check  their  behaviour  according 1o = 0 B STORERS AVERAGE DAY 0 Ly
occupancy rates, secking altermatives to  this  external
dependence through self-supply of electricity with different X il ELECTRICITY CONSUMPTION ECA
- . -
types of power generalion systems based on renewable ?__i E l\\
Energy. ==, ¥ = 4EA557 - (621 + 33,622
; . . . EEX \".\\ . W= 09525
For comparison of electricity consumption, the use of water 23 -2
from the public supply or from the hotel’s own EEE “‘“‘-uh
desalinationseawater reverse osmosis plants (SWROP) has to 2a TE—— | —
be taken into account, which represent between 10% and 15% ’
of hotels™ total consumption. This can be seen in the following 7
table5 of walues from2013, where the average energy 00 A0 cysTodfiRs avEREE pay TM 800
consumption fromdesalinations about 4.77 kWh/m®, taking 2
into account the SWROPand pumping brackish or saltwater ELECTRICITY CONSUMPTION HTI
from acatchpit. - '\.
To perform the calculations formodellingthe consumption of £ 515 X
B ) . v . i CE= . § = SE-0557 - 007415 + 30,148
electricity, the consumption of SWROPare not considered, as EE & I = 0,0H2E
there are hotels without desalination plants. The following tda_'é;i
graphs show the different average points for electricity B g T e
consumption calculated for cach hotel according to the i TR . m
average daily occupancy rates and the average daily electrical - e SR
energy consumption in kWh per guest. They represent in all 250 s ToMERSHVER AGE DAY 30
the graphs the line of tendency according to the correlation =
function with greater determination coefficient R*. it ELECTRICITY CONSUMPTION MSL
1
-
L ELECTRICITY CONSUMPTION HPE = :]E
17 G2 = SE-055% - 0.0723x + 37,993
L BX Ed T e e
£z 3 . G i e
EE; = }--IF.-IH:;;IJ\I::!M+SILI!I Zz2 L
'EEE? RE < 0,08 u.plé ‘-K‘"“-h___ .
i il
=z .-
8 ; = _'".-«-.__\__ - ._'__,_,--""" 1n
: 40 S0 cusTofitRs AVERNEE pay 300 M
12 . . . s
40 450 SO eSS Py 650 700 F‘ig. 4. Characteristic fum..l:um with the gr&,.itn:,hl correlation
index for each hotel for different regression models for
22 ELECTRICITY CONSUMPTION HT electricity consumption, without considering the desalination
plant. Source: Original.
£20 = : . i
E% o y = SEASK’ - 0,1067x + 53,332 Fable 6 summarizes the calculations performed to obtain the
= g & e functions of the regression models of consumption of
E = E — electricity per customer per .day_. chccki.ng t_hc _diﬁi:tcm values
22k —a s of the coefficient of determination, which indicate the degree
ST of correlation between data. The high correlation of the values
i of occupancy and consumption of electricity is tested, the
4 SO0 s ToMER UV ERAGE DaTH 00 polynomial correlation being the one which best fits in almost

all cases, except in the case of ESA holels.

Table 5.Consumption of electrical energy for desalination in hotels, 2013, Source: Original.

TYPE (2013) HPE HT HTI MSL TOTAL
ELECTRICITY 2 H30.578 4.025.026 1045352 1822 006 12.722 %62
DESALINATION 350115 391600 202212 420801 1.461.729
% Desalination 13% 10%% 10%% 15% 1%
Desalinated water GR.O6TH T#.320 Th.R08 32510 306,404
Consumptionk Wihim3 5,20 5,00 3,80 5,10 4,77
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Table 6.Summary of functions and coefficient of determination of the different types of correlation for energy consumption.

Source: Original,

TYPE HPE HT ESA
Linear v=-0,0117x + 21 y=-0,01609x + 27 y=-0,0174x = 21
Linear B 00,6536 0, 7952 (L E60S
E E Exponential ¥ =2104] g0 ¥ = 29, 50T ¥ = 24,0194 101
0 &y Exponential f° 0,6578 02195 0,9083
EE = Logarithnric ¥==6,692In{x) + 56414 yo=<10.36Inx) + 82512 y o= -8 278In(x) + 63,854
S Logaritmic k° 0,7167 03607 09169
5] E Pofynamial ¥y= TE-AE - 0,1216% + 50,391 y= BE-05%" - 0, 1087x + 53,332 ¥= SE-05x%7 - 00562 + 30,182
oo Polynomial B 10,9488 0,9792 0,9260
Potential ¥ = 240, 9x 04 ¥ = T60,9x 1 v = 549 04y 412
Patential B 0,722 08802 09410
TYPE ECA T MSL
Linear y=L00172x + 22 y=-0,0275x + 29 y=-0,007%x = 18
I ivear £ (L HESS 05505 {5864
E E Exponeniial y =25 85¢ " ¥ = 34 dne "M y= 18283
0 k&3 Exponential 0,9126 09555 03861
E = Logarithnric v o= -0.d450n{x) + T1.674 v < 207In(x) + 90,206 v =5 40%1n(x) + 47,902
E: E Logarithmic & 09203 09748 06821
[l Polynonsial ¥ = 4E-05x% - 0062 1% + 33,622 ¥ = SE-DSx - 0,0741% + 39,148 ¥ = SE-IS% - 10,0723 + 37,993
oo Polynomial R 09525 09828 09636
Potential y = 1320,654™7 y=12358x%" y = 182 49y %47
Potential & 00,9418 0,9657 06803

2.4 Energy Performance

Hotels currently use multiple primary energy sources to meet
their energy needs. To make comparisons, it is necessary 1o
transfer such energy sources to a common unit of reference, in
this case kWh.

Table 7.Factors of conversion for combustible fuel energy in
kWh. Source: IDAE.

¥ Thermal Solar: DHW heating and acelimatization of pools.
Between 5 and 20% of energy.

The following table lists the different types of energy
consumption in 2011, where the importance of electricity
consumption can be secen. Renewable energy does not yet
represent a significant percentage of consumption. From 2014,
HTI diesel cats switched to biomass, which means an increase
to 15% of renewable energy, this value being too low to
obtain ZEB or nZER buildings.

The following chart can be used o check the disinbution of

. I ]

COMBUSTIBLE TYPE ENERG;‘;;S;:ERSIG‘\ energy consumption in percentages by energy type for the

DIESEL OIL T0.3% = vear 2011, highlighting the importance of electricity

LPG PROPANE 1275 kWhike consumption in hotels, where it represents 67% of total

Wood Pellets (humidin-<15%) 50 kWhikg consumption, and the low importance of renewable energies in
Pellers generally 457 kWhikg that year, representing only 4% fromthermalsolar energy.

% ENERGY DISTRIBUTION 2011

The main types of energy used in hotels are: _ NLPG
¥ Eleetricity: generic use in all facilities. Between 60 and R
75% of energy. i
o ) ) ) ) o, Electricity %o Diesel ol
» LPG: kitchens, DHWheating and acclimatization of pools, T 1%
Between 10 and 30% ol energy.
. , : s s 3 % Thermal
¥ Diesel: DHW heating and acclimatization of pools. ,..hrrm
A%

Between 10 and 30% of energy.

8% Elertricity
B % Diesel vil

@% LMG propane

¥ Biomass: DHW heating and acclimatization of pools,
B% Thermal solar

Usually replacingLPG or diesel oil boilers in the same
proportion, representing between 10 and 30% of energy. Fig. 5. Distribution of energy consumption in hotels study

2,011, Souwrce: Original.

Table 8. Summary of energy consumption from hotels in study from 2,011, Source: Criginal.

ENERGY TYPE HPE HT E5A ECA HTI MSL TOTAL
ELECTRICITY 3596447 3.B55.650 2394797 2372912 2HTHO4E 3021838 18.21%.692
% Efectriciny 2% 6% 0% 63% 62% 67% 67%
LPG PROPANE 1.372.410 1.801.014 194081 272.582 Q05,895 307224 4 854 206
% LPG propane 28% 3% 6% Thu 19%% ™ 18%
DIESEL OIL R22. 400 1.0F0 964 544316 441 SRy 20008 663
Y Dhesed oil 0% 1) 24% 20% 11% 10% 11%
THERMAL SOLAR 350842 739200 1040042
Y Thermal solar 0% e i 0% T% 16% 4%
TOTAL ENERGY 4968857  5.656.664 3411278 3745454 4780100 4510250  27.072.603
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In the calculations of the modellingof energy consumption, .
;  TUCTRMES Ot At ENERGY CONSUMPTION ECA
theconsumption of desalination plants is not taken into P
account. The following graphs show the average points of z = " ¥ = TE-05x? - 0, 0U86x + 52,329
energy consumption calculated for each hotel according to the E £ %2 ~ R = 09683
average daily occupancy rates and the average daily g%g i
consumption of energy per guest in kWh. The line of tendency ey gj B S =
is represented in all the graphs, according to the correlation go L i
function with the greatest determination coeflicient R, 12
T 300 400 cusTOMRS AVERHBE Day TV 800
. ENERGY CONSUMPTION HPE
25 . EL - : - -
% o4 ENERGY CONSUMPTION HTI
Zs 2g | a4
e LZ E —
Eex 2 = -
fia& e S 5’%? o
o . L — B9 —
Z2 v = 0000157 - 01489 + 68,793 . & e e R b T
e RE= 0,979 £8 ¥ = 54,5030 T
] R = [L,9472 .2
15 I8
400 1 CUSYOMERSHYERACGE DAY 630 700 250 ISCUSTOMERSSW ERAGE DAYSS0 50
3 ENERGY CONSUMPTION HT ENERGY CONSUMPTION MSL
- -
E; Y EE e
Eo = =B e ¥ = 4E-08x7 - 0,0749x + 45,833
16 " = a
§ e _ EE = ooy, R* = 09856
zz Fa 228 %
GE,, M 2k T "
b ¥ = ZEAIS8 - 0,0562% = 48,852 — 52 — 4
&= - R* = 10,9549
E= {2
g :
= A ; 400 5K CUSTOMIBRS AVERANIE DAY S0 300
400 SR USTOMERSWYERAGE DAY RO
Fig. 6.Characteristic function with the greatest correlation
I L ENERGY CONSUMPTION ESA index for each hotel for the ditterent regression models for
é = total energy consumption, without considering desalination
o "-"22 % ¥ = BN 22 plants. Source: Original.
=4 R = L9743
IR & . . o E 4
£z ~_ l'able 9 summarizes the calculations performed to obtain the
s functions of regression models of tolal energy consumption
P ™I i £ £2 P
gj . i per customer per day. checking the different values of the
EE T coefficient of determination, which indicates the degree of
12 correlation between the data. The high correlation values of
250 3 cuerobiBes averSLE pay ™0 T occupancy and energy consumption 15 tested, the polynomial

correlation being that which best fits consumption, except in
the case of ESA, where it is the potential, and HTI, where it is
the exponential.

Table 9.5ummary of functions and coefficient of determination of the differemt tvpes of correlation for total energy

consumplion. Source: Original,

TryPeE HPE HT ESA
e Listear y=-0,0267x + 36 y=-0_1262x + 40 y=-0,0252x + 31
I Lingar & 18K 00,9452 1,9073
E Expunential y=41 Ansg i y=46,22 Frilmia y= 35 )24
e Exponential & 0.9072 0.9514 0,948
E Logarithnric y=-14 84In{x) + 11453 ¥v=-15491n{x) + 123 22 ¥ = -119In(x}) + 91 935
5] Lagarithmic R (L9226 00,9523 01,9566
G Polymomial ¥ = 0,0001%° - 0,1489% + 68,793 v = 2EA5x" - 00562 + 48,852 y=SE-08x7 - 0,0748x + 42,206
& Polynomial B 09721 10,9549 Doals
g Poreniial y o= 1571 9% 065 y = 1386 " ¥ = K00,22x "1
= Potential B 01,0408 0,9511 11,9743
TYPE ECA HTI MSL
= Linear ¥y=-0,0247x + 33 y=-0.0421x + 47 y=-0.0151x + 27
o Lingar R L5507 0,945 00,8549
= Exponential ¥ =137,91e"n ¥ = 54,503¢ M ¥ = 20,60 5¢™ -4
e Exponential &* 1}, 9085 01,9472 08758
E Logarithnic v=-1361In{x) + 104,75 y=-1817In{x) + 138,32 y = -10.04In{x) + 81,849
(] Logarithmic R L9325 10,9354 059153
G Polynomial ¥ = TE-05%? - (L0986x + 52,320 v = 3E-05x7 - 0,0672x + 52,174 v =4E-05%" - 00740 + 45,433
E Potynomial &7 10,9683 0,942 0.9856
= Porential yo= 1402 25 0 y = 464, Tx 0055 ¥ = 6B, 88
=~ Patential R* 0.9472 09326 09286
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2.58tudy mathematical model -

o AVERAGE ENERGY CONSUMPTION
Since the hotels in this study have different maximum n
capacities, the same number of clients translates to different i 3l 4
percentages of occupancy. This requires changing the ratios of z ¢
consumption per guest to consumption by percentage of = 0 N ¥ = 179014
occupancy, since, in this way, we can compare the occupancy § é ? \\___ R?=0,9912
rates of different hotels in balance with the conditions of ;7,’52‘ A
occupancy. With the amount of data from all the hotels, it was é: 23 M
found that the occupancy intervals used and on which we have =0 NG

. Sx2

data, cover occupancy values of between 45% and 120%. = s
Once we divided by intervals and filtered them, we performed g 10 i
the correlation calculations for the calculated mean values. 17 “
With the calculations performed, the following graphs were 15 =
generated, representing the midpoints for consumption of 40% 0% 8% 100% 120%
water, electricity and energy for all the hotels combined. The OCCUPANCY PERCENTAGE CUSTOMERS DAY

line of tendency is represented in all the graphs, according to
the correlation function with the greatest  determination
coefficient R”.

Fig. 7.Characteristic function with the greatest correlation
index for the consumption of water, electricity and energy of
all hotels. Source: Original.

o AVERAGE ALL HOTELS WATER

5 40 CONSUMPTION ; . = ;

< a0 = In the fol.lowmg table 10, the'calculanons performed to ob}qm

e the functions for the regression models of water, electricity

£ 3% ¥ = 309,095 843 and energy are summarized. A strong correlation was found

5370 % \' T RE= 09576 between the consumption of water and energy, which fits

gm . N almost perfectly with the potential function. Thebestfitfor

5 330 \'\\ consumption of electricity is a type of polynomial function,

S AE PR although the potential function also has a high degree of

E it correlation.

5 ) . After verifying the strong correlation between the systems of
270 polynomial regression in electricity and potential in water and
250 total energy, the suitability of these functions can be

0% 0% §0% 100% 120%

confirmed, comparing the actual values of the averages for the
hotels with values of the functions generated by the regression

2 models. All the regression models have been compared on the
AVERAGE ALL HOTELS ELECTRICITY

OCCUPANCY PERCENTAGE CUSTOMERS DAY

2 < same graph, calculating the values of the functions from an
s CONSUMPTION SR, CUACTIMIG e VMIES D1 wons
2 " occupancy rate of 1% to 140%, which is shown in Figure 8. It
.. can also be scen how the values of the regression functions
EZ s have been paired for values of between 40% to 120%
s - : S — whi
3% ¥ = 20,8201 - 47,997 + 31718 occupancy, for which, among these values which are where
g 16 R = 0,99 the average occupancy rates for the hotels are usually found -
o8 the mean values of supplies with any of the functions can be
gg 14 approximated, although taking into account that the optimum
= \ fit has to use the potential or polynomial function.
L ~2_ .
- T————
= -

10

40% 0% 0% 100% 120%

OCCUPANCY PERCENTAGE CUSTOMERS DAY

Table 10.Summary of functions and coefficient of determination of the different types of correlation for consumption of water,
electricity and energy. Source: Original.

DATA FOR ALL HOTELS

TYPE

WATER CUSTOMERS ELECTRICITY CUSTOMERS ENERGY CUSTOMERS
Linear y = -190,38x + 50091 y=-11988x + 23879 y=-20312x + 38,362
Linear R 09247 0,8838 09257
Exponential 536,13¢™" y=27,163¢" y =45,157¢%"
Exponential R® 09412 09212 09647
Logarithmic y = «151,6In(x) + 309,16 v =<9,732In(x) + 11,762 y = «16,33In(x) + 17,868
Logarithmic R’ 09542 09476 09733
Polynomial y = 180,19x" - 487 69x ~ 615,18 y= 21,823x% - 47,997x + 37,718 y = 27,706x° - 66,027x + 55,931
Polynomial R’ 0,9547 0,9900 00,9882
Potential ¥ = 309,095 "4 yv= 11,8035 y = 17,901x"7™
Potential R* 10,9576 0.9700 09912

]
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generic sense between 30% and 130%. In the following
graphs, representations of the functions of water, electricity
and energy appear.
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Fig. 8. Representation of regression functions between 1 and
140%% occupancy with respect to the midpoints of water,

3. Resulis and discussion

It was found that the values of the midpoinis for the levels of
consumption of the hotels approximately fit the values of the
calculated functions. The next step was to check that the
caleulated mean values for all hotels it with the generated
function n order to demonstrate the vahdity of the models
calculated for the average occupancy values, which range in a

Fig. 9. Representation of regression functions between 30 and

130% oceupancy with respect to the midpoints of the average

consumption of water, electricity and energy caleulated for all
hotels, Source: Original,

In reviewing the representation ol the functions, it was (ound
that the average data fits the graphs generated, so the potential
function can be used for the approximation of the values of
water and energy  consumption, and the polynomial for
electricity consumption for a group of four-star hotels with
similar characteristics such as those studied here.
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The functions that bring us the wvalues of monthly
consumption, taking into account the average daily
occupancy, air temperature for water consumption for
irrigation and desalinated water production for specific
consumption, are summarized as follows:
» Water
Consumption without irrigation:

Wy = (309,09x0433)q

Consumption with irrigation:

Wiz = ((309,00x7043%)

+(3.344,(0,0371¢ — 0, msz))) d
¥» Electricity

Consumption without irrigation:
Elyp = (21,832x% — 47,997x + 37,718)d
Consumption desalinationS WROPwithout irrigation:
Elrrg,. = ((21, 832x* — 47,997x + 37,718)

+ WirCy) )d
Consumption desalinationSWROPwith irrigation:
Elyrgwire = ((21, 832x" — 47,997x + 37,718)

+ (WrriryCau) )d
¥ Energy:
Consumption without irrigation:
E;p = (17,901x %7)d
Consumption desalination SWROPwithout irrigation:
Errgw = (17,901x %73 + (W Cy4,)d
Consumption desalinationSWROPwith irrigation:
Errawire = ((17,901x7°7) + (Wrriy Can) )d

Where "x" is the percentage of average occupancy, "Ca" is
the specific consumption of the plant in kWhir m* of water
generated, "A;" is the surface area of gardens, "d" is the
number of days of caleulation and "¢ the average temperature
in the area where the hotel is located on the islands.

The main reasons for the increase in specific consumption,
even with decreasing occupancy, are related to the need for
facilities to be in place and consuming energy or water at the
hotel, with or without guests, since thesectorization of
equipment or systems cannot be carried out in most of the
hotels studied. implying that the minimum consumption is
always due to the ongoing maintenance of facilities.

Conclusions

Using the method described, a model of the typical
consumption of water, electricity and energy for a hotel in a
determined segment, which may be reproduced for any other
hotel in the sector, was obtained, thus making it possible to
check and compare consumption. With the application of
statistical functions and correlation, optimum consumption
models can be generated for a group of homogeneous hotels,
taking into account that the more data obtained. the more
reliable will be the generated models. The basic procedure
followed and demonstrated leaves the field open to more
complex and precise research. applicable to any type of supply
for hotels.

FRANCISCO JAVIER DIAZ PEREZ

With the different correlation models studied. it has been
found that, in most cases. the potential or polynomial models
is applicable, with wvery little difference between the
correlation coefficients. The calculated values. from which we
can consider similar approximations for both models, are
between 40% and 120% occupancy. being that lower or higher
occupancy rates have very large differences from which no
equivalent can be made.

The peculiarity of hotels with a desalination seawater reverse
osmosis plants SWROP where energy consumption is directly
related to water consumption and influence the type of
irrigation used - is studied. This proves the need to improve
the efficiency of the desalination plants SWROP in reducing
water consumption and irrigation in order to achieve a
proportional energy reduction in the hotels.

The use of renewable energy is highly unrepresented in the
hotels from the study. This can and should be improved.
mainly through using renewable energy sources for domestic
hot water (DHW), which represents 22% of energy
consumption in hotels. In this way, external energy
dependence could be reduced.

This study leaves open the way to further investigation into
the importance of hotel occupancy rates, with the carbon
footprint generated by energy consumption being due to the
activity of tourist accommeodation, as well as the importance
of water desalination in hotels in the Canary Islands, which is
a determinant factor in the consumption of energy.

By comparing the different methods and systems for energy
efficiency and developing the method studied, improvements
can be simulated for application in facilities in order to
compare the most optimal and effective models to be adopted.
verifying this as hotels get closer to energy independence and
achieving the objective of becoming ZEB or nZEB hotels.

References

[1] Chun Wang I, Energy Build. 49 (2012) 268-275.

[2] Gareia H., Neilade F.J., Construct. Rep. 65 (2013) 289-
300.

[3] KrausM., KubetkovaD., GSTF J. Eng. Technol. 2 (2013)
T4-80.

[4] BanyaiO., FodorL.. EEMJ 13 (2014) 2749-2755

[5Zigurs A., SarmaU., Latvian J.of Phys.&Tech. Sci.52 (2015)
3-12.

[6] Leon Santanal.8., GodenauD., Atlantis Mag. 6 (2015)
6999,

[7] Monzon-Alejandro O.A., Colmenar-SantosA., EEES |
(2016) 145-151

[8] Shiming D., Burnett J.. fnter. J Hosp. Mgmt21 (2002)
371-380

[9] Moia-PolA.. M. Karagiorgas. Coll-MayorD., Martinez-
Moll V., Riba-Romeva C..Remew. Energy & Power
Oual. J.1(2006) 106-110.

[10] Polanco Gonzilez I, Yousif C.. EnergyProcedia. 83
(2015) 50-59.

[11] ChongH., RicaurteE.E., Cornell Hosp. Reports. 15 {2015)
6-11.

[12] TaylorS., PeacockA., Banfill, Shaol., Build. Environ.45
(2010 13891400,

[13] KhemiriA., HassairiM. P., Renew. Energy. 30 (2005)
203-911.

275



[14] Wu X., Lee Siew E.. Energy Build 41 (2009) 1319-
1324,
[15] Jen Chun W., Energy Build. 49 (2012) 268-275.

[16] Ifigenia F., Maria K., Mat 8., Energy Build. 55 (2012)
553-562.

[17] BohdanowiczP., Martinacl.. Energy Build.39 (2012)
§2-95.

[18] Cruz Vicente M.A., Observatary af the Latin American
Economy. 143 (2011) 1-28.

[19] Escalera lzquierdo G.. Pérez Zabaleta A.. Vizcaino
Pérez L.V., Journal of tourism and cultural heritage.12
(2014) BO7-818.

[20] GosslingS., Global Environ Change. 12 (2002) 283—
302,

[21] Angela Hof. Thomas Schmittb, Land Use Pol. 28
(2011) 792-804.

[22] Banos-Gonzalezl., Martinez-Fernandez J., EsteveM.
A Ssland Studies J. 11 (2016) 9-34.

[23] SturgesAH.. J. American Stat. Association. 21 (1926)
65- 66.

[24] Pearson K., Philos.Mag. 50 (1900} 157-175.

[25] Kelly ZouH., Tuncali K., SilvermanStuart G.. RSNA-
Radiofogy.227 (2003) 617-628.

[26] Martinez RodriguezE., Legal and EconomicYearbook
Escurialense. 38 (2005) 315-332,

[27] ParanychianakisN.V. Salgot M., SnyderS.A.,
AngelakisAN., Crit. Rev.Environ. Sci. Technol. 45
(2015) 1409-1468.

[28] HerreraCH., CustodioE., Sci. Total Environ.496 (2014)
531-550.

[29] WalczakM.. Burkowska-ButA.,
SwiontekBrzezinskaM., KrawiecA., Clean-Soil Air
Water. 44 (2016) 532-537.

]
FRANCISCO JAVIER DIAZ PEREZ 276



ANEXO 5. Congreso: 6" International conference on
advances in civil, architecture and environmental
engineering (ICCAEE-2018) Reduction Of Enerqgy

Consumption In Hotels With Aerothermal Energy. Case
Study: Canary Islands (Spain).

ICONT=S

ACCEPTANCE LETTER

6TH INTERNATIONAL CONFERENCE ON ADVANCES IN CIVIL,
ARCHITECTURE AND ENVIRONMENTAL ENGINEERING (ICCAEE)

Date: July 2, 2018

Ref. No. : ICONTES-2018-06-19/1701

Title: Reduction of Energy Consumption in Hotels With Aerothermal Energy. Case Study:
Canary Islands (spain)

Authors: Francisco Javier Diaz Perez, David Chinarro, Maria Rosa Pino Otin, Ricardo Diaz
Martin, Adib Guardiola Mouhaffel

Dear Assist. Prof. Francisco Javier Diaz Perez,

On behalf of the Organizing Committee of 6™ INTERNATIONAL CONGRESS ON
TECHNOLOGY - ENGINEERING & SCIENCE (ICONTES), it is our pleasure to inform
you that your submitted paper has been selected after the peer review for presentation in the
congress that will be held in Kuala Lumpur, Malaysia at 19-20 July, 2018 and publication in
the International Journal of Engineering and Technology.

Please, visit the Congress Web page in order to get information for your presentation date after
15 July, 2018.

Please do not hesitate to contact for any further clarification.

7

Sincerely ,ursé ré
~JPONTES/Cobrdirfatpr

. Fei usaain

INTERNATIONAL CONGRESS ON TECHNOLOGY - ENGINEERING & SCIENCE

Y s ot O 8 MSA
ASIA PACIFIC UNIVERSITY nce, Computer, Flectncal and Electronics Engineenty CACELEL)
Jalan Kerinchi, Kampung Kerinchi, 59200 Kuala Lumpur, Wilayah Persckutuan Kuala Lumpur, Malaysia
www.icontes.org - E-mail : contact{@icontes.org - Tell: +60 17 594 8317

FRANCISCO JAVIER DIAZ PEREZ 277



6TH INTERNATIONAL CONGRESS ON TECHNOLOGY

\. ENGINEERING & SCIENCE LAY 1920, X318 KUASA [ UMPLA
ICONT=ES AT KLALA LUMP4 - MALAYSIA

REDUCTION OF ENERGY CONSUMPTION IN HOTELS WITH
AEROTHERMAL ENERGY. CASE STUDY: CANARY ISLANDS (SPAIN)

Francisco Javier Diaz Perez!*, David Chinarro!, M2 Rosa Pino Otin!, Ricardo Diaz
MartinZ, and Adib Guardiola Mouhaffel3

Universidad San Jorge, Zaragoza, Spain.
2 Universidad a Distancia de Madrid {(UDIMA), Madrid, Spain.
3 Universidad de las Palmas de Gran Canarias, Gran Canarias, Spain.

fjdiazp@usj.es, dchinarro@usj.es, rpino@usj.es, ricardo.diazm@udima.es, guardiolaadib@gmail.com

*Corresponding author. ORCID: orcid.org/0000-0003-1014-3227

Abstract

This article presents a management model and control of energy efficiency in hotels adapted
to the consumption patterns that ensure the comfort requirements of customers and
integrated into the environment of an intelligent tourist complex. The analysis of the hot
water system (DHW) of two hotels in the Canary Islands (Spain) in relation to their
occupation, yields a solution based on renewable energies using high temperature heat
pumps with aerothermal dissipation and supported by boilers of existing LPG propane. The
control by programmable automatons (PLC) integrated in a system of control and acquisition
of data (SCADA) optimizes the systems to maintain the maximum accumulated energy
during the periods of cheapest electric tariff, by means of a system of opening and closing
of hydraulic Valves that It manages to adjust the demand of DHW consumption to achieve
the highest energy accumulation during the hours with the cheapest electricity tariff. The
result after two and a half years of activity registration is a faster return on investment due
to the optimized energy management of the system, through the control of operating hours
adjusted to the needs of customers and the hourly rate. It has also been predicted that during
the estimated 12 years of the system will have saved more than € 1,179,737 and thermal
8.780,005 kWh in a hotel 1 and € 1,315,104 and thermal 9,522,301 kWh in the hotel 2. This
model shown can be seen how economically and energetically very efficient.

Index Terms — DHW, energy efficiency, hotels. aerothermal energy, SCADA, PLC.

L INTRODUCTION

The constant increase of tourism in Spain is a fact, and this past year 2017 has again increased by
4.4% tourist GDP, now standing at 11.5% of total Spanish GDP [1] and giving work to 13 % of the
employed population, which has led the sector to outstanding positions in the Spanish economy and
enables both hotel and extra hotel accommodation have begun to remodel their facilities and
equipment. Within these initiatives of improvements. and due to the new awareness of customers
towards the environment, great efforts have been made in favour of the sustainability of the tourist
destination and energy efficiency of the facilities. The hotel companies have worked in recent years.
in the implementation of energy saving and efficiency measures in multiple facilities, betting on the
reduction of consumption and greenhouse gas emissions (GHG). through the implementation of
energy management methods and of information and communication technologies in monitoring and
control systems. This new "green revolution” of the tourism business is well encouraged by the

]
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European Union (EU), defining goals in reducing CO: emissions to 20% by the year 2020 compared
to the 1990s and establishing that 20% of the Total energy consumption is supplied by renewable
energies (EERR) /2/. In addition, new objectives have already been established for future stages [3].
setting a reduction of 40% in emissions by 2012, compared to 1.990, 27% of EERR, increase in
energy efficiency by 27-30% and 15% electric interconnection, that is, that the electricity generated
in the EU can be transported to other member states. By the year 2050, the EU has imposed an 80-
95% reduction in greenhouse gas emissions compared to 1990 levels. With these guidelines for
improvement in energy management and saving, the tourism sector has launched a "green
revolution”, based on the implementation of technologies to reduce consumption and the certification
of establishments and destinations. which leads to an increase in the different certification systems
and certified companies, as can be seen in Table I . where the main current environmental
management and energy management certifications are being applied is the hotel establishments.

NAME CERTIFICATOR
Ecolabel Europa [4/ European Comission
AITO Star [5/ Association of International Tour Operators
Biosphere [6] Biosphere Responible Tourism
Earthcheck /7] EC3 Global
EMAS /8] European Comission
Green Globe [9] Green Globe Ltd
ISO 14001 [10f International Organization for Standardization (ISO)
ISO 50001 11} ISO
LEED [12] U.S. Green Building Council
Travelife [13] Travelife Ltd
STEP [14] Sustainable Travel Internationsal
Ecolideres [15] Tripadvisor

Table 1. Main environmental and energy certificates.

The importance of these changes is due to two clear reasons. The first is the need to reduce
the energy consumption of the facilities, meeting the expectations of customers without
reducing the services offered. The second is due to the change in mentality of customers,
who begin to value destinations and establishments in response to the environmental
sustainability of their facilities and services. Within these tourist destinations, we have taken
as example two establishments in the Canary Islands (Spain), where the tourism sector is the
main engine of the economy, representing 34.3% of GDP in 2016 and generating 39.7% of
GDP. % of employment in the islands /76 and being an important factor in their labour
mobility /77/. Tourist stays have increased by 27% from 2010 to 2016 /18 in an archipelago
where 63% of its territory is declared a biosphere reserve by UNESCO /19/. In this singular
tourist area, we focus our attention on the study of the DHW systems of two hotel
establishments on the island of Fuerteventura.

The reason is that it has been proven in multiple investigations as the sum of the air
conditioning and the DHW are the main energy consumers, depending on the percentage of
each of the geographical area of study. For example, in Caribbean hotels, 48% of electric
power is consumed in air conditioning (AA) 7260/, in Hong Kong AA accounts for 45% of
electricity consumption /21, in hotels in the Balearic Islands the total energy consumption
is between 22% for the DHW, the AA 14% and the heating 21% 22/, in the hotels in the
United States the consumptions are divided in a general way with the air conditioning 31%
AA the 15% and the DHW 17% and the rest for other uses 23/, in Britain the typical
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distribution is 47% in heating and 20% in DHW 24/, and in Greece the typical distribution
1s 35% in heating, 15% in AA and 22% in DHW /25]. Considering the consumption of
customers per day, which vary according to zones and type of hotel. we can venfy the
importance of reducing these consumptions on the total energy needed for a hotel, which has
been studied by several authors f26, 27, 28, 29, 30].

1. METHODOLOGY

The installations analysed belong to two four-star hotels of 333 and 354 rooms. designated
as Hl and H2 respectively, as they cannot be named due to the data protection of both
companies, where their DHW-based heating systems have been replaced, propane LPG
boilers, by systems based on aerothermy technology of high temperature heat pumps. The
data that are initially counted are the annual occupation and the total consumption of LPG
propane. By means of the studies of previous facilities of hotels of the same category and
climatic zone, and of the norms of calculation 37, it has been verified that the average
consumption of the clients is of about 70 L/day of DHW, and the percentage of consumption
of total LPG propane by the DHW with respect to the remaining consumers -furniture and
laundry according to cases- is between 60% and 75% of total consumption f32/. With this
starting data and once the possible heating systems were chosen, the possibility of using a
system based on aerothermy and biomass was studied, whose forecasts of operating expenses
and initial investments can be checked in Tabfe 2, where it was calculated a theoretical
coefficient of performance (COP) for heat pumps of 2.4, much lower than the real one. To
make forecasts as accurate and real as possible, it 1s necessary to have the greatest number
of exact values and not estimates, for which the energy management of the establishments
1s fundamental to be able to perform these calculations of energy system improvements.

HOTEL H1 HOTEL H2
FREVIOUS (333 rooms}) (354 rooms)
Total hotel LPG expenditure in kg/vear 100,455 kg 142,260 kg
Total GLP expense in DHW in kg/vear 70,318 kg 09582 kg
Thermal needs DHW in kWhivear 801,839 kWh 1,135,531 kWh
LPG cost €/year 123.057 174.268
PROJECTED HEAT PUMP HEAT PUMP
Necessary invesiment 135.000 € 145.000 €
Consumption electric in kWhivear 334100 473.138
Cost of electricity 3069 € 42582€
Saving compared LPG Q088 € 131.686 €
Amortization in vears 1,45 1,10

Table 2. Projection of consumption and installation expenses.

The chosen result of the alternatives analysed has been aerothermy as a system to be
implemented in both hotels, considering the number of companies that know these
technologies and that the biomass fuel in the Canary Islands is not yet widespread and its
performance is reduced due to transport, as has been demonstrated in several studies
[33,34,35]. The solution consists of high temperature heat pumps of 151.2 and 201.6kW in
the H1 and H2 hotels respectively, which are supported in a timely manner by the existing
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boilers and regulated by a PLC-based control system with connection to a computer through
a SCADA system.

For the calculations of the system so that it complies with the current regulations, the
European Commission's guidelines for estimating values that can consider energy from
renewable sources in operation of heat pumps according to dissipation systems have been
considered 36/ and considering the data on the efficiency of the equipment that regulates
the seasonal vield factor (SPF) f37/. For its part, the Institute for Energy Diversification and
Saving (IDAE) has a document (it does not replace the standard) and according to this [38/.
the SPF will be calculated multiplying its nominal benefits (COP) by a factor called
representative weighting factor (FP) and by a correction factor (FC) for the different
technologies and applications of electrically driven heat pumps.

II1. CALCULUS

Initially we performed the calculations of the total COP of the equipment considering the
operating temperature and the environmental dissipation for Fuerteventura and in the tables
of the manufacturer the values of electric consumption and thermal generation are obtained.
Considering the system used for high temperature heat pumps with dissipation by
aerothermy, which are formed by an external LG brand machine, model ARUN 160 LTE4.
unit capacity of 50.4 kW, EER 4.30: SEER 7.27;: COP 4.42 and 2 internal units of hydrokit
brand LG model ARNH 08 GK3A2, with 25.2 kW of heat power, 80°C of maximum water
outlet temperature, and in each hotel is formed by 3 or 4 systems to get the 151.2 or 201.6
kW thermal.

COFP a 60°C = Efhermal / (EElect_inside + EElect_ontside) =
504 kWt /(708 +2x 487 kWe=50.4 kWt /1742 kWe =2.89

To determine the SPF of the heat pump we need to know the corresponding FP and FC. The
FP will be obtained in the tables of the IDAE (387 4.1 according to the climatic zone of the
hotel site and to the type of heat pump used and the FC in the table of the IDAE 4.2 with a
COP calculated for 60°C. Fuerteventura is an area of climatic severity in winter A f39/ and
the type of heat pump is aerothermal. Centralized equipment, so FP = 0.87. The temperature
chosen for the preparation of the ACS15s60° C.so FC =1

SPF = COPnominal tcx FPx FC=280x 0.87 x I =251

Once it has been verified that the SPF of the pump exceeds the minimum of SPF = 2.5, 1t
can be considered that the heat produced by the pump comes from a renewable source of
both facilities. Now the amount of renewable energy is calculated, in accordance with the
decision of the commission on calculation guidelines f48f | is calculated with the following
formula:

Eres = Qusefui x (1-1/5PF)
Quseful = Hip x Prated

Where are you the amount of renewable energy supplied by heat pump technologies, Quscful
estimated total useful heat provided by heat pumps [GWh], Hyp equivalent hours of full load
operation [h] and Prucd power of installed heat pumps, considering the duration of the
different types of heat pumps [GW].

]
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Values for hotel HI:
Qusefut1 = 1170x 151.2 x 107° = 0.176904 GWh
Eres mini = 0.176904 x (1-1/2,5) = 0.106142 GWh
Eresi =0.176904 x (1-1/2,51) = 0.106424 GWh
Percentage of renewable energy = 0.106424 /7 0.176904 = 60.16%
Values for hotel H2:
Qusefuiz=1170x 201.6 x 10°° = 0.235872 GWh
Eres min2 = 0.235872 x (1-1/2,5) = 0.141523 GWh
Eres2=0.235872 x (1-1/2,51) = 0.141899 GWh
Percentage of renewable energy = 0.141899 /0.235872 = 60.16%

Figure 1 shows the operating scheme of the hotel's DHW system, with both hotels being the
same. The systems consist of 5 accumulators of 5000L -three for direct heating by boilers /
heat pumps and 2 for preheating by recovering air conditioning (AA) -, the corresponding
exchangers and circulation pumps. The primary boiler circuits are 2 boilers 280kW in the
HI hotel and 2 boilers 290kW in the H2. The circuits of the heat pumps in the HI hotel are
3 heat pumps and in the H2 it is formed by 4 heat pumps as well. The principle of operation
1s as follows: prionty to the heat pumps for the heating of the 3 DHW, ACS 3, 4 and 5
accumulators, and in case 45 min did not reach the set temperature (61°C) they would enter
the boilers as a support system, motivated by Legionella control regulations /47/. The AA
recovery system preheats the 2 ACS 1 and 2 accumulators. Two motorized valves have been
added to this system, which are indicated in the diagram as "night valves", which are
activated when the AA system is not operating and in the most economical electricity tariff
schedule P6, to accumulate the largest amount of water at the working temperature, for which
the operating temperature setpoint of the hngh temperature heat pumps (2nd set point) is also
increased, at 65°C, in order to accumulate in the 5 existing accumulators the maximum
possible energy during the periods of lowest price of the same and in this way, reduce the
average price of the useful electric kWh used for the heating of the DHW of the
establishments. In the SCADA you can put the different the different pump controls, system

e

i

Figure 1. Diagram of operation of the DHW system of the study hotels.
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temperatures, access to the programming of the operating hours and the operating status of
the equipment.

IV. RESULTS AND DISCUSSION

The systems were launched in the hotels in September and December 2015 at the H1 and H2
hotel respectively. The results, after two and a half years of activity, have been very
satisfactory, with a return on investment faster than initially projected. Also, be checked as
by means of the possibility of adjustments, of times, hours of operation and temperatures
can be obtained greater savings with a correct management of the parameters as it is carried
out in the hotel H1 with respect to the H2. Figure 2 shows the graphs of energy consumption
and expenditure per chent-day of ACS of the hotels, graphically checking the decrease of
these in 2016-2017 due to the new installation of aerothermy. With these new equipment, a
drastic reduction of energy consumption in ACS has been achieved. as well as the emissions
associated with LPG boilers, with higher savings in the H] hotel compared to the H2 due to
the adjustment of the system by the equipment hotel maintenance.

DHW consumption per customer per day in kWh and € - Hotel 1

5 o7
o
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3 na
g i
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Figure 2. Graph of decrease of energy consumption and economic expense in DHW per night
customer.
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Table 3 shows the evolution of energy and economic costs of the establishments, with a
result of a reduction in energy consumption to produce the ACS between 72.7% and 63%
per hotel respectively. It also shows that the average spending on ACS per client hosted in
recent years (2010-2014) compared to the 2016-2017 year has decreased by 79.4% and
70.3%, from an average of € 0.54 / customer night (=pax) and 0.62 € / pax has gone to 0.11
€ / pax and 0.19 € / pax for each hotel respectively. We compare the savings data for the
years 2010 to 2014, since 2015 was launched at the end of the year, it is verified that due to
the price of the kg of LPG, the amortization of the equipment has taken place in less time
than the one that it was estimated, since also the actual consumption has been lower than
projected due to PLC control that optimizes the operation by schedules. As a result, the
installation has already been amortized in the time 1t has been running and is currently
generating benefits. The total energy saving in annual kWh is greater than 600,000 kWh in
both systems. The approximate consumption of LPG by the support boilers has been
considered 5% of the total gas consumption in the H1 hotel and of 15% in the H2, due to the
excessive punctual consumption of DHW in peak hours, mainly during the mornings
between 8:00 a.m. to 9:00 a.m. hours and afternoons between 6:00 p.m. to 7:00 p.m., with
the support of the boilers being necessary so as not to oversize the installation of heat pumps.
The difference in gas consumption is due to the use of more optimized control systems in
the H1 hotel than the H2, with a difference of more than 35.5% between the energy
consumed per client of one hotel with respect to the other.

H Type 2010 2011 2012 2013 2014 2015 2016 2017
kWh/pax 4.54 4.40 4.54 4.30 4.13 3.06 1.20 1.20

€/pax 0.47 0.54 0.58 0.56 0.57 0.38 0.11 0.11

H2 kKW h/pax 547 4.79 541 488 4.52 4.60 1.91 .80
€/pax 0.56 0.59 0.69 0.64 0.63 0.59 0.19 0.18

Table 3. Values of energy and economic consumption per customer and day obtained.

With the data obtained, the following Table 4 of expenses and savings produced by this
change in the energy model is generated. Considering that the equipment has an average life
of 12 years of the system will have saved more than € 1,179,737 and thermal 8,780,005 kWh
ina hotel | and € 1,315,104 and thermal 9,522,301 kWh in the hotel 2 for which it is expected
to have saved more than € 1,100,000 and in the H1 hotel and more than € 1,300.00 in the H2

hotel.
|

H TYPE 2.010 2011 2012 2013 2014 2015 2.016 2017 F:;“':;tl'"

Annual expenditure € 00841  117.518 123715 115877 120113 82324  26.109 25.311 308.518
Hi Annual savings € 00.006 o7 537 1.170.737

Annual savings kWh 738 547 724 BET B.780.005

Annual expenditure  117.148 1431908 167.036 154324 152271 142567 48434 44,064 554.085
H2 Annual savings 107.342 111.842 1.315.104

Annual savings kWh 703 104 703 857 5,522 301

Table 4. Expenses to annual savings and forecast during the useful life of the heat pump system

]
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V. CONCLUSIONS

The investment in the reduction of energy consumption is the way forward to maintain
current quality and environmental standards, without reducing services to customers and
without increasing operating expenses. It has been proven how the amortizations are very
fast, and the savings produced can be reinvested in further modernizing other facilities or
offering more services to customers. The investment in high efficiency systems and based
on heat pumps leave the possibility to get water heating systems with zero emissions if they
are made with joint supplies of photovoltaic solar panels, which would achieve autonomous
systems without dependence on external energy. its operation. It is in the hands of the owners
or operators of the hotel facilities, the mentalizing and making these improvements in their
facilities, as well as in the institutions to legislate and inform about these technologies and
their application to the current buildings, in search of the long-awaited building of energy
almost zero (ZEB) or almost zero (nZEB).
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