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Los sistemas productivos actuales están basados en un modelo de producción y consumo lineal, 

que conlleva no sólo la pérdida de recursos naturales, sino también un mayor requerimiento de espacio 

en vertedero con los impactos ambientales que ello conlleva, por lo que sería aconsejable evolucionar 

hacia un sistema que reproduzca la dinámica circular de la naturaleza. Repensar nuestros sistemas 

productivos desde esta óptica circular, renovable, es una solución a los problemas medioambientales y 

una forma de recuperación de un sistema productivo competitivo y sostenible a largo plazo.  

Con el objetivo de alcanzar una mayor eficiencia de los recursos se deben tomar decisiones complejas, 

puesto que en el ámbito de residuos hay muchos agentes implicados y es necesario encontrar una 

solución de compromiso. Para servir de soporte a estas decisiones se han desarrollado una serie de 

herramientas, denominadas herramientas de toma de decisiones, que se aplican desde hace años con 

diferentes objetivos dentro del ámbito de residuos. Estos objetivos se pueden enmarcar en dos grandes 

tipos de decisiones, las decisiones relativas al tratamiento más adecuado para una corriente residual, o 

las decisiones estratégicas, en las que se resuelven problemas como la recogida o localización de plantas 

de tratamiento.  

Dentro de los flujos de residuos definidos como prioritarios en la Unión Europea se enmarcan los Residuos 

de Construcción y Demolición (RCDs), debido a la cantidad en la que se generan y su alto potencial de 

reciclaje. Además, su generación es deslocalizada y difícil de estimar, y su composición depende en gran 

medida del tipo de edificación de cada país, e incluso de cada región. La típica gestión de estos residuos 

se basaba principalmente en el vertido, por lo que la mejora de su gestión requiere de un uso eficiente de 

recursos, reduciendo el requerimiento de espacio en vertedero y promoviendo la conservación de 

recursos naturales, como son los áridos naturales. Con este objetivo se han implementado políticas para 

potenciar el reciclado de RCDs, como la Directiva Marco de Residuos 2008/98/EC, que enfatiza la 

necesidad de mejorar la gestión de estos residuos en Europa y fija el objetivo de alcanzar un 70% de 

reutilización y reciclaje en el año 2020.  

Analizando la situación a nivel Europeo se observa que, con bastante frecuencia, los datos sobre RCDs son 

escasos e incompletos. Teniendo esto en cuenta y observando los datos de EUROSTAT, se observa la 

influencia de la crisis económica en la generación de RCDs para los diferentes países de la Unión Europea, 

dado que disminuye bruscamente en los últimos años, al disminuir la actividad constructiva. Este es el 

caso de España, donde la crisis económica ha afectado de forma considerable al sector de la construcción. 

Esta situación se refleja en las licencias de obra de construcción, demolición y rehabilitación, que 

aumentaron de forma considerable hasta un máximo en el año 2006, disminuyendo a partir de ese año 

hasta valores mínimos en 2013.  

Debido a todas estas razones, aumentó el interés científico-técnico de aplicar diferentes herramientas y 

métodos para evaluar diferentes aspectos de esta corriente de residuos, que pueden dividirse en dos 

grandes grupos, el primero referente a métodos de estimación de la generación de RCDs y el segundo con 

respecto a evaluar su gestión, incluyendo desde la evaluación de su tratamiento hasta su análisis 

estratégico. Del estado del arte de la gestión de RCDs se puede destacar que, debido a que la coyuntura 

de cada país es diferente, la gestión de RCDs en cada territorio es también distinta.  

En el año 2006 el instrumento global de planificación en materia de residuos de Cantabria es el Plan de 

Residuos 2006-2010, que plantea una serie de objetivos a cumplir en dicho periodo, en línea con los 

objetivos planteados a nivel nacional. El plan establece que para concretar específicamente las acciones 

a realizar, la planificación temporal y los indicadores para su evaluación, se van a elaborar diferentes 

Planes Sectoriales de residuos, que analiza diferentes corrientes de residuos, entre los que se incluyen los 

RCDs. Además, en la disposición adicional segunda, se propone que para impulsar la ejecución del Plan de 

Residuos de Cantabria 2006-2010, desde la Dirección General de Medio Ambiente de la Consejería de 
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Medio Ambiente se creará el Punto Focal Residuos, que ejercerá las funciones de una unidad técnica de 

apoyo, al objeto de dar respuesta y solución a los problemas concretos que la sociedad demanda en 

materia de residuos, así como apoyar al conjunto de las empresas y entidades cántabras para mejorar su 

gestión ambiental en el área.  

Como respuesta a esta demanda, se crea el Punto Focal de Residuos de Cantabria (PFR) mediante un 

convenio entre la Consejería de Medio Ambiente del Gobierno de Cantabria y la Universidad de Cantabria, 

constituyéndose una línea de investigación en la que la presente tesis está enmarcada, que se denomina 

Gestión de la Información Medioambiental y Herramientas de toma de decisiones, del grupo de 

investigación “Green Engineering and Resources (GER)”, en el Departamento de Química, Ingeniería de 

Procesos y Recursos. Siendo sus principales objetivos la aplicación de estrategias de gestión de 

información, desarrollo y aplicación de indicadores y herramientas de toma de decisiones, y la activa y 

sistemática difusión de la información en el ámbito de residuos.  

Como punto de partida de esta tesis y con el objetivo de conocer el estado del arte en este campo, se ha 

realizado una revisión bibliográfica que ha contemplado más de 240 publicaciones científicas en el periodo 

2000-2014 en las cuales aplican herramientas de toma de decisiones en el ámbito de residuos. No existe 

una clasificación consolidada de estas herramientas, pudiéndose definir más de 14 tipos de herramientas 

de toma de decisiones, incluyendo el Análisis Coste-Beneficio, Modelos de Optimización, Modelos de 

Simulación, Modelos Predictivos, Desarrollo de Escenarios, Análisis de Flujo de Materiales, Análisis de 

Ciclo de Vida, Análisis de Riesgos, Análisis Multicriterio, Sistemas de Información Geográfica, entre otros. 

Dependiendo del tipo de decisión y el tipo de residuo, se plantea el uso de varias herramientas, 

encontrándose el Análisis Multicriterio, los Sistemas de Información Geográfica y los Modelos de 

Optimización entre los métodos más aplicados.  

En el periodo de desarrollo de la presente tesis surgen en Cantabria una serie de situaciones con respecto 

a la gestión de los RCDs que deben analizarse en profundidad. Con esa finalidad se plantean una serie de 

hipótesis que corresponden con cada etapa de gestión de los RCDs, ligadas a una serie de preguntas de 

investigación, y que se muestran en orden cronológico a continuación. 

En primer lugar, se observó que en Cantabria la cantidad de RCDs que se generaban no se conocía con 

exactitud, y tampoco su composición. La hipótesis que se plantea es que existen métodos que permiten 

calcular una estimación robusta de la generación de estos residuos, como son los métodos basados en 

ratios por superficie construida. Además, se pueden desarrollar escenarios hipotéticos de la composición 

de los RCDs en base a la segregación del residuo en obra. En base a esta hipótesis cabe preguntarse, ¿se 

puede estimar de forma fiable la generación de RCDs con los datos obtenidos de las plantas de 

tratamiento de residuos?, si los datos reales no son completos, ¿se puede estimar la generación y la 

composición mediante los métodos de estimación basados en ratios por superficie construida?, y una vez 

estimado ¿cómo influyen la segregación en origen en la composición de estos residuos? 

En segundo lugar se constató que una gran cantidad de RCDs se destinaba a vertedero, al no existir en 

aquel momento plantas de reciclaje para estos residuos en Cantabria. La hipótesis que se plantea es que 

existen, frente al vertido, otras alternativas de gestión de RCDs, y que se puede determinar la más 

adecuada mediante el uso de herramientas de toma de decisiones, como es el Análisis Multicriterio 

(AMC). Esta hipótesis genera las siguientes preguntas, ¿cuál es la gestión adecuada de esta corriente en 

Cantabria?, ¿cuántas plantas de tratamiento serían adecuadas para esta región?, ¿qué tipo de plantas de 

tratamiento se deben ubicar?, y finalmente, ¿el Análisis Multicriterio es útil para tomar este tipo de 

decisiones? 
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En tercer lugar, una vez constatada que la mejor alternativa de gestión de estos residuos conlleva la 

ubicación de plantas de reciclaje de RCDs, se plantea la hipótesis de que la aplicación de diferentes 

herramientas de toma de decisiones, como los Sistemas de Información Geográfica (SIG), el Análisis 

Multicriterio (AMC) y los Modelos de Optimización (MO), permite determinar la ubicación más adecuada. 

Siendo las cuestiones a responder, ¿cuáles son las principales aportaciones de la aplicación de cada una 

de estas herramientas? Y dada la coyuntura de la presente tesis, en el marco del Punto Focal de Residuos 

de Cantabria, ¿cuál sería la ubicación del sistema de tratamiento de RCDs más adecuado en Cantabria? 

En cuarto lugar, dada la baja segregación en origen de los RCDs y al ser tratados en plantas de tratamiento 

sencillas, se obtiene un árido reciclado de baja calidad, por lo que se plantea realizar un análisis en 

conjunto de la gestión de RCDs. La hipótesis desarrollada es que el análisis de flujo de materiales es útil 

para calcular el rendimiento de diferentes tipos de planta de reciclaje de RCDs, y además proporcionar 

información que sirve de base para calcular los criterios que los evalúen mediante la aplicación de un 

Análisis Multicriterio (AMC). Se generan las siguientes preguntas de investigación, partiendo de un tipo 

de planta de tratamiento sencilla o avanzada, ¿qué tipo de composición en la corriente de alimentación 

es la más adecuada para cada tipo de planta de reciclaje?, si se parte de una composición determinada, 

¿qué tipo de planta de reciclaje es la más adecuada para cada composición en la corriente de 

alimentación? Dado que estos cálculos se realizan en base al análisis de flujo de materiales, se cuestiona 

¿es este método útil para estimar el rendimiento de las plantas?, y finalmente ¿se podrá alcanzar el 

objetivo planteado del 70% reutilizado y reciclado en 2020? 

Basado en todo este marco, se propone la realización de la presente tesis, siendo el objetivo principal 

proponer y evaluar estrategias en las diferentes etapas de gestión de los RCDs mediante el uso de 

herramientas de toma de decisiones, para realizar decisiones más efectivas e incluir los puntos de vista 

de los diferentes agentes implicados. A partir de las hipótesis y preguntas de investigación generadas, se 

plantean una serie de objetivos específicos para la consecución del objetivo general: 

 Estimar la generación y composición de RCDs en Cantabria mediante dos métodos, el análisis de 

los datos registrados en las plantas de tratamiento y el empleo de ratios de generación de RCDs. 

Desarrollar escenarios hipotéticos de la composición de los RCDs en base a la segregación del 

residuo en obra, analizando así la composición de los RCDs que llegan a planta de reciclaje. 

 Evaluar alternativas de gestión de RCDs mediante el uso de Análisis Multicriterio, basándose 

dichas alternativas en el porcentaje de RCDs destinado a cada tratamiento, y en el número de 

plantas de reciclaje necesarias para alcanzar los objetivos de gestión propuestos. 

 Evaluar la ubicación de las plantas de reciclaje de RCDs, mediante el uso de Sistemas de 

Información Geográfica, Análisis Multicriterio y Modelos de Optimización, y analizar las 

principales contribuciones de cada herramienta tras su aplicación. Asimismo, analizar los 

resultados obtenidos con las diferentes herramientas para seleccionar finalmente la ubicación 

más adecuada del sistema de gestión de RCDs en Cantabria. 

 Evaluar el rendimiento de dos tipos de plantas de reciclaje de RCDs en base a las fracciones que 

componen la corriente de alimentación, analizando el flujo de materiales. Evaluar, además, si se 

puede alcanzar el objetivo Europeo de alcanzar un 70% de reutilización y reciclaje de RCDs para 

el año 2020. Finalmente, utilizar las conclusiones de este estudio como base para proponer 

mejoras en el actual sistema de gestión de RCDs.  
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La consecución de los objetivos específicos ha dado respuesta a las preguntas de investigación 

planteadas, de la siguiente forma: 

Se realiza la estimación de la generación de RCDs en Cantabria mediante dos métodos. El primero se basa 

en analizar los datos registrados por las plantas de tratamiento de RCDs, observándose falta de 

información, a raíz de lo cual se propone aplicar el segundo método, que se basa en ratios de generación 

de RCDs con respecto al área de licencias de construcción, demolición y rehabilitación. Dichos ratios son 

extraídos de colegios técnicos e institutos oficiales, y aplicados a Cantabria, basándose en las licencias de 

obra publicadas por el Ministerio de Fomento del Gobierno de España. Cada uno de estos ratios propone 

una proporción diferente de las fracciones que constituyen los RCDs, siendo difícil de estimar la 

composición con este método, dado que va a depender de la segregación en origen de estos residuos. 

Para estimar la composición se propone la aplicación de escenarios hipotéticos de segregación en origen, 

creando dos escenarios: el escenario actual, en el que casi todo el residuo está mezclado y se segrega un 

porcentaje pequeño, y el escenario futuro, en la cual la segregación en origen es la gestión prioritaria. 

¿Se puede estimar de forma fiable la generación de RCDs con los datos obtenidos de las plantas de 

tratamiento? 

Los datos recopilados por las plantas de tratamiento de RCDs no siempre se encuentran clasificados de la 

misma forma, y además no se dispone de datos relativos a los RCDs que no llegan a planta de tratamiento. 

Esto conlleva que la composición calculada con esta información debe considerarse una aproximación, al 

igual que la cantidad estimada de generación de RCDs.  

¿Se puede estimar la generación y la composición mediante la aplicación de ratios de generación de RCDs? 

Los resultados obtenidos con el uso de ratios de generación se pueden considerar como una buena 

aproximación, dado que calculan la generación en base al área construida, demolida o rehabilitada. Pero 

al aplicar cuatro ratios diferentes propuestos en diferentes instituciones de España, se observa que la 

composición varía mucho de un ratio a otro. Esto es debido a que el tipo de construcción y las propias 

prácticas en obra influyen en la composición de los RCDs. 

¿Cómo influye la segregación en origen en la composición de los RCDs que llegan a planta de reciclaje? 

Se pueden definir dos grandes tipos de fracciones de residuos dentro de los RCDs, los residuos pétreos, 

como el hormigón, cerámicos o asfalto, y los no pétreos, como plásticos, cartón o madera. Cada una de 

estas fracciones de residuos tiene aplicaciones potenciales si se separan en origen, pero si no se gestionan 

adecuadamente, se puede producir su mezcla. Esta mezcla puede realizarse con fracciones del mismo tipo 

o no, dando lugar a corrientes mezcladas que deben tratarse para su clasificación. Para analizar esta 

influencia se han desarrollado escenarios hipotéticos, representando la situación actual, con un alto grado 

de mezcla, y la situación futura, en la que se segrega este residuo en origen. Los resultados muestran una 

alta influencia en la composición de los residuos que llegan a planta de reciclaje de RCDs en base a los 

diferentes escenarios de segregación propuestos. 

Se evalúan una serie de alternativas de gestión, definidas en base al porcentaje de RCDs destinado a cada 

tratamiento y al número de plantas de tratamiento necesarias. Estas plantas de tratamiento no son sólo 

plantas de reciclaje, sino también estaciones de transferencia, dividiendo Cantabria en cinco áreas y 

fijando que en cada una de ellas se debe ubicar una instalación. Se propone la aplicación de Análisis 

Multicriterio para incluir los puntos de vista de diferentes agentes implicados (económico, 

medioambiental y social). Se incluye además un análisis de incertidumbre y de sensibilidad, definiendo 

escenarios de pesos en los que el criterio relativo a las emisiones de CO2 generadas por el transporte tiene 
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diferente grado de importancia con respecto a los demás criterios, evitando así la subjetividad en los pesos 

de los criterios. 

¿Cuál es la gestión adecuada de esta corriente en Cantabria? 

Los resultados muestran que debido a la alta cantidad de residuo generado, y a sus características, la 

mejor opción es el reciclado del 100% de RCDs, debido a su alto potencial de aprovechamiento. 

¿Cuántas plantas de tratamiento de RCDs serían adecuadas para esta región?, y ¿Qué tipo de plantas de 

tratamiento se deben instalar?  

Dado que la mejor opción obtenida es el reciclaje del 100% de estos residuos, y debido a la alta cantidad 

generada de estos residuos, sería aconsejable instalar cuatro plantas de reciclaje y una estación de 

transferencia, para evitar los impactos derivados del transporte de estos residuos. Para la mayoría de 

escenarios estudiados la peor alternativa obtenida es el vertido, por la pérdida de recursos que conlleva. 

¿El Análisis Multicriterio es útil para tomar este tipo de decisiones? 

Esta metodología ha permitido un análisis fiable para evaluar y comparar en detalle las alternativas 

propuestas. Sin embargo, la selección de criterios y alternativas ha resultado ser un paso importante, por 

lo que para su aplicación en otros ámbitos, puede ser necesario adaptar o definir los criterios planteados. 

Para la evaluación de la ubicación de plantas de reciclaje en Cantabria se propone la utilización de 

diferentes herramientas como son: Sistemas de Información Geográfica, Análisis Multicriterio y Modelos 

de Optimización. De la aplicación de cada herramienta se extraen útiles conclusiones, comparando y 

analizando los resultados obtenidos con cada una, para proponer finalmente la ubicación más adecuada 

para el sistema de gestión de RCDs en Cantabria. 

¿Cuáles son las principales aportaciones de la aplicación de cada una de estas herramientas?  

Los Sistemas de Información Geográfica son una herramienta muy útil para el análisis espacial del 

territorio, y permite incluir mapas tan variados como los ríos, las poblaciones o las reservas naturales, 

entre otros. Tras su aplicación se obtienen las áreas más adecuadas para la ubicación de una planta de 

tratamiento, por lo que se requiere de un análisis posterior para seleccionar el lugar concreto óptimo. 

Dado que la evaluación se basa en mapas, todos los criterios de evaluación deben tener una referencia 

espacial, limitando la definición de los mismos. Para su aplicación, hay que crear las zonas que representan 

las distancias a las características incluidas en cada mapa, dando diferente peso en función de la distancia, 

así como otorgar pesos a cada mapa para la evaluación final, incluyendo en este proceso cierta 

subjetividad en el resultado final. 

El Análisis Multicriterio permite incluir diferentes criterios en los que se puede reflejar diferentes puntos 

de vista, incluyendo aspectos económicos, sociales y medioambientales. Esta versatilidad en la definición 

de criterios se ve mermada por la definición de alternativas, puesto que los criterios deben ser calculados 

previamente por el usuario en base a dichas alternativas propuestas, obteniendo la llamada matriz de 

impacto. Por lo que sólo un número finito de alternativas deben ser previamente definidas por el usuario, 

para no complicar en exceso el cálculo de criterios. Además, reconsiderar un dato de un criterio conlleva 

el cálculo de una nueva matriz de impacto, y volver a introducir esta información en el programa, 

retrasando el proceso de decisión. Por otro lado, la definición de pesos de los criterios permite incluir un 

análisis de sensibilidad y de incertidumbre, para evaluar la robustez de los resultados. Esta herramienta 

resulta fácil de usar y permite hacer una evaluación relativamente rápida cuando se tienen en cuenta 

muchos criterios que son contradictorios.  
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La aplicación de un Modelo de Optimización permite la inclusión de un mayor número de alternativas 

comparado con el Análisis Multicriterio, puesto que los cálculos no se realizan previamente, si no que se 

incluyen los datos en el programa y se calculan los criterios en el modelo desarrollado. A pesar de ello, no 

abarca todo el territorio como sucedía con los Sistemas de Información Geográfica, ni permite proponer 

tantos criterios como el Análisis Multicriterio, dado que se ha aplicado un modelo con una única función 

objetivo aplicada para obtener el resultado final. Pero en cambio esta herramienta no sólo proporciona 

las ubicaciones óptimas con respecto a una función objetivo, sino que además da información sobre la 

distribución de los residuos en cada una de las plantas que forma parte del sistema de gestión, incluyendo 

los residuos de cada municipio que van a cada planta. Además, permite ajustar los valores propuestos en 

los parámetros de forma sencilla, pudiendo adaptar el modelo rápidamente a esos cambios dado que 

cada criterio se recalcula en cada aplicación. 

¿Cuál sería el sistema de tratamiento de estos residuos más adecuado para Cantabria? 

Mediante la aplicación de Análisis Multicriterio y Modelos de Optimización, se obtienen como resultados 

Santander, Bárcena de Cicero y Torrelavega, pero la aplicación de Sistemas de Información Geográfica no 

obtiene resultados óptimos en esos municipios. Se debe tener en cuenta que los criterios incluidos en la 

aplicación de cada herramienta son diferentes. Esto conlleva que al incluir la generación de RCDs como 

criterio en Análisis Multicriterio y Modelos de Optimización, y al ser Santander y Torrelavega los 

municipios de mayor generación de RCDs, se obtienen dichos municipios como resultado. De hecho, 

aplicando Modelos de Optimización se obtiene siempre Torrelavega como una opción, pero Santander se 

ve modificada por Camargo si se incluyen en la evaluación los aspectos sociales. En el área sur de Cantabria 

se obtiene la ubicación en Reinosa o Campoo de Enmedio, siendo dos municipios vecinos. En el caso de la 

zona oeste, se obtienen dos alternativas bastante alejadas una de otra, como son Potes o Val de San 

Vicente, pero en el caso de la aplicación de los Sistemas de Información Geográfica, Potes no se incluye 

como una opción. Por lo tanto la ubicación final tendría que decidirse entre: Plantas de reciclaje - 

Santander/Camargo, Torrelavega, Bárcena de Cicero; y Estaciones de transferencia - Reinosa/Campoo de 

Enmedio, Potes/Val de San Vicente.  

Una vez establecida la mejor ubicación, se evalúa el rendimiento de dos tipos de plantas de reciclaje 

teniendo en cuenta diferentes composiciones en la corriente de alimentación, en base a un análisis de 

flujo de materiales a las etapas de separación en función del equipamiento instalado. Se aplican los dos 

escenarios de alimentación calculados anteriormente, y dos plantas de reciclaje, de tipo I, que consiste 

en un proceso de separación sencillo, siendo el más utilizado, o el tipo III, considerado como un proceso 

con equipamiento avanzado de separación. El rendimiento de la planta se calcula mediante el análisis del 

flujo de materiales, conociendo cada proceso, los rendimientos de separación de cada equipo y los 

materiales contenidos en la corriente de alimentación de la planta, se obtiene información relevante con 

respecto a la composición de los productos obtenidos, así como de los recursos recuperados.  

Gracias al análisis de los flujos de materiales en el proceso, se estima la cantidad de residuos tratados por 

cada equipamiento y por tanto se estiman los consumos, y costes derivados. Y además, se obtiene el 

rendimiento global de cada proceso, permitiendo evaluar si es posible alcanzar el 70% de reciclaje 

planteado para el año 2020 por la Directiva Marco de Residuos con los esquemas de plantas actuales, o si 

debe evolucionarse hacia unos procesos más complejos. Finalmente se analiza cuál es el tipo de planta 

más adecuado para cada tipo de composición en la corriente de alimentación, así como la composición 

que mejor se adecua a las características de cada tipo de planta propuesto. Para esta evaluación se aplica 

Análisis Multicriterio incluyendo criterios técnicos, además de medioambientales, económicos y sociales.  
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¿Qué tipo de composición en la corriente de alimentación es la más adecuada para cada tipo de planta? 

El mejor escenario es el que plantea un alto nivel de segregación en origen, por lo que mayor cantidad de 

materiales puede venderse directamente a gestor sin llegar a planta, siendo menor la cantidad de residuo 

que debe ser tratado. Esto significa que se reducen los consumos, los impactos potenciales producidos, 

así como el coste y mantenimiento, siendo mayor la calidad de áridos reciclados obtenidos al tener menos 

impropios en el producto final. Al recibir menos residuos en planta, se obtienen menos beneficios de la 

entrada de residuo, pero se ve compensado por el ahorro en el resto de aspectos considerados. Con 

respecto al tipo de sub-escenario, la mejor opción es aquél en el que la composición de la corriente de 

alimentación contiene el residuo pétreo mezclado principalmente con residuo de diferente tipo. 

¿Qué tipo de planta es la más adecuada para cada composición en la corriente de alimentación?  

En la planta de reciclaje de tipo I, con etapas sencillas de separación, si el residuo llega muy mezclado la 

planta no es capaz de separar completamente los impropios, por lo que terminan formando parte de los 

áridos reciclados, empeorando su calidad. En la planta tipo I, el hormigón armado debe ser separado 

previamente,  y tratado manualmente, lo que significa un mayor coste de mano de obra y de energía. En 

este caso, es preferible un escenario de alta segregación en origen.  

En el caso de la planta tipo III, con etapas específicas de separación para eliminar impropios, cuanto más 

mezclado entre el residuo mayor cantidad de impropios se separaran, siendo una parte destinada a 

reciclaje y otra parte destinada a vertedero como material de rechazo. Por otro lado, estas etapas 

específicas de separación requieren un mayor consumo de suministros, lo que conlleva un mayor coste 

de gestión. Pero la recuperación de recursos de la corriente de alimentación es mayor, alcanzando un 

mayor rendimiento de recuperación de materiales. 

¿Es el análisis de flujo de materiales útil para estimar el rendimiento de las plantas de reciclaje de RCDs? 

Dada la complejidad en la composición de este tipo de residuos, el análisis de flujo de materiales ha 

demostrado ser una herramienta muy útil en la evaluación del rendimiento de estas plantas de reciclaje, 

dado que permite evaluar la recuperación de recursos potencialmente incluidos en el residuo. Siendo 

posible estimar además la cantidad de residuo tratada en cada equipamiento, los consumos de 

suministros necesarios y con todo ello estimar las emisiones producidas.  

¿Se podrá alcanzar el objetivo planteado del 70% reutilizado y reciclado en 2020? 

Los resultados obtenidos muestran que incluso con grandes esfuerzos para aumentar la segregación en 

origen, dada la ausencia de un mercado para ciertas corrientes, con una planta sencilla, de tipo I, no es 

posible alcanzar el objetivo planteado. Pero en el caso de la planta más avanzada, de tipo III, el objetivo 

se puede alcanzar en todos los casos, salvo en el caso de que todo el residuo llegue muy mezclado. Esto 

significa que, en el escenario más representativo de la situación actual, solo una planta de reciclado con 

equipamiento avanzado, y etapas de clasificación específicas es capaz de alcanzar el nivel adecuado de 

recuperación. Pero este tratamiento produce un mayor nivel de costes, ruido generado, emisiones al aire 

o el consumo de agua, por lo cual la segregación en origen se considera un aspecto importante para evitar 

impactos del proceso.  

Los resultados obtenidos indican que se deben tomar medidas específicas para alcanzar el objetivo de 

alcanzar un 70% de reutilización y reciclaje de los RCDs en Cantabria, o bien mejorando las plantas que 

operan en la actualidad aumentando así la recuperación de recursos o estableciendo la obligatoriedad de 

segregar en origen estos residuos. Además, sería aconsejable impulsar el establecimiento de un mercado 

para ciertas corrientes y la aplicación de los áridos reciclados en obras, para potenciar la viabilidad de las 

plantas de reciclaje de RCDs. 



 

xvi 

 

 
  



 

 

 
 

TABLE OF CONTENTS 
 

 
 
RESUMEN/ABSTRACT ...........................................................................................................................................vii 

CHAPTER 1. INTRODUCTION............................................................................................................................... 1 

1.1. TOWARDS A CIRCULAR ECONOMY ..................................................................................................................... 3 

1.2. DECISION SUPPORT TOOLS AS METHODS FOR WASTE MANAGEMENT ASSESSMENT ....................................... 5 

1.2.1. Description of decision support tools ......................................................................................................... 5 

1.2.2. Applications of decision support tools to waste management .................................................................. 9 

1.3. CONSTRUCTION AND DEMOLITION WASTE AS A PRIORITY WASTE STREAM ................................................... 16 

1.3.1. Boom-bust cycle in the Spanish construction sector ................................................................................ 20 

1.3.2. Legislation framework in Spain ................................................................................................................ 21 

1.3.3. Assessment of C&DW ............................................................................................................................... 23 

1.3.3.1. C&DW estimation ............................................................................................................................. 24 

1.3.3.2. C&DW management approach ......................................................................................................... 28 

1.4. OBJECTIVES AND STRUCTURE OF THE THESIS .................................................................................................. 32 

1.4.1. Background ............................................................................................................................................... 32 

1.4.2. Objectives ................................................................................................................................................. 34 

1.4.3. Structure of this thesis.............................................................................................................................. 35 

CHAPTER 2. METHODOLOGY ............................................................................................................................ 37 

2.1. ESTIMATION OF C&DW GENERATION AND COMPOSITION ............................................................................. 39 

2.1.1. Analysis of registered data using Waste Facilities (WF) method .............................................................. 39 

2.1.2. Generation Rate Calculation (GRC) ........................................................................................................... 40 

2.1.3. Scenario Development: Waste streams contained in C&DW ................................................................... 42 

2.2. DECISION SUPPORT TOOLS............................................................................................................................... 44 

2.2.1. Multicriteria Analysis (MCA) ..................................................................................................................... 44 

2.2.2. Geographic Information System (GIS) ...................................................................................................... 48 

2.2.3. Optimization Models (OM) ....................................................................................................................... 50 

2.3. DESCRIPTION OF THE CASE STUDY: CANTABRIA .............................................................................................. 54 

2.4. METHODOLOGY APPLIED TO THIS THESIS ........................................................................................................ 58 

CHAPTER 3. RESULTS AND DISCUSSION ............................................................................................................ 61 

3.1. ESTIMATION OF C&DW GENERATION AND COMPOSITION ............................................................................. 63 

3.1.1. Analysis of registered data (Waste Facilities method) ............................................................................. 63 

3.1.2. Generation Rate Calculation (GRC) ........................................................................................................... 66 

3.1.3. Scenarios development to estimate C&DW composition ........................................................................ 73 

3.1.4. Conclusions on C&DW estimation in Cantabria ........................................................................................ 77 

3.2. EVALUATION OF C&DW MANAGEMENT ALTERNATIVES ................................................................................. 79 

3.2.1. Problem definition .................................................................................................................................... 79 

3.2.2. C&DW management alternatives ............................................................................................................. 79 

3.2.3. Evaluation criteria for C&DW management ............................................................................................. 80 

3.2.4. Results and discussion .............................................................................................................................. 84 

3.2.5. Conclusions on application of MCA to C&DW management .................................................................... 91 



 

 

3.3. LOCATION OF C&DW RECYCLING FACILITIES .................................................................................................... 92 

3.3.1. Territorial planning: Geographical Information System ........................................................................... 93 

3.3.1.1. Problem definition and data collection ............................................................................................ 93 

3.3.1.2. Screening process ............................................................................................................................. 94 

3.3.1.3. Evaluation process and weights allocation ....................................................................................... 98 

3.3.1.4. GIS application and Interpretation of the results ........................................................................... 107 

3.3.1.5. Conclusions on GIS application ....................................................................................................... 109 

3.3.2. MCA application to locate recycling facilities ......................................................................................... 110 

3.3.2.1. Selection of location alternatives ................................................................................................... 110 

3.3.2.2. Criteria definition and calculation .................................................................................................. 111 

3.3.2.3. Assignment of weights .................................................................................................................... 113 

3.3.2.4. Order selection of geographical areas to locate a recycling facility................................................ 114 

3.3.2.5. Results and discussion .................................................................................................................... 116 

3.3.2.6. Conclusions on MCA application to locate facilities ....................................................................... 131 

3.3.3. Development of an Optimization Model (OM) ....................................................................................... 132 

3.3.3.1. Problem definition .......................................................................................................................... 132 

3.3.3.2. Model development ....................................................................................................................... 134 

3.3.3.3. Model parameters .......................................................................................................................... 136 

3.3.3.4. Results obtained in the economic and environmental approach ................................................... 137 

3.3.3.5. Results obtained based on influence of social criteria.................................................................... 145 

3.3.3.6. Conclusions on model application .................................................................................................. 149 

3.3.4. Global conclusions on the application of decision support tools in the location problem ..................... 150 

3.4. ASSESSMENT OF C&DW RECYCLING FACILITIES PERFORMANCE ................................................................... 152 

3.4.1. Problem definition .................................................................................................................................. 154 

3.4.1.1. C&DW Recycling facilities: Installed equipment and process diagram ........................................... 155 

3.4.2. Definition of Alternatives ....................................................................................................................... 164 

3.4.3. Criteria definition and calculation .......................................................................................................... 165 

3.4.3.1. Economic Criteria............................................................................................................................ 166 

3.4.3.2. Environmental Criteria .................................................................................................................... 174 

3.4.3.3. Social Criteria .................................................................................................................................. 177 

3.4.3.4. Technical criteria ............................................................................................................................ 180 

3.4.4. Results and discussion ............................................................................................................................ 185 

3.4.5. Conclusions on performance evaluation of C&DW recycling facilities ................................................... 197 

CHAPTER 4. FINAL REMARKS .......................................................................................................................... 199 

4.1. DISSEMINATION OF RESULTS ......................................................................................................................... 207 

4.2. CONTRIBUTIONS OF THIS RESEARCH AND FUTURE DIRECTIONS ................................................................... 209 

REFERENCES ....................................................................................................................................................... 211 

LIST OF FIGURES ................................................................................................................................................. 241 

LIST OF TABLES .................................................................................................................................................. 245 

APPENDIX .......................................................................................................................................................... 247 

 
 
 
 



 

 

ACRONYMS 
 
 

AHP: Analytic Hierarchical Process 
ANP: Analytical Network Process 
C&DW: Construction and Demolition Waste 
CBA: Cost Benefit Analysis 
CSA: Classification System Accumulation 
DSS: Decision Support System 
E2: ELECTRE II  
EIA: Environmental Impact Assessment 
ELECTRE: ELimination Et Choix Traduisant la REalité (Elimination and Choice Translating Reality)  
ES: Expert System 
EV: Evamix  
EWC: European Waste Catalogue 
FM: Forecasting Models  
GAIA: Geometrical Analysis for Interactive Aid 
GIS: Geographical Information System 
GRC: Generation Rate Calculation 
HW: Hazardous Waste 
IMS: Integrated Modelling Systems  
IND: Industrial Waste 
LA: Lifetime Analysis  
LCA: Life Cycle Assessment 
LCC: Life Cycle Costing 
LCI: Life-Cycle Inventory 
LP: Linear Programming 
MAUT: Multi Attribute Utility Theory 
MCDA: Multicriteria Decision Analysis/ MCDM: MultiCriteria Decision Making/MCA: Multicriteria Analysis 
MFA: Material Flow Analysis 
MILP: Mixed-Integer Linear Programming 
MIS: Management Information System 
MSW: Municipal Solid Waste 
NGO: Non-Governmental Organization 
NLP: Non-Linear Programming 
NYMBY: Not In My Back Yard 
OM: Optimization Models 
PROMETHEE: Preference Ranking Organisation METHod for Enrichment Evaluations  
PSIR: Special Projects of Regional Interest 
RA: Risk Assessment 
REG: Regime 
SA: Sustainable Assessment  
SD: Scenario Development  
SEA: Strategic Environmental Assessment  
SM: Simulation Models  
SoEA: Socio-Economic Assessment 
SV: Site Visit 
TOPSIS: Technique for Order Preference by Similarity to Ideal Solution 
WEEE: Waste Electrical and Electronic Equipment 
WF: Waste Facilities method 
WFD: Waste Framework Directive  
WGR: Waste Generation Rate 
WS: Weighted Summation  
VM: Variables Modelling 
 
  



 

 

 



 

 

 
 
 
 
 
 
 
 
 

CHAPTER 1. INTRODUCTION 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 



CHAPTER 1. INTRODUCTION  1.1. Towards a Circular Economy 

- 3 - 

1.1. TOWARDS A CIRCULAR ECONOMY 

A conventional perception of economic systems is a linear model of resource consumption, in which 

companies extract materials to manufacture products and sell the products to a consumer, who then 

discards it when it no longer serves its purpose. The Eco-efficiency concept seeks only to minimise the 

volume and toxicity of the waste streams, but without altering its linear progression. Some materials are 

recycled, but often as an end-of-pipe solution, since these materials are not designed to be recycled. 

Instead of true recycling, this process is called downcycling, a downgrade in material quality, which limits 

usability and maintains the linear, cradle-to-grave dynamic of the material flow system. 

In contrast to this approach of minimisation and dematerialisation, the concept of eco-effectiveness 

proposes the transformation of products and their associated waste streams such that they form a 

supportive relationship with ecological systems and future economic growth. As was underlined by Ellen 

MacArthur Foundation (2013), the goal is not to minimise the cradle-to-grave flow of materials, but to 

generate cyclical, cradle-to-cradle metabolisms that enable materials to maintain their status as resources 

and accumulate intelligence over time, called upcycling. This inherently generates a synergistic 

relationship between ecological and economic systems, a positive recoupling of the relationship between 

economy and ecology. 

Whilst major efforts have been made in improving resource efficiency and exploring new forms of energy, 

less thought has been given to systematically designing out material leakage and disposal. However, any 

system based on consumption rather than on the restorative use of non-renewable resources entails 

significant losses of value and negative effects all along the material chain (Ellen MacArthur Foundation, 

2013). In a world where demand and competition for finite and sometimes scarce resources will continue 

to increase, and pressure on resources is causing greater environmental degradation and fragility, Europe 

can benefit economically and environmentally from making better use of those resources (EC, 2015a). 

Hence, moving towards a more circular economy is essential to deliver the resource efficiency agenda 

established under the Europe 2020 Strategy for smart, sustainable and inclusive growth (EC, 2010). A 

circular economy (Figure 1.1) is an industrial system that is restorative or regenerative by intention and 

design.

 

Figure 1.1. Circular economy definition by Ellen MacArthur Foundation (2013) 
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As emphasized by Ellen MacArthur Foundation (2013), the circular economy replaces the end-of-life 

concept with restoration, shifts towards the use of renewable energy, eliminates the use of toxic 

chemicals and aims for the elimination of waste through the superior design of materials, products, 

systems, and, within this, business models. Thus, what used to be regarded as waste is turned into a 

resource, closing the loop of the circular economy. In fact, higher and sustained improvements of resource 

efficiency performance are within reach and can bring major economic benefits, as circular economy 

systems keep the added value in products for as long as possible and eliminate waste. They keep resources 

within the economy when a product has reached the end of its life, so that they can be productively used 

again and again and hence create further value. This leads to reduce dependence on uncertain supplies, 

being a direct route to improving resilience and competitiveness. By helping to decouple economic growth 

from resource use and its impacts, it offers the prospect of sustainable growth that will last (EC, 2015a). 

But it should be noticed that even in a highly circular economy there will remain some element of linearity 

as virgin resources are required and residual waste will be inevitably generated.  

Some of these benefits related to resource efficiency improvements all along the value chains were 

estimated by Meyer (2011), obtaining that material input needs can be reduced by 17%-24% by 2030. In 

fact, business driven studies based on product-level modelling demonstrate significant material cost 

saving opportunities for EU industry from circular economy approaches and a potential to boost EU GDP 

(Ellen MacArthur Foundation, 2013) by creating new markets and new products and creating value for 

business. In line with this, Europe INNOVA, (2012) argued that a better use of resources could represent 

an overall savings potential of €630 billion per year for European industry. Therefore, it is not surprising 

that companies are continually working to improve resource management, but they are held back by 

market barriers. Those efforts to increase resource productivity must go hand in hand with existing 

objectives of EU policy such as reducing greenhouse gas emissions, increasing energy efficiency, 

sustainable reindustrialisation of the EU economy, and securing access to raw materials, whilst reducing 

environmental impacts. As a result of this, the European Commission (EC, 2015a) estimated that using 

resources more efficiently will also bring new growth and job opportunities, creating 2 million additional 

jobs. 

Unfortunately, the situation nowadays is still far from turning waste into a resource as it is expected in a 

circular economy system. In fact, Ellen MacArthur Foundation, (2013) emphasized that in Europe, 2.7 

billion tonnes of waste were generated in 2010, but only about 40% of that was reused, recycled, or 

composted and digested. Looking at individual waste streams, an even starker picture emerges: current 

recycling rates are significant for only a handful of waste types, mostly those that occur in large, fairly 

homogeneous volumes. For this reason, the European Union has set out The 7th Environment Action 

Programme (EAP) (EC, 2015b) to reduce waste generation, to recycle waste into a major, reliable source 

of raw materials for the Union, to recover energy only from non-recyclable materials and to virtually 

eliminate landfilling. And with respect to global markets, an ambitious waste policy is expected to drive 

innovation and help make EU companies even more competitive in the provision of waste management 

services and offer new market opportunities to EU exporters.  
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1.2. DECISION SUPPORT TOOLS AS METHODS FOR WASTE MANAGEMENT ASSESSMENT 

Primary goals of sustainable waste management consists of protecting human health and the 

environment and conserving natural resources. The objectives and targets set in European legislation are 

crucial drivers to improve waste management; stimulate innovation in recycling and reuse, limit 

landfilling, reduce losses of resources and create incentives for behavioural change. But improving 

resource efficiency of certain waste streams is challenging as multiple stakeholders are involved such as 

government, municipalities, industries, experts, and/or the general public, who all have different interest, 

sometimes contradictory. Waste management is expected with an acceptable cost, balancing 

environmental, economic, technical, regulatory and other social factors. To reach these goals, decision 

makers apply integrated strategies evaluating a multitude of connected processes, such as collection, 

transportation, treatment, recycling, and disposal; providing a guide in defining alternatives, relevant 

criteria and their weights, to finally find a suitable solution (Soltani et al., 2015). Apart from that, 

assessment can be used to identify weaknesses or strengths of existing systems in a structured way and 

hereby highlight factors of success and failure, or evaluate and compare different possible choices as in 

project scenarios (Zurbrügg et al., 2014).  

1.2.1. Description of decision support tools 

The type of tool selected depends on the decision and on the decision-makers, as the choice of the 

method is influenced by different aspects of the decision context such as the actors involved, their 

aspirations and their world views and values (Finnveden and Moberg, 2005). In fact, different 

stakeholders may have different opinions on the usefulness of the results from different types of 

assessments (De Brucker et al., 2013). In the case of decision-making in solid waste management, various 

assessment tools and methods are currently available, being structured procedures or methods which, 

when used, result in objective and replicable information. Formalized assessment tools help to ensure a 

structured way of thinking and provide a comprehensive method for data collection and analysis. 

Furthermore, by using a systematic and defined methodology they can ensure objectivity and replicability 

as was concluded by Zurbrügg et al., (2014).  

There is not a consolidated classification for decision support models, being classified by different authors 

based on their key characteristics, as types of impacts, the object under study and whether the method 

is procedural or analytical. In fact, Finnveden et al. (2007), classified methods based on the latter, defining 

procedural methods as methods focused on the procedures and the connections to their social and 

decision context, whereas analytical methods are focused on technical aspects of the analysis. But it 

should be noticed that analytical methods can be used within the framework of procedural methods. On 

the contrary, Pires et al. (2011) and Chang N.-B. et al (2011) proposed a technology hub in which 14 

decision models are connected; the core is the Cost-Benefit Analysis (CBA), as it is considered a common 

platform in support of decision making. This tool is defined as a system engineering model, like 

Optimization Models (OM), Simulation Models (SM), Forecasting Models (FM) and integrated modelling 

systems (IMS), being commonly applied for siting facilities, selecting technologies and comparing 

management options. However, Scenario Development (SD), Material Flow Analysis (MFA), Life-Cycle 

Assessment (LCA), Life-Cycle Inventory (LCI), Risk Assessment (RA), Environmental Impact Assessment 

(EIA), Strategic Environmental Assessment (SEA), Socio- economic Assessment (SoEA) and Sustainable 

Assessment (SA) are defined as system assessment tools, usually applied to evaluate performance and 

consider how improvements could be made in a system. And finally, communication among system 

assessment tools and systems engineering models can lead to defining others tools such as Management 

Information System (MIS), Decision Support System (DSS) and Expert System (ES).  
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While recognising the importance of characterising different tools, it is also important to note that most 

tools are flexible and not always well defined (Finnveden and Moberg, 2005). A comprehensive summary 

of the models applied to waste management are analytically presented in some developed reviews to 

support decision makers when choosing assessment methods [Finnveden et al., (2007); Morrissey and 

Browne, (2004)] or even compare different assessment methods and discuss their weaknesses and 

strengths [Zurbrugg et al., (2014); Karmperis et al., (2013); EEA, (2003)]. Another point of view is to study 

the historical development and application of assessment methods [Allesch and Brunner, (2014); Pires et 

al., (2011); Chang N.-B. et al, (2011)] or analyse in-depth the application of certain assessment methods 

to solid waste management systems [Martinez-Sanchez et al, (2015); Sun W. et al., (2014); Laurent et al., 

(2014); Ghiani et al., (2014); Kidee et al., (2013); Loiseau et al., (2012); Cleary, (2009);]. In line with this, in 

the study developed by Allesch and Brunner (2014) it was ascertained that the most commonly applied 

assessment methods in solid waste management are Cost-Benefit Analysis (CBA), Life Cycle Analysis (LCA), 

Multicriteria Analysis (MCA) and Risk Assessment (RA). Finally concluding that to evaluate a waste 

management system, MCA was the method commonly applied, to evaluate different treatments, LCA is 

the preferred method, and waste collection is often evaluated by CBA. A brief description of the 

assessment methods commonly applied can be consulted in Table 1.1. 

One of these most applied methods is Cost-benefit analysis, being a method used to evaluate projects by 

quantifying costs and benefits in order to examine if the project under study is worth carrying out. The 

analysis is assumed to give a picture of all monetary and non-monetary societal costs and benefits of 

strategic decisions, policies, plans, programs or projects, in which both marketed and non-marketed 

goods and services are given a price (Höjer et al., 2008). A main characteristic of CBA is that it allows 

improvement in one dimension of the problem, to compensate for a deterioration in another, which is 

not a sustainable approach for waste management. A similar situation takes place with optimization 

models, which traditionally deal with a specific aspect of the problem, but more recent models are 

compromising models focused around integrated waste management. This means that more than one 

aspect is included in the objective function, and not only economic aspects are studied. 

Other tool widely used is LCA, which provides a comprehensive view of the processes and impacts 

involved, being a comparative tool that reduces data to mass loading based on simplifying assumptions 

and subjective judgements (Finnveden et al., 2007). According to LCA guidelines, (ISO 2006) economic and 

social aspects are typically not considered. While LCA provides a systematic framework for accounting for 

environmental impacts associated with waste management, most decisions related to the real-life 

implementation of waste technologies in modern societies are affected by economic constraints. For 

decision-makers, the lack of a balanced economic assessment alongside traditional LCA results therefore 

limits the value of the LCA itself, as economic priorities are then de-coupled from environmental aspects 

(Martinez-Sanchez et al., 2015). For this reason Life Cycle Costing (LCC) has been suggested as a consistent 

framework for combining LCA and economic assessments. 
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Table 1.1. Brief description of decision support tools commonly applied to waste management decisions 

TOOL DESCRIPTION 

Cost-Benefit 
Analysis  

(CBA) 

Enables decision-makers to assess positive and negative effects of a set of scenarios by 
translating all impacts into a common measurement, usually monetary. Results presented in a 
clear manner, with all impacts added as one monetary figure; hence this tool provides a good 
overview of the result of different scenarios. However, there is uncertainty associated with the 
estimation of the monetary value of several environmental and/or social impacts, and it may 
not be possible to measure all impacts, direct as well as indirect, in physical units. Assumptions 
about prices may change, changing the preferred outcome. 

Optimization 
Models  

(OM) 

Applied to identify the best solution among numerous alternatives by considering one or 
several objectives. These models can address different types of issues, such as single network 
planning; dynamic multi-period investment and can be used for selecting size and site facilities. 

Simulation 
Models  

(SM) 

To store and elaborate environmental data providing conclusions regarding future trends or to 
evaluate alternative scenarios. Can provide an integrated insight into a broad range of 
environmental, economic and sociocultural aspects of sustainability and even represent a link 
between economy and environment. Data collection may be difficult and expensive, and 
requires constant adjustments and modifications. 

Forecasting 
Models  

(FM) 

To characterize waste streams quantitatively and qualitatively and construct a management 
information system to accumulate information over time. To predict waste generation, time-
series regression analysis, system dynamics models, and other regression models. 

Scenario 
development 

(SD) 

To create hypothetical sequences of events constructed for the purpose of focusing attention 
on causal processes and decision points. This tool has the ability to explore events (events in 
this case are policies and decisions taken) that might occur associated with waste management 
on a temporal scale.  

Material flow 
analysis 

(MFA) 

Consists of a systematic assessment of the flows and stocks of materials within a system 
defined in space and time. Research methods are different according to the characteristics of 
materials relevant, however, most of them are on the basis of EU Guidelines (Eurostat, 2011). 

Life cycle 
assessment 

(LCA) 

Consists of the evaluation of environmental burdens associated with a product, process or 
activity identifying and quantifying energy and materials used, wastes and emissions released 
to the environment, to assess impact of those energy and material uses and releases and to 
identify and evaluate opportunities that lead to environmental improvements. Requirements 
and guidelines are established by ISO 14044 (ISO, 2006). Can be combined with Life cycle 
costing, an economic analysis method that accounts for total costs of a product or service over 
a long life span.  

Risk assessment 
(RA) 

It is a broad term covering many different types of assessments, applied to relate 
environmental and human health risk with chemical substances or accidents quantitatively, 
through a statistical evaluation. Principles and guidelines are established by ISO 31000:2009 
(ISO, 2009). 

Environmental 
impact 

assessment 
(EIA) 

Identifies and assesses the effects of certain public and private projects on the environment; 
this assessment is then taken into account by the consenting authority during the decision 
making process. The EIA enables the modification of projects to eliminate or mitigate the 
identified potential environmental impacts. However, EIA only includes environmental 
impacts, as social and economic impacts are not included in the evaluation. 

Multicriteria 
Analysis (MCA) 

Useful to evaluate different options or alternatives comparing scenarios with regards to 
contradictory objectives. Includes the potential for an equal assessment of economic as well as 
non- economic criteria, conferring a level of flexibility and inclusiveness that economic- based 
models tend to lack. A mixture of quantitative and qualitative information can be incorporated, 
but this information must be comparable. These methods do not produce an optimal solution, 
but a general ranking of all solutions is obtained. 

Geographical 
Information 

System 

(GIS) 

GIS is mainly a descriptive assessment tool that may be used in collaboration with other models 
to simulate environmental impacts and project future trends. Data collection is the most time- 
consuming and expensive stage because these systems require a detailed and wide range of 
data and their manipulation is very complex. Useful to measure interaction between various 
forms of environmental impact and geographic features. 
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However, as it was emphasized by Morrissey and Browne (2004), not considering social aspects in waste 

management or intergenerational aspects leads to not fully sustainable models. In fact, in the study 

developed by Allesch and Brunner (2014), in which aspects considered in the application of different 

assessment methods were reviewed, it was found that 90% of the reviewed studies considered 

environmental impacts, 45% considered economic impacts, and only 19% considered social issues. But 

even more remarkable is that only a few studies considered more than one aspect of the three pillars of 

sustainability. As environmental and economic aspects are widely applied, social sustainability should be 

studied in-depth, being classified under three different perspectives according to Den Boer et al, (2005): 

social acceptability (the waste management system must be acceptable); social equity (the equitable 

distribution of waste management system benefits and detriments between citizens); and social function 

(the social benefit of waste management systems). Among the most important social issues to take into 

account, Allesch and Brunner, (2014) considered public health and safety, with a close link to the economy 

and to the environment. 

Finally, Allesch and Brunner, (2014) defined MCA as the most complete methods regarding the 

comprehensive evaluation of social, economic and environmental aspects. A key feature of MCA is the 

involvement of stakeholders in the decision-making process, because it acts as an interactive learning 

process that allows stakeholders to consider the points of view of other stakeholders (Diakoulaki and 

Grafakos, 2004). But Morrisey and Browne, (2004) underlined that even when it can be applied to any 

complex decision and can consider not only economic, social and environmental criteria, the subjectivity 

in weights allocation is the major shortcoming of this method. The weighting steps are based on value-

choices of the stakeholders, and are not scientifically based. But the fact is that in any decision making 

process there is uncertainty concerning not only the values of the criterion variables but also concerning 

weights of the criteria. Thus, sensitivity analysis with respect to the uncertain parameters used in the 

calculations is essential, as well as the application of several alternative methods to the same problem 

(Lima and Salazar, 2011). 

In summary, waste management assessment methods are useful at different levels for society, as can be 

used by companies to support strategic decisions, by municipalities for waste management planning and 

by governments for policy decisions, being useful for learning and for providing different organizations 

with grounds for discussions. However, as it was emphasized by Finnveden et al., (2007), these studies 

will always be open to criticism as they are simplifications of reality and reflect a number of user 

assumptions, being difficult to generalize from case studies.  
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1.2.2. Applications of decision support tools to waste management 

Decision support tools have been widely applied to waste management, for this reason an updated review 

of available literature on the potential applications of different assessment methods in waste decisions 

has been conducted. It was not intended to cover all the papers published in this field, but the most 

important ones, specifically those applied to C&DW. Finally, 251 papers have been reviewed, and in Figure 

1.2 the number of papers reviewed (by year and by waste) is represented. 

 

 

Figure 1.2. Summary of papers analysed in the literature review  

 

As can be observed in Figure 1.2, an increase in application of decision making tools to waste management 

is produced in the last years, obtaining a maximum in 2010, when more than 30 papers were published in 

this field. In this graph, the studies are divided into destination/treatment and strategic decisions. The 

first group, named destination/treatment, refers to the analysis of the treatment options of the waste 

(i.e. decisions among recycling, waste to energy, landfill). The second one, strategic decisions, refers to 

planning, and addresses issues like capacity, location, feasibility or impacts derived from treatment 

facilities, sometimes including flows among each node of the management system. It should be 

underlined that in some cases, papers are focusing on more than one purpose, analysing the whole waste 

management system. Regarding the waste studied, as can be observed in Figure 1.2, the most widely 

studied waste stream is municipal solid waste, with 164 papers, followed by C&DW, Industrial waste, 

Hazardous waste, Waste of electrical and electronic equipment, and finally there are two papers focusing 

on other waste not included in the previous groups.  

From the papers studied, a more in-depth analysis was carried out to analyse the type of decision support 

tool applied in the evaluation of the purposes previously defined: destination/treatment of the waste, 

and strategic decisions. Papers reviewed that focus on destination/treatment are represented in Figure 

1.3, with its main characteristics.  

MSW: Municipal Solid Waste; C&DW: Construction and Demolition Waste; IND: Industrial Waste; HW: Hazardous Waste;  
WEEE: Waste of electrical and electronic equipment; Other: Other waste not included in the other groups 
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Figure 1.3. Literature review focusing on destination/treatment of waste 

MSW: Municipal Solid Waste; C&DW: Construction and Demolition Waste; HW: Hazardous Waste;  
WEEE: Waste of Electrical and Electronic Equipment 
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As can be observed in Figure 1.3, the most widely used method in the papers reviewed is Multicriteria 

analysis, followed by optimization models, Life cycle assessment, Cost-Benefit analysis, and tools not 

previously mentioned, as emergy analysis and dynamic modelling, among others.  

Multicriteria analysis is mainly used to evaluate treatment strategy of different waste streams, comparing 

different scenarios, usually including the current scenario in the decision problem. In the case of Municipal 

Solid Waste, the most studied stream, scenarios that are commonly developed usually contain different 

percentage of waste destined to treatments such as energy recovery, composting, recycling, incineration 

and anaerobic digestion of waste. In fact, some studies focus on treatments of specific waste streams 

contained in MSW, such as paper or glass (Chambal et al., 2003). Apart from MSW, other waste streams 

have been studied, like C&DW or industrial waste, in which the scenarios generated depend on their main 

characteristics and available technology for their treatment. In the case of C&DW, in which segregation 

at source highly influences its composition, the treatment of waste streams contained in mixed C&DW, 

such as plastics or paper, or even the general profit of recycling this waste instead of landfilling is studied. 

The study developed by Kourmpanis et al., (2008b) serve as an example in which scenarios were 

developed based on traditional or selective demolition, in which each potential recyclable stream is 

destined to different options. But in the case of industrial or hazardous waste, due to its characteristics, 

specific treatments are defined, such as stabilization, vitrification or catalytic extraction (Bollinger and 

Pictet, 2008). Only one study has been found that was applied to WEEE management, in which 12 

alternatives were defined based mainly on partial or complete disassembly, and different treatments of 

the materials obtained, such as thermal treatment for the residue obtained, send materials to the native 

market or transfer recyclable materials to be treated abroad.  

In all cases of MCA application to treatment of waste, different alternatives are defined, and hence 

different types of criteria were applied. Definition of criteria depends also on the specific characteristics 

of the waste studied, being commonly classified as economic and environmental criteria, but some studies 

include social or even technical criteria. In the case of economic criteria, investment or maintenance costs 

are the most applied criteria. Among the environmental criteria, emissions to air, noise and wastewater 

production are the criteria widely used. Other aspects are included such as social criteria, using public 

health, social acceptance and job creation, and also technical criteria, such as reliability or adaptability of 

the technology. Different methods of MCA are applied in those studies, and quite often a sensitivity 

analysis is also included to evaluate the robustness of the results obtained.  

In the case of optimization models, each model is based on mathematical equations defined for the 

decision maker that leads to studies highly focused on each specific problem, for this reason different 

models can be found to solve similar problems. In the early application period, only one objective function 

was often defined, but this tendency has changed lately. In line with this, to evaluate industrial waste 

management Capón-Garcia et al., (2014) developed a multi-objective model in which economic and 

environmental objective functions were defined, and even Vadenbo et al., (2014) developed a model with 

six environmental objective functions. But when evaluating MSW, usually an economic objective function 

is applied, and the purpose is often to calculate refused flows that have to be sent to recycling or to 

different treatment or disposal plants, and suggests the optimal number and type of these plants, as in 

the study developed by Costi et al., (2004).  

Life cycle assessment is one of the most applied methods to evaluate waste management by quantifying 

environmental impacts of systems. In fact, an interesting review about the application of LCA to waste 

management was developed by (Laurent et al., 2014), where the impressive quantity of 222 papers were 

analysed. In this review it was emphasized that LCA studies have had a dominant focus on the 

management of MSW, in particular for the plastic, metal, glass, paper and organics and mixed waste 

fractions. Nevertheless, the review developed in this thesis is focused only on studies that apply LCA to 
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C&DW management decisions, and different aims can be found to analyse potential treatment of each 

stream (Yeheyis et al., 2013), end-of life impacts of buildings (Scheuer et al., 2003) or even highways (Park 

et al., 2003). But Laurent et al., (2014) argued that due to a strong dependence of each waste 

management on local conditions, such as waste composition or energy system, a meaningful 

generalisation of the LCA results is not possible. However, it was defined as a useful tool to capture local 

specific conditions in the modelling of environmental impacts and benefits of a waste management 

system, allowing identification of critical problems and proposing improvement options adapted to local 

features. 

Another method applied to waste management is Cost-Benefit analysis (CBA) which is applied to C&DW 

and MSW management in the papers reviewed. This tool is often applied to analyse real-world operational 

data to assess different MSW management policies, to identify the minimum costs sustained by each 

policy (Lin, M.-D., et al., 2006) and/or technological levels for treatment (Weng and Fujiwara, 2012). In its 

application to C&DW, Wang, J.Y. et al., (2004) evaluated the potential economic impact of a policy 

restricting the landfill disposal of certain materials if unprocessed, and Begum et al., (2006) analysed 

economic feasibility of waste minimisation such as reusing and recycling construction waste materials. 

Among the papers that applied other methods, the study developed by Thormark, (2001) can be stressed, 

who assess the conservation of energy (method called Embodied energy) and natural resources and the 

amount of material sent to landfill by recycling building waste in Sweden. Another case is the study 

prepared by Chung and Lo, (2003) in which indicators of sustainability to C&DW, chemical and clinical 

wastes were developed and applied to a case study. Apart from these methods, studies applying 

simulation modelling (Tsakarestos et al., 2004) or system dynamics methodology are applied to MSW (De 

Oliveira and Leodir, 2012) or C&DW (Marzouk and Azab, 2014). Finally, the last method considered is the 

study developed by Yuan F. et al., (2011) in which Emergy theory is applied to estimate the strengths and 

weaknesses of each alternative proposed for C&DW management. 

But sometimes tools are applied together in order to achieve synergy, as is the case of MCA and LCA 

application, where results obtained from LCA application are included as environmental criteria on MCA. 

Apart from environmental aspects, economic and social aspects are included as well, to compare solid 

waste management scenarios (Nouri et al., 2014), to evaluate waste reduction policy (Su, et al., 2010), or 

more specifically, to evaluate waste paper management options (Hanan et al., 2012). But these tools are 

also applied together with risk assessment in the study developed by Liu K.F.-R. et al., (2012) to identify 

the probabilistic causality of aspect-pathway-receptor-impact relationships to estimate environmental 

aspects in C&DW management systems. Apart from this, another case in which three tools are applied 

together is the study developed by Chong and Hermreck, (2010) in which material flow analysis, LCA and 

embodied energy composition are used to evaluate C&DW management. Like LCA and MCA application, 

when applying optimization models and MCA, certain solutions from the optimization model are 

commonly used as input parameters to a MCA model [Perkoulidis et al., (2010); Xi et al., (2010)]. Another 

situation in which more than one tool is applied is the study developed by Yuan H.P., et al., (2011) in which 

the C&DW management system was modelled by using system dynamics, to apply cost-benefit analysis 

to select the most economically feasible option. In fact, sometimes two different aims are achieved at the 

same time by using more than one tool, as is the case of GIS and MCA application in the study developed 

by Ooshaksaraie and Mardookhpour (2011), in which the aims are to design a management plan and 

display this information in a report form but also to include the best location of construction waste storage 

area in a GIS format. 

Finally, papers reviewed that focus on strategic issues for waste management are represented in Figure 

1.4, with their main characteristics.  
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44 - Tavares et al., (2011) 91 - Gautam and Kumar, (2005) 138 - Zhang X and Huang G., (2014) 
45 -  Nazari et al., (2011) 92 - Ghose et al., (2006) 139 - Toso and Alem, (2014) 
46 - Sener S., et al., (2011) 93 - Antunes et al., (2008)   
47 -  Ooshaksaraie and Mardookhpour, (2011) 94 - Delgado et al., (2008)   

      

Figure 1.4. Literature Review focusing on strategic decisions 
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In Figure 1.4 the papers reviewed to support strategic decisions, by tool applied, the main aim of each 

paper and type of waste studied can be observed. Aims are classified as landfill location, incinerator 

location, treatment facility location, network location, analysis of a recycling plant and other aims. 

Network location is considered when more than one type of facility is located, and usually includes 

allocation of waste and flows among facilities. In the case of other aims that are not previously defined, 

studies as varied as analysis of construction sector (Hoque et al., 2012), collection of MSW [Bing et al., 

(2014); Son L.H., (2014); Chatzouridis and Komilis, (2012); Ghiani et al., (2012); Galante et al., (2010); 

Kanchanabhan et al., (2010); Lin H.-Y. et al., (2010); Onut and Soner, (2008); Ghose et al., (2006); Badran 

and El-Haggar, (2006);], collection and allocation of MSW (Chang N.-B. et al., 1997), collection of WEEE 

(Mar-Ortiz et al., 2011), analysis of different policies for MSW (MacDonald, 1996), evaluate sustainability 

of infrastructure design (Ugwu and Haupt, 2007), recycling behaviour regarding recycled mineral 

construction materials (Knoeri et al., 2011) or analysing three alternative technologies for MSW treatment 

in the context of territorial conflict (Lami and Abastante, 2014) are included. 

For strategic decisions, the most widely applied tool is Multicriteria analysis, commonly applied together 

with Geographical Information System to locate landfills, incinerators and treatment facilities. But it 

should be noted that this integration is made at different levels, from using a simple MCA method to give 

weights to spatial criteria provided by GIS, to develop a MCA model including other types of criteria (as 

economic or social) to select solutions obtained from spatial analysis in the same GIS environment. In 

summary, main differences on these levels of integration come from the number of solutions obtained 

and type of criteria used (only spatial or not), being used basically to locate one facility. Actually, only the 

study developed by Sauri-Riancho et al., (2011) applied MCA with GIS to locate a network for hazardous 

waste management, consisting of a treatment facility and a landfill. 

Apart from these methods, optimization models are also commonly applied, mainly to network location, 

but some papers can be found that aim to locate a treatment facility, a landfill, or other uses as collection 

of MSW or WEEE. In fact, optimization models are also applied with GIS to include spatial variables to 

solve MSW collection, and location of different facilities as incinerators, landfills, or network of facilities 

including allocation of the waste and flows among facilities. It is important to notice the study developed 

by Zhao W. et al., (2011) for evaluating type of construction and demolition waste recycling center, as it 

is the only paper reviewed that uses a optimization model to analyze a recycling facility.  

It is less common to apply GIS alone, being sometimes applied together with other tools specifically 

developed to solve hazardous waste location problems, such as DRASTIC (Remote Sensing, Constraint 

Mapping, Groundwater Pollution Potential) Index (Patil et al., 2002) or developing a Decision Expert 

System that includes spatial organization, environmental impact, safety in terms of potential exposure of 

the population to radioactivity released from the repository, and feasibility of the repository from the 

technical, financial/economic and social point of view (Dermol and Konti, 2011). However, papers 

reviewed that applicate Life cycle analysis and Cost-Benefit analysis are mainly focused on a C&DW 

recycling facility, and only one paper apply a different method like Material Flow analysis to develop a 

broad analysis of the construction sector (Hoque et al., 2012).  

In conclusion, each method is used to different purposes, with sometimes more than one tool integrated 

to evaluate strategic decisions. Another analysis can be made regarding type of waste studied and the aim 

studied for each waste stream. For this reason in Figure 1.5 the percentage of papers focusing on each 

aim defined is represented, with each type of waste represented in each ring. Results represented in each 

ring are organized by number of papers, the most studied waste stream being in the core, and the least 

on the outside.  
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Figure 1.5. Aim and type of waste on papers reviewed 

 

As it can be observed in Figure 1.5, MSW is the most widely studied waste stream on strategic decision 

problems, counting up to 104 papers, focused mainly to locate landfills (43%), network location (22%), 

treatment facility location (14%), other issues (14%) and finally to locate an incinerator (7%). The second 

most studied waste is C&DW, with 16 papers, in which half of the papers reviewed analyzed a recycling 

facility from an economic or environmental point of view, followed by treatment facility location (19%), 

other users (19%) and finally to locate more than one facility (12%). Industrial waste is the third most 

studied waste stream with 13 papers, including hazardous waste in this description, network location 

being the most widely studied aim (46%), but also landfill (23%), incinerators (15%) and treatment facility 

locations (8%) and recycling facility analysis (8%). Finally, only 6 papers focused on WEEE strategic 

decisions, to locate treatment facilities (67%), other issues (17%) and network location (16%). 

Finally, some conclusions can be extracted from this literature review. It was found that to evaluate 

management options for solid waste management, the most commonly applied tool is MCA, as it allows 

for including different criteria, often in conflict, and takes into account the stakeholders point of view, 

which is very useful to avoid the NIMBY syndrome. In order to analyse strategic decisions, it is more 

complicated to extract clear conclusions as different purposes have been addressed. It is quite obvious 

that MCA is the most widely applied tool, with or without GIS, being mainly used for location problems. 

In this field, Optimization is also a very useful tool in order to evaluate a whole system, but it is often 

applied only with an economic point of view, and few papers include environmental or social aspects. 

Municipal solid waste is, by far, the most studied waste, but some papers regarding other waste were 

found, such as C&DW, WEEE, Industrial waste or Hazardous waste. In the last years C&DW is receiving 

more attention, mainly due to the boom in construction that has led to a higher C&DW generation. In 

fact, due to the main characteristics of this waste stream, increasing interest has been found in studying 

this waste stream with decision support tools. 
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1.3. CONSTRUCTION AND DEMOLITION WASTE AS A PRIORITY WASTE STREAM 

The Waste Framework Directive (2008/98/EC) is the overarching piece of legislation on waste 

management in the EU, and holds particular importance for Construction and Demolition Waste, being 

considered as a priority waste stream. This is because this waste stream is one of the heaviest and most 

voluminous waste streams generated in the EU, with approximately 25% - 30% of all waste generated in 

the EU (EC, 2015c). In fact, in a study developed in 2009 by ETC/SCP, (2009) about 850 million tonnes of 

construction and demolition waste was estimated to be generated in the EU per year.  

However, this quantity can be considered as a broad estimation, because data regarding quantity and 

composition of C&DW by states is extremely poor. This is mainly due to differences in definition and 

reporting mechanisms between member states, but also to the unequal levels of control. In line with this, 

in the study carried out by BIO IS, (2011) it was emphasized that, despite the existence of legislation at 

the supranational level, data of C&DW generation and treatment are scarce, mismatched and sometimes 

extremely outdated. The primary responsibility of addressing waste-related problems falls on individual 

states, but the first problem is that different definitions are applied throughout the EU.  

Focusing on definitions, C&DW is further specified in the Waste Framework Directive (WFD) as code 17 in 

reference to the European Waste Catalogue established by Commission Decision 2000/532/EC (EC, 2000). 

This classification is based on the nature of the waste (type of material) but, as it was emphasized by the 

report developed by BIO IS, (2011), this nature-oriented definition is not enough to identify a given waste 

stream as C&DW. As the recommended theoretical approach to define C&DW is to take into account both 

its nature (materials used in buildings) and the activities that originate it (construction and demolition 

activities), regardless of who performs these activities. However, current reporting does not allow 

quantifying C&DW according to this definition, because Eurostat (statistical office of the European Union) 

uses a substance oriented waste statistical nomenclature, EWC-Stat Rev 4, instead of the European Waste 

Catalogue.  

An approximation that can be used instead is waste generated in sector under NACE code F (construction 

sector), as reported by Member States to Eurostat (Eurostat, 2015). The two main problems associated 

to this definition are: it includes non-C&D waste generated by the construction sector (e.g. packaging 

waste, food waste, etc.), that is not included in the definition of the Waste Framework Directive. It 

excludes C&DW generated by other economic sectors (e.g. other industries, households, etc.), that is 

included in the definition of the WFD. But quantities related to the two aforementioned waste streams 

could be assumed to be relatively small compared to the total amount of C&DW generated.  

However, this data can be considered as a reference to quantify waste generated in the European Union, 

but can contain inconsistencies. The main problem is that in order to use data from Eurostat and apply 

the definition established by the WFD referring to EWC code 17, the table of equivalence from annex III 

of Regulation (EC) 2150/2002 (EC, 2002) has to be used. But this is not an easy task, as some of the 

substance oriented waste statistical nomenclature used by Eurostat includes European waste code 17, 

but are codified in a different nomenclature. In order to obtain a whole figure for the European Union, in 

Figure 1.6 C&DW generation by state members from 2004 to 2012 is represented, with data extracted 

from Eurostat. 
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Figure 1.6. C&DW Generation and its evolution in EU from 2004 to 2012 

Some states have big differences in reporting data regarding quantities generated among years studied, 

the main problem being that there are not available (or complete) data for all the years. But, as it was said 

before, this figure could be a proxy to estimate quantity of C&DW generated in European Union, which 

accounts for more than 800 million tonnes in 2008, obtaining a big decrease in 2010, to nearly 300 million 

tonnes. This decrease is produced by a general decrease in generation by all the states, with a decrease 
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from 2004 to 2012 of 68% in France, 53% in UK and Germany, 40% in Spain, and 14% in Italy. This general 

decrease is associated with the economic crisis in Europe, in which less construction activity was 

produced, and this led to less generation of waste. Contrary to the general situation, some states are 

increasing their generation of C&DW, like Romania, Poland and Hungary. 

An in-depth analysis of generation data in the year 2012 is included in Figure 1.7, in which data by type of 

waste and state is included as extracted from Eurostat. It should be noted that EWC-Stat codes W.126 

and W.127 are not included, as these codes include codes 170504 (and 200202) and 170506 respectively, 

which are the codes of soil and dredging soil, not included in the WFD definition of C&DW. 

 

 

Figure 1.7. C&DW generated in 2012 by state members based on data from Eurostat 

 

For all the states, the stream which is generated in more quantity is mineral waste from C&DW, the other 

streams being generated in a quantity nearly negligible in comparison. States with more generation in the 

year 2012 are Germany, France, United Kingdom, Italy and Spain, in decreasing order, but there is a lack 

of data available for some other states. This is the case of Ireland in 2012, and even only partial data is 

available for some states such as Greece, France, Latvia, Malta, Austria, Slovenia and Finland.  

As it was observed, C&DW consists of numerous materials, including concrete, bricks, gypsum, wood, 

glass, metals, plastic, solvents and asbestos, some of them with a high resource value, having a high 

potential for recycling and re-use [Merino et al., (2011); Tam V.W.Y and Tam C.M., (2006)]. A proper 

recovery of this waste results in a potential reduction of landfill space requirements and conservation of 

natural aggregate resources. In addition, if not separated at source, C&DW can contain small amounts of 

hazardous wastes, the mixture of which can pose particular risks to the environment and can hamper 

recycling. This was emphasized in the Symonds report (Symonds Group Ltd. and ARGUS, 1999), a study 

undertaken by several European consultants for the European Commission in 1999 that sought to 

highlight practical measures which could be taken to encourage the re-use and recycling of C&DW. Since 

then, most environmental policies aim at increasing C&DW recycling, like WFD which set a minimum of 

70 % by weight of reuse, recycling and other material recovery of non-hazardous C&DW by 2020, including 
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backfilling operations. In this target naturally occurring material defined in category 17 05 04 in the 

European waste catalogue is excluded, which corresponds with excavation soil.  

As it can be concluded, relevant statistics of C&DW generation in Europe are not available, as differences 

on waste definition and in reporting data can be observed. Apart from this problem, if attention is paid to 

recycling rates of C&DW in Europe, as it was argued in the study developed by BIO IS, (2011), those vary 

significantly among countries. In fact, the level of recycling and re-use of C&DW waste is estimated to vary 

greatly (among less than 10% and over 90%) across the Union. In fact, in some Member States, this waste 

stream is to a large extent disposed of, using up valuable space in landfills.  

But data about treatment of C&DW from Eurostat is only available for years 2010 and 2012, classified by 

EWC-STAT code. But this data is not available by NACE code, and for this reason activity in which this 

waste is generated cannot be specified. In order to solve this, as the main waste code that composes this 

waste is code W12, defined as Mineral waste from construction and demolition, it is used as a good 

approximation for C&DW recycling rates in the European Union. Results obtained taking into account 

these assumptions are shown in Figure 1.8, in which the recycling target of 70% of recycling established 

in the WFD is included. 

 

Figure 1.8. C&DW recycling rate in European Countries compared with target proposed by WFD 

Data from 2010 is scarce, as once again there are not available data for all the states, this is the case of 

Cyprus, Czech Republic or Greece. In 2012, fifteen countries reported recycling rates (without taking into 

account backfilling) that already fulfilled the target of the WFD: Austria, Belgium, Denmark, Denmark, 

Estonia, Germany, Ireland, Italy, Latvia, Lithuania, Luxembourg, The Netherlands, Portugal, Slovenia, 

Sweden and United Kingdom. In addition, four countries, Czech Republic, Hungary, Romania and Spain 

reported recycling rates between 60% and 70% and three countries, Croatia, Cyprus, and France, reported 

recycling rates between 40% and 60%. And finally, the remaining countries had recycling rates below 40%. 

From this data obtained from Eurostat, in 2012 a recycling rate average of 68% in Europe is estimated, 

but due to the lack of data for some countries, and because only the mineral fraction was included in this 

proxy, this results in a broad estimation with high uncertainty.  
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Some states have increased their recycling rate broadly from 2010 to 2012, as is the case, among others, 

of Spain, as it increased from 41 to 68%. This improvement of C&DW management has come because, as 

a member of the European Union, Spain was required to comply with the principles and objectives 

stipulated in EU waste legislation, through transposition of European Requirements into its own legal 

system, the WFD being included by Law 22/2011 (BOE, 2011).  

However, some inconsistencies are found in Spanish data from Eurostat, as it was emphasized in a study 

developed by Bio by Deloitte, (2014). It should be noted that the Autonomous Communities themselves 

collect and report C&DW statistics following the EWC codes and the methodology defined in the 

2011/753/EU Decision (EC, 2011), excluding hazardous substances and natural substances defined in 

category 17 05 04. These data are then collected and compiled by the National Statistics Institute, who is 

the body in charge of reporting C&DW statistics to Eurostat. As reporting methodology to Eurostat is not 

the same as for the EWC, this may leave the door open for reporting inconsistencies. 

1.3.1. Boom-bust cycle in the Spanish construction sector 

Since C&DW is intrinsically linked to construction, evolution in generation of this type of waste has a direct 

relation with the construction sector. Until 2006, the Spanish construction sector enjoyed a period of 

constant growth, reaching a 10% share of national GDP in 2006, which is twice the comparable EU-wide 

share, and employing 13% of the labour force. The expansion of this industry was a driving force behind 

the Spanish economic growth until 2007, when Spain was recording higher annual new home construction 

completions than France, Germany and Italy combined (Kapelko et al., 2014). In Figure 1.9 the pattern of 

construction permits completion in Spain between 2003 and 2013 is included. This information is 

extracted from administrative processes (permits given) so those minor works that do not require 

planning permission, or those which are conducted without municipal authorization request are not 

included. However, the coverage and quality become a primary source for understanding the evolution 

and characteristics of this sector in Spain (MFOM, 2015).  

As can be observed in Figure 1.9, a maximum level of construction was reached in 2006. In the face of 

rising interest rates, oversupply, oversize, stricter lending conditions, and the emerging global financial 

crisis, the Spanish construction industry collapsed in 2007 (MFOM, 2015), and the construction downturn 

negatively impacted on output and employment. According to Kapelko et al. (2014), who studied the 

pattern of construction permits granted and construction completion, the emerging crisis is clearly 

foretold during 2006 by the building permits granted, which is a leading economic indicator of 

macroeconomic performance. Conversely, the pattern of construction completion presents a lagging 

indicator of economic performance. Kapelko et al., (2014) found that the declining value of buildings to 

be built and buildings finished reflects the onset of financial stress when ability to acquire credits by firms 

was diminished and costs for firms of acquiring and repaying the loans dramatically increased. Apart from 

this, the difficulty of loan repayment was associated also with decreasing demand of finished space (both 

residential and non-residential), resulting in huge stocks of unsold buildings. 
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Figure 1.9. Evolution in Spain: a) Total permits by type, b) Dwelling and no-dwelling construction permits and c) 

Whole and partial refurbishment and total and partial demolition permits 

 

1.3.2. Legislation framework in Spain 

All this evolution in the construction activity is related to the generation pattern found in Spain. In the 

early days of the construction boom, large amounts of C&DW were generated, and mainly destined to be 

disposed of at inert landfills (Symonds Group Ltd. and ARGUS, 1999), as there was not an adequate 

network of recycling facilities to recycle this waste. For this reason, to encourage a better management 

of this waste and analyse the situation in Spain, the first National Plan of C&DW management (BOE, 2001) 

was enforced in 2001. In this plan, C&DW management targets were proposed, as a controlled and proper 

environmental management of at least 90% in 2006, a generation decrease of at least 10% in 2006, and 

ambitious targets for recycling or reuse of at least 40% in 2005, and 60% in 2006.  

Unfortunately, those targets were not achieved, mainly due to the extraordinary growth in construction 

activity in Spain during this period, which was reflected in an unstoppable growth of C&DW generated. 

And in spite of C&DW being a priority waste stream, insufficient knowledge was available, as the major 

part of this waste is inert, there was a little control compared with other streams. All this meant that illegal 

or uncontrolled dumping were significant throughout the period 2001-2006. This, combined with low 

admission prices at landfills, hindered sustainable and profitable operation of C&DW recycling plants that 

a) 

b) c) 
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have had difficulty functioning, particularly in the moment when the amount C&DW generated decreased 

significantly. To improve this situation, in 2008 a proper legislative framework for regulating C&DW 

management was set by the Royal Decree 105/2008 (BOE, 2008a). This Royal Decree aimed to waste 

minimization, rational planning of building work, storage of materials and waste sorting, and established 

the obligation to include a waste management study in the construction project as a tool for implementing 

the waste management concept from the start of the project. Among other issues, that waste 

management study have to contain an estimate of the amount of C&DW expected to be generated on 

site, classified and coded according to the European Waste Catalogue (EWC). These aspects of control 

such as waste quantities and treatment cost, have to be included as a tool for implementing the waste 

management concept from the start of the engineering project. In this way, this legislation implemented 

the principle of producer responsibility (Extended Producer Responsibility), waste prevention and 

responsibility among the actors involved in the production and management of C&DW. But it should be 

noted that this regulation focused on works with permits and civil works, as minor works were out of 

scope of this legislation. In fact, waste produced in minor works is under the municipalities’ responsibility, 

being managed with municipal solid waste. However, this Royal Decree 105/2008 did not set any 

quantitative target of prevention, recycling or disposal of C&DW.  

Afterwards, a second National Plan of C&DW (BOE, 2009) regarding the control and recovery was issued 

in Spain in 2009. In this second plan, the need to set the required infrastructure to raise recycling targets 

proposed was stressed, which consisted of 15% by 2010, 25% by 2012 and 35% by 2015. This implied the 

direct application of the principle of responsibility both towards the producer and the holder of this waste 

and encompassed all aspects of construction activities. And, in this plan it was recognised that it was not 

possible to determine an exact figure for annual production of C&DW due to the lack of reliable statistics. 

The Law 22/2011 of waste and contaminated soil (BOE, 2011) transposed to Spanish law the requirements 

of the WFD, in which new quantitative targets were proposed that were not included in the 

aforementioned laws. Specifically, the amount of non-hazardous C&DW accumulated from reuse, 

recycling and other recovery of materials should constitute at least 70% of waste production by 2020. 

Thus, it set specific measures in terms of 3R regulation for achieving three main objectives: inert waste 

recovery, eradication of illegal landfills and promoting demand for the recycling of C&D wastes, especially 

of recycled aggregates.  

In order to make progress in the reduction of waste at national level, a State Waste Prevention Programme 

2014-2020 (MAGRAMA, 2013) was developed. In fact, as there has been a major decline in the level of 

construction activity since 2008, it has resulted in an almost equivalent reduction in the amount of 

construction and demolition waste generated. Therefore it is difficult to determine how much of this 

reduction is attributable to the implementation of preventive measures contained in this legislation. 

Studies related to the valorisation in geotechnical engineering applications has demonstrated their good 

performance in general, with an emphasis on their use as recycled aggregates in base layers of roadway 

infrastructures and as filling material for geosynthetic reinforced structures (Vieira and Pereira, 2015). 

However, as it was emphasized by Rodriguez-Robles et al. (2014), despite the legislative interest in the 

management of construction and demolition waste, Spain still lacks of any specific regulations on the use 

of C&DW recycled aggregates. The Spanish code on structural concrete (EHE-08) (BOE, 2008b) and the 

modified General Technical Specifications on Road and Bridge Construction Works (PG-3) (BOE, 1976) 

allow the use of recycled aggregates under certain constraints. In fact, EHE-08 includes an annex of 

recommendations on the use of recycled concrete which allows recycled concrete aggregates to replace 

the coarse natural aggregates, establishing a 20% substitution limit in structural concrete and allowing up 

to 100% replacement in non-structural concrete. Meanwhile, the PG-3 has undergone amendments to 

make specific reference to the use of recycled materials in granular layers of roads.  
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Legislation targets are summarized in the waste hierarchy, which runs measures in order of decreasing 

efficiency: prevention, reuse, recycling, energy recovery and adequate waste disposal. In order to attain 

these new objectives, three key areas have been identified: a good waste quantity estimation, waste 

separation at origin, and differentiated management definitions for each waste type (Marrero et al., 

2011). 

1.3.3. Assessment of C&DW 

Research interest addressing construction and demolition waste management issues have resulted in a 

large amount of publications during the last decade. In fact, some studies were developed to analyse the 

main topics studied for this waste stream [Lu W. and Yuan H., (2011); Yuan H. and Shen L., (2011)]. General 

topics found includes from its generation to its management (reduction, reuse, recycling and disposal) or 

even human factors affecting C&DW management. General topics, and its common subtopics covered by 

literature can be observed in Table 1.2.  

Table 1.2. Topics addressed by literature focusing CDW 

TOPIC SUBTOPIC 

C&DW GENERATION 

C&DW amount 

C&DW origins 

Waste causes 

Waste generation rate 

Factors affecting waste generation 

C&DW MANAGEMENT 

Regulation 

Waste management system 

Waste management plan 

Performance of waste management 

Incentives for waste management 

Sustainable C&DW management 

C&DW REDUCTION 

Benefits of reduction 

Waste reduction measures 

and technologies 

Barriers to waste reduction 

Effectiveness of waste 

reduction 

C&DW REUSE 
Barriers 

Waste reuse practices 

C&DW RECYCLING 

Recycling practices 

Waste recycling rate 

Benefits 

Barrier of using RA 

Feasibility of plants 

HUMAN FACTORS IN 
C&DW MANAGEMENT 

Influence of human factors 

Factors for minimizing human factors 

Perceptions of professionals 

Difficulties in managing human factors 

 

As can be seen, several subtopics have been studied, from different points of view or different objectives, 

but in all these topics, decision support tools have been used to analyse C&DW generation and 

1.3.3.1. C&DW 
estimation 

1.3.3.2. C&DW 
Management 

approach 
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management subtopics. Papers addressing reduction, reuse or influence of human factors in C&DW 

management are mainly descriptive analysis, and for this reason are not studied in-depth.  

In this section, a review of tools applied to C&DW is presented, focusing on its estimation, due to the data 

gap in generation of this waste, and C&DW management decisions. Firstly, a review of different methods 

to estimate C&DW generation is presented, and secondly, the application of decision support tools to 

C&DW management is also addressed. 

1.3.3.1. C&DW estimation 

To resolve the existing data gap, different methods to estimate C&DW generation can be found in 

literature, being described and classified by different characteristics, as its scope, method applied, or the 

source of the waste, described as activity and type of building (Figure 1.10).  

 

 

Based on its scope, studies can be classified as regional level or project level. The first one can help policy-

makers to formulate practical regulations and make effective decisions, such as a disposal charging 

scheme, other policies such as tax policies or waste disposal regulations, being useful to determine 

number and/or capacity of waste treatments sites needed. A waste quantification model to project level 

is based on studying waste generation in a specific project that usually consists of the measurement on 

site of waste generated or an in-depth study of the construction project (materials needed). 

First of all, Waste Facilities (WF) is the commonly used method at Regional level, applied to develop 

reports on waste generation and it is based on weight of waste material dealt with via treatment/disposal 

routes: waste dealt with by transfer and treatment facilities, waste sent to landfill sites, waste disposed 

of under exemptions, or waste recycled as aggregate. This method is the most reliable, but the most 

difficult to calculate, as often these quantities are unknown for C&DW and it results in an incomplete 

estimation. For this reason, different methods to estimate generation have been developed in literature 

that can be classified into six major categories as it was underlined by Wu et al., (2014). These categories 

consist of Site Visit (SV) method, Generation Rate Calculation (GRC) method, Lifetime Analysis (LA) 

method, Classification System Accumulation (CSA) method, Variables Modelling (VM) method and other 

particular methods. It should be noted that more than one quantification methodology might be involved 

for a particular case. An analysis of the application of these methods in literature can be observed in Figure 

1.11, categorized by scope and method used. 

The generation rate calculation (GRC) method is the most popular methodology for estimating C&D waste 

amounts. It can be implemented for construction, renovation and demolition activities at both regional 

and project levels. The principle of this methodology is to obtain the waste generation rate for a particular 

Regional-level Project-level Scope 

Method applied LA VM 
 

 SV  GRC 
 

CSA  WF 
 

Activity Construction 
 

Refurbish Demolition 

Type Dwelling Civil Works Non - Dwelling 

VM – Variables Modelling; SV – Site Visit; GRC – Generation Rate Calculation;  
CSA – Classification System Accumulation; LA – Lifetime Analysis; WF – Waste Facilities 

Figure 1.10. Main characteristics of C&DW estimation methods 
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activity unit, and this can be done by a per-capita multiplier, financial value extrapolation or area-based 

calculation (Wu et al., 2014). The first one is the earliest C&DW quantification methodology in literature, 

which is based on methodologies that quantify municipal solid waste (MSW). As an example the study 

developed by McBean and Fortin, (1993), in which a model based on generation coefficients from the 

technical literature associated with individual material components was developed to express the amount 

of waste produced per capita and per employee in the labour force. The second approach is financial value 

extrapolation, which utilizes financial value presented in permits, as a converting factor to estimate the 

area of construction/demolition activities. In line with this, Yost and Halstead (1996) developed a 

methodology based on the financial value of buildings permits issued by the US Census Bureau, including 

Site Visit method together with GRC method. And finally, area-based calculation, a methodology based 

on the generation rate per construction/renovation/demolition area that, unlike the above two GRC 

methods, can be used at Regional and Project levels. To estimate generation at regional level, the value 

of area (m2) can be collected from the related governmental statistic report, and at project level this data 

can be extracted from the basic project schedule. Generation rate values can be derived from several 

approaches, such as site visits, project consultancy, construction guides and literature review [Mália et 

al., (2013); Coelho and De Brito, (2011a); Martinez Lage et al., (2010);].  

But at project level, the GRC method is rarely applied alone, being applied together with the Classification 

system accumulation (CSA) method, that involves a classification system (project budget or EWC, among 

others), providing a platform for quantifying different specified materials. This methodology can give 

more detailed information at material level, which makes the project managers and regional policy-

makers more able to formulate effective and efficient waste management plans (Wu et al., 2014).  

The Lifetime analysis (LA) method is mainly implemented for quantifying demolition waste, and consists 

of calculating the mass of the constructed structure, and with projections assuming reasonable lifetimes 

of buildings/materials, waste generation is estimated. LA is only applied at Regional level, and always 

applied with other methods such as GRC or even SV. This method is based on two approaches, building 

lifetime analysis and material flow analysis. The first one, estimates demolition of buildings based on their 

lifetime, being capable of estimating demolition waste in a region in a certain year (Poon, 1997). The latter 

is based on calculation of construction material consumption in the whole country and waste factors used 

for construction material purchasing (Cochran and Townsend, 2010). 

Another method is Variables modelling (VM), based on predicting C&DW amounts by modelling variables, 

such as economic indicators, construction areas, on-site working conditions, making it helpful to 

understand the interrelationship among these variables, and providing systematic information for 

decision making. This method is commonly applied to Project level [Che Hasan et al., (2013); Al-sari et al., 

(2012)], and only one case shows its application at Regional level (Ye et al., 2010). 

Finally, the Site visit (SV) method requires investigators to visit the construction or demolition sites for a 

realistic survey, being direct or indirect approaches used to collect C&DW generation data. This is one of 

the most applied methods, with its measurement conducted through weighing C&DW directly on site (Lu 

W.S. et al., 2011), as well as estimating the shape of the piled wasted materials (Lau et al., 2008). From its 

application, it can be concluded that the SV method is not appropriate for estimating the C&DW 

generation at a regional level because of the length of time required. 

Apart from the estimation methodologies presented, some other methods have also been used. An 

example is the study developed by Hao J.L. et al. (2008) in which estimation of construction waste 

production is calculated with a fixed percentage of the purchased materials. In line with this, (Cochran 

and Towsend, 2010) develop a method based on consumption of construction materials, using the typical 

waste factors used in construction material purchasing.  
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LA – Lifetime Analysis; VM – Variables Modelling; SV – Site Visit; 

GRC – Generation Rate Calculation; CSA – Classification System Accumulation 
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As it was emphasized by Symonds Group Ltd. and ARGUS (1999), the sort of considerations which affect 

the nature and volume of C&DW is varied, as individual family dwellings are predominantly built of blocks, 

brick and wood, with wood being much more widely used in Scandinavia than elsewhere in the EU. 

Depending on the type of construction in each country or region, C&DW composition will vary. Not only 

is it space dependent, but it also depends on the type of construction of the period. For example in the 

1950s and 1960s apartment buildings which accommodated the flood of workers to post-war urban 

industrial centers in most Member States were generally built of reinforced concrete, with copper piping 

replacing lead; by the 1980s plastics (especially PVC double glazing units) were becoming widespread in 

pipes and window frames in all sorts of residential buildings. Many industrial and commercial buildings 

erected since the 1980s have benefited from faster construction techniques based on steel frames. For 

this reason, the GRC method should be applied with waste generation rates calculated in a region or 

project with similar construction to the situation under study. This is a difficult challenge, and for this 

reason the SV method can be commonly applied to estimate waste generation rates, to later use these 

rates to estimate waste generation in a region. 

Looking closely at the Spanish case, the current National Integrated Waste Plan 2008–2015 (BOE, 2009) 

indicates that it was not possible to make estimations of C&DW based on the WF method given the lack 

of reliable reported data. To solve this problem, some estimation studies have been developed in Spain, 

the one developed by ITeC (2009) being considered as the most reliable Spanish study in this field. This 

method quantifies the waste generated per m2 of built surface and proposes data for Construction, 

Demolition and Refurbishment. Apart from this, Ramírez-de-Arellano et al., (2002) developed a 

quantitative method of C&D waste based on the Andalusian Construction Costs Database (BCCA) to 

estimate the waste expected on site in order to estimate their withdrawal in a specific chapter within the 

measurements and budget document of the Project. This method was applied in the Alcores model by 

studying the construction and demolition of over 100 dwellings (Solís-Guzmán et al. 2009). The aim was 

to estimate the expected volume of waste generated in new construction, rehabilitation or demolition 

projects for the levying of the tax imposed by the municipalities. Apart from this, the Regional Association 

of Architects of La Rioja (COAR, 2008) estimated that 0.1 m3 of C&DW was generated by m2 constructed 

or demolished. To calculate quantity generated by waste stream, results obtained from a study of 

composition of C&DW conducted by the Autonomous Community of Madrid in its landfills (BOE, 2001) 

were used (Figure 1.12). 

Furthermore, the Regional Association of Architects of Corunna (COAAT, 2008) proposed waste 

generation rates for construction, demolition and refurbishment, by group of waste. This was proposed 

for dwelling and non-dwelling construction, demolition of bricks or concrete buildings and industrial units, 

and total or partial refurbishment. Apart from this, Martínez Lage et al. (2010) obtained C&DW quantity 

generated by multiplying the total surface area of the activities related to new construction, renovation, 

and demolition carried out in each county by the quantity of waste generated per unit of surface area in 

each project type. This was calculated on the basis of number and volume of waste containers used at 

each site and the total area of constructed surface. Another quantification method was carried out and 

applied to newly-constructed dwellings by Llatas, (2011) to identify and quantify types of waste expected 

by the execution of each building element/sitework to determine the source of the waste within the 

construction process. An alternative method was applied by De Guzmán Báez et al. (2012), in which 

estimated generation in railway projects regarding the characteristics of the project, using the online 

available BEDEC database from the Technological Institute of Catalonia (ITeC, 2015) to quantify the weight 

and volume of C&D waste generated. This database gives environmental parameters for each element of 

work in the bill of quantities of the projects: volume (m3) and weight (kg) for each waste category (EWC 

code). Furthermore, Villoria Sáez et al. (2012) applied a similar methodology to new construction of 



CHAPTER 1. INTRODUCTION                                      1.3. Construction and Demolition Waste as a priority waste stream 

- 28 - 

residential buildings, based on bills of quantities structured in stages, used together with the database 

BEDEC of the Institute of Technology of Catalonia (ITeC, 2015). 

 

 

Figure 1.12. C&DW composition in Spain based on landfill data in Madrid 

Alternatively, Mercader-Moyano and Ramírez-de-Arellano-Agudo (2013) generated a selective 

classification and quantification model of C&DW based on the material resources consumed in the 

construction of residential buildings, either new or renovated, namely the Conventional Constructive 

Model (CCM). A practical example carried out on ten residential buildings in Seville, Spain, enabled the 

identification and quantification of the C&D waste generated in their construction and the origin of the 

waste, in terms of the building material from which it originated and its impact for every m2 constructed. 

Apart from this, Villoria Sáez et al. (2014) developed a data collection on the total C&DW generated from 

seven Spanish newly built residential building projects (802 dwellings); and developed an empirical model 

for predicting waste quantities and their rate of accumulation. This study was later completed with a 

proposal to quantify the waste generated in the construction of Mediterranean residential buildings by 

considering not only the total floor area of the project, but also the number of dwellings (Villoria Sáez et 

al., 2015). 

 

1.3.3.2. C&DW management approach 

As it was underlined previously, C&DW management has gained importance in the last decade, and some 

authors have studied management of this waste and other related strategic decisions by means of 

application and development of decision support tools. In this section, the use of decision support tools 

by topics addressed and the main aims evaluated to analyse and improve C&DW management, are 

analysed in-depth and included in Table 1.3. 
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Table 1.3. Topics and main aims of the papers addressing C&DW management 

TOPIC AIM References 

Waste management 

system 

Destination of the waste (landfill, open-

loop, closed-loop recycling) 

Potential reuse of waste 

Management scenarios 

Management by stream 

Waste recycling rate 

Abdelhamid, (2014) 

Hao J.L.J. et al., (2010) 

Kourmpanis et al., (2008b) 

Liu K.F.-R et al., (2012) 

Thormark, (2001) 

Yuan F. et al., (2011) 

Coelho and De Brito, (2011c) 

Hiete et al., (2011) 

Knoeri et al., (2011) 

Hoque et al., (2012) 

Banias et al., (2011) 

Hsiao et al., (2002) 

Waste management 

plan 

Type of demolition (selective or not) 

Management on construction sites (on 

site sorting) 

Reduction strategies on site 

Yuan H., et al., (2012) 

Huang T. et al., (2013) 

Spengler et al., (1997) 

Ooshaksaraie and Mardookhpour, (2011) 

Begum et al., (2006) 

Hao J.L. et al., (2008) 

Performance of 

waste management 
Analysis of system sustainability  Ugwu and Haupt, (2007) 

Regulation / 

Incentives for waste 

management 

Environmental taxes (disposal) 

Subsidies 

Increasing landfilling charge 

Waste management plans 

Regulations (disposal forbidden) 

Zhao W. et al., (2011) 

Duran et al., (2006) 

Wang J.Y. et al., (2004) 

Sustainable C&DW 

management 

Sustainability indicators 

Impacts of demolition strategy 

Impacts of building 

Chung and Lo, (2003) 

Marzouk and Azab, (2014) 

Roussat et al., (2009) 

Blengini and Garbarino, (2010) 

Junnila and Horvath, (2003) 

Park et al., (2003) 

Scheuer et al., (2003) 

Feasibility of 

recycling facilities 

Recycling plant schemes comparison 

Performance of recycling facilities 

Economic analysis 

Impacts of each plant 

Market/demand analysis 

Analysis of equipment 

Strategic location of facilities 

Tam, (2008a) 

Gomes et al., (2008) 

Robinson and Kapo, (2004) 

Banias et al., (2010) 

Coelho and De Brito, (2013a) 

Coelho and De Brito, (2013b) 

Coelho and De Brito, (2013c) 

Coelho and De Brito, (2013d) 

Nunes et al., (2007) 

Srour et al., (2013) 

Zhao W. et al., (2010) 

Huang W.-L. et al., (2002) 
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Studies regarding C&DW cover different aspects and sometimes one study can cover more than one topic. 

The first topic defined comprises the waste management system, focusing on decisions regarding 

different aims: destination of this waste (landfill, open-loop, closed-loop recycling), potential reuse of 

waste, management scenarios, management by stream or waste recycling rates.  

Some studies have been developed in which MCA was applied to evaluate a waste management system. 

This is the case of the study developed by Kourmpanis et al. (2008b) that evaluates alternative waste 

management by type of demolition, on site segregation or destination of waste. But apart from this, 

Abdelhamid, (2014) also applied MCA to analyse costs of two different waste management approaches, 

a traditional practice and an improvement, taking into account on site segregation and waste treatment. 

MCA is also applied to evaluate recycling behaviour by a social analysis of the system from the 

stakeholder’s point of view (Knoeri et al., 2011). Apart from this, a complex study of the waste 

management system was developed by Liu K.F.-R et al., (2012) using risk assessment, life cycle 

assessment, and multi-criteria decision analysis to improve knowledge on environmental aspects for an 

Environmental Management System (identifies causal linkage for aspect-pathway-receptor-impact). CBA 

is the tool selected to evaluate different management scenarios, as in the study developed by Coelho and 

De Brito (2011c), that includes selective demolition and destination of the waste streams. A more complex 

model was developed by Banias et al., (2011) to identify the optimal C&DW management strategy that 

minimises end-of-life costs and maximises the recovery of salvaged building materials, developing a web 

based decision support system. And finally, the work developed by Hiete et al. (2011) should be 

highlighted, in which an optimization model to evaluate optimum network configuration is developed, 

taking into account recycling network structure, disposal rates, number of recycling plants, and waste 

transport. Apart from this, Hsiao et al. (2002) developed a dynamic model of domestic material flows of 

concrete waste and employed statistical analyses to obtain projections of future material flows, in order 

to calculate recycling targets needed for each area and year to avoid overloading capacities. In line with 

this, Hao J.L.J. et al. (2010) applied also dynamic modelling to investigate the complexity and 

interdependencies of factors affecting the effectiveness of C&DW management, including potential 

measures for improving C&DW management. Other tools have been applied, like Emergy theory to 

analyse different recycling options for C&D waste: landfill, closed-loop recycling option, or open-loop 

recycling option (Yuan, F. et al., 2011), material flow analysis (MFA) to quantify the total material and 

energy inputs in the sector, to analyse resource efficiency of the construction sector Hoque et al., (2012), 

or Embodied energy to analyse potential reuse of building waste in different scenarios, by stream and 

potential destinations (Thormark, 2001). 

The next topic addressed is the waste management plan, and consists of decisions regarding the type of 

demolition (selective or not), management on construction sites (on site sorting) or reduction strategies 

on site. Among the studies developed addressing waste management plans, Ooshaksaraie and 

Mardookhpour (2011) proposed a rule-Based Expert System, integrating MCA and GIS, to help 

development of C&DW management plan to evaluate storage area and management in construction sites 

before starting. Apart from this, Begum et al., (2006) analysed the economic feasibility of waste 

minimisation such as the reusing and recycling of construction waste materials by performing a benefit–

cost analysis. This study provides an idea of the amount of waste generation, sources and compositions 

as well as reuse and recycling of materials on construction sites taking into account the economic 

dimension. An optimization model was developed by Spengler et al., (1997) to evaluate integrated 

production and recycling management, based on the selection of dismantling techniques for building 

demolition. System dynamics has been applied to evaluate impacts derived by materials used in buildings, 

taking into account if they are recycled or not (Huang T. et al., 2013) and to evaluate the on site 

management of the waste, regarding destination to landfill or on site sorting but including the 
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interconnection of the main activities with focus on planning and management (Hao J.L. et al., 2008), to 

evaluate C&DW reduction strategies under various scenarios (Yuan H. et al., 2012). 

Performance of waste management is also studied in-depth, analysing the stakeholder’s point of view to 

apply sustainability assessment of infrastructure projects-analysis to industry (Ugwu and Haupt, 2007). 

Another topic is the influence of regulation or incentives for waste management that has been included 

commonly in literature reviewed. CBA is applied to evaluate the potential economic impact of a policy 

restricting the landfill disposal of certain C&D waste materials, if unprocessed, on construction contractors 

and C&D waste processors (Wang J.Y. et al., 2004). Apart from this, interrelationships of C&D waste 

management practices have been studied, including the influence of a landfill charging scheme in the final 

solution (Yuan H.P. et al., 2011). A system dynamics model is useful to help evaluation of alternative types 

of recycling centres under different policy and economy environments through comparison on the 

economic feasibility of recycling centres and ratio of savings to costs in C&D waste management Zhao W. 

et al., (2011). Another case is the one developed by Duran et al., (2006) who developed a model to 

evaluate the potential of recycling the petrous fraction, including the influence of environmental taxes 

and subsidies, taking into account three different scenarios, mobile plant, or permanent plant in two 

different locations.  

Sustainable C&DW management has been also addressed by studying aspects such as sustainability 

indicators (Chung and Lo, 2003), impacts derived from demolition strategy [Marzouk and Azab, (2014); 

Roussat, et al., (2009)], impacts derived from buildings [Blengini and Garbarino, (2010); Junnila and 

Horvath, (2003); Scheuer et al., (2003)] or highways (Park et al., 2003). 

Feasibility of recycling plants is one of the most studied topics, including impacts of each plant, location 

strategies, analysis of equipment, or market/demand analysis. Among these topics are the recycling plant 

schemes comparison between the current and a new concrete recycling method (Tam, 2008a) or analysis 

of system sustainability consisting of a performance evaluation of different recycling plants, based on 

different criteria such as operation time, installed capacity, present production, initial investment and if 

it is operating or shut down (Gomes et al., 2008). Apart from this, Robinson and Kapo, (2004) applied MCA 

with GIS to locate recycling sites taking into account transport and population in the area under study, 

and Banias et al., (2010) applied MCA to evaluate the optimal location of management facility, taking into 

account local acceptance, financial viability and environmental burden. Another study is developed by 

Coelho and De Brito, (2013b) focusing on one plant, its location, materials, technology and economic 

analysis, by cost benefit, finally applying an economic sensitivity analysis to evaluate influences in the 

results of changes in fees or plant capacity (Coelho and De Brito, 2013a). But this study continues with the 

application of an environmental analysis of the same recycling facility, including an environmental 

sensitivity analysis [Coelho and De Brito, (2013c); Coelho and De Brito, (2013d)]. Kartam et al. (2004) 

analysed potential uses and limits of recycled C&DW materials, analysing the current situation in Kuwait, 

to evaluate feasibility of C&DW recycling facilities and demand of materials, like recycled aggregates. 

Another study was developed by Nunes et al., (2007) in which cost-benefit analysis was applied to 

evaluate viability of future C&DW recycling centres, depending on the owner type, private or public. In 

the study of Srour et al., (2013), a framework for the case of Lebanon is implemented, it consists of 

analysing the rate and type of waste generated, to apply cost-benefit analysis to examine the costs derived 

from landfilling and recycling the waste, to finally evaluate the economic feasibility of developing a 

recycling facility. In line with this, Zhao W. et al., (2010) applied a cost benefit analysis of the economic 

feasibility of recycling facilities, based on types of recycling centres and potential demand of materials, 

and their most suitable destination. Finally, Huang W.-L. et al., (2002) applied material testing for 

examining reuse potentials of the products obtained in a recycling plant, and cost-benefit analysis to 

allocate resources used in the plant efficiently. 
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1.4. OBJECTIVES AND STRUCTURE OF THE THESIS 

The work presented in this doctoral dissertation was conducted at the Department of Chemistry and 

Process & Resource Engineering at University of Cantabria (Spain), within the Green Engineering & 

Resources (GER) research group, and specifically, in the topic of Environmental Information Management 

and Decision Support Tools. This topic is focused on the use and application of strategies and practices 

related to knowledge management in waste streams, development and application of indicators and 

decision-making support tools on waste, to finally develop a systematic and active dissemination of 

information. 

This PhD was financially supported by the R+D+I project ‘Establishing the set of indicators for sustainable 

resource and waste flow in the Region of Cantabria- Cantabria Focal Point on Waste’, within the 

collaboration agreement of the Regional Ministry of Environment and University of Cantabria (Spain).  

 

1.4.1. Background 

In 2006, Cantabria Waste Plan 2006-2010 (BOC, 2006) was approved; a planning instrument on waste 

including objectives to accomplish in the period 2006-2010 related to national objectives. This Plan itself 

provides specific actions to carry out, timing, indicators for evaluation, and establishs the need of 

developing specific sectorial plans on waste. Furthermore, the second additional provision of the law 

established that a Regional Focal Point on waste, a technical support unit, should be created with the 

purpose of serving as a support to solve specific problems that society demands on waste and to improve 

environmental management of all companies and Cantabrian entities in this field.  

In response to this demand, Cantabria Focal Point on Waste was created through an agreement between 

the Department of Chemistry and Process & Resource Engineering at University of Cantabria and the 

Regional Ministry of Environment, Government of Cantabria. Its main objectives are, invigorate the Waste 

Plan of Cantabria and moreover, disseminate information on waste to comply with the Law 27/2006 (BOE, 

2006a) which regulates access to information rights, public participation and access to justice in the 

environmental field. This legislation transposed the Directive 2003/4 (EC, 2003) into Spanish law, which 

in turn introduced the main obligations from Aarhus Convention (EC, 1998) into Community law. Following 

the launch of the Focal Point on Waste, some regulations were approved at national level, being necessary 

to analyse trends of the regional waste management.  

These regulations include the Waste Framework Directive (EC, 2008), which poses a new hierarchy of 

management and requires all the Members States to make new plans on waste. Apart from this, it also 

establishes the regulatory framework for the definition of "end of waste"; establishing the conditions for 

a waste to no longer be regarded as such and introducing the by-product concept. This new EU directive 

was transposed into Spanish law in 2011 through Law 22/11 (BOE, 2011) on waste and contaminated soil. 

Afterwards, at regional level the Sectorial Plans on waste (BOC, 2010a) were developed in 2010, which in 

turn included new concepts contained within the Waste Framework Directive, and established some goals 

to achieve in Cantabria for 2010-2014. This regulatory framework needs, in the same way as the Waste 

Plan, an associated monitoring system (Andrés et al., 2011).  

In each one of the four Sectorial Plans on waste, different streams are studied: i) Municipal solid waste 

plan, ii) Non-hazardous and hazardous Industrial waste, Construction and Demolition waste and Mining 

waste Plan; iii) Primary sector, Health & veterinary services Waste Plan, and iv) Special waste Plan (BOC, 

2010a). In the Cantabria Waste Plan 2006-2010, as well as in the Sectorial Plans, after an in-depth analysis, 

the weaknesses of the Cantabria waste management system of some waste streams is emphasized, giving 
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as a result the need to study specific streams exhaustively. Large amounts of certain waste streams are 

generated, but little quantity was recovered: current recycling rates are significant for only a handful of 

waste types, mostly those that occur in large, fairly homogeneous volumes. Apart from that, resources 

obtained often ended up in low-grade applications, having as a result downcycling instead of closing loops. 

Higher and sustained improvements of resource efficiency performance are within reach and can bring 

major economic benefits. Moving towards a more circular economy is essential to deliver the resource 

efficiency agenda established under the Europe 2020 Strategy for smart, sustainable and inclusive growth 

(EC, 2010). For this reason, decisions have to be made to improve resource efficiency of certain streams, 

this being a complicated process in which multiple stakeholders are involved such as government, 

municipalities, industries, experts, and/or the general public. In line with this, decision-makers look for 

decision support frameworks that can guide in defining alternatives, relevant criteria and their weights, 

and finding a suitable solution (Soltani et al., 2015).  

The European Commission considers Construction and Demolition Waste (C&DW) as a priority waste 

stream, being one of the heaviest and most voluminous waste streams generated in the EU. There is a 

high potential for recycling and re-use of C&DW, since some of its components have a high resource value, 

giving as a result a potential reduction of landfill space requirements and conservation of natural 

aggregate resources. For this reason, most environmental policies aim at increasing C&DW recycling, as 

in the Directive 2008/98/EC on waste, which stresses the need to improve C&DW management in the 

European Union to 70% of reuse, recycling and material recovery by 2020.  

Cantabria is a northern Spanish region that experienced a high increase in construction activity during the 

housing bubble period in Spain. Before the recent crisis, large quantities of C&DW were generated, at that 

time mostly landfilled due to the absence of a recycling network for this waste. And in spite of C&DW 

being a priority waste stream, insufficient knowledge was available about this waste stream, as the major 

part of this waste is inert, there was little control compared with other streams. All this meant that illegal 

or uncontrolled dumping was significant, combined with low admission prices at landfills, led to hinder 

sustainable and profitable operation of C&DW recycling plants. This produced a high space requirement 

at landfill, producing a loss of potential valuable resources contained in this waste. This situation was 

opposite to policies developed at National or European level, in which the need to close loops is 

encouraged. A more effective and efficient use of natural resources, as well as the mitigation of 

environmental impacts induced by their extraction could be achieved if proper management and recycling 

policies of C&DW were implemented (Vieira and Pereira, 2015). 

The objectives and targets set in European legislation are crucial drivers to improve waste management; 

but improving resource efficiency of C&DW stream is challenging, as multiple stakeholders are involved 

having different interests, sometimes contradictory. For this reason, increasing interest has been found 

in studying this waste stream with decision support tools, to learn how to collect, summarise and facilitate 

the interpretation of data to make more effective decisions. To evaluate management options, the most 

commonly applied tool is MCA, as it lets to include different criteria, often in conflict, and takes into 

account the stakeholder’s point of view, useful to avoid the NIMBY syndrome. In order to analyse strategic 

decisions, MCA is the most widely applied tool, with or without GIS, mainly used for location decisions. In 

this field, Optimization is also a very useful tool in order to evaluate a whole system, but it is often applied 

only with an economic point of view, and few papers include environmental or social aspects.  
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1.4.2. Objectives 

This thesis has been developed in the framework of the Cantabria Focal Point on waste, a collaboration 

project between Government of Cantabria and University of Cantabria. For this reason, the main objective 

of this thesis is to give solutions to regional issues regarding C&DW management. To do so, the application 

of decision support tools is proposed in this thesis to help decision making in all the stages of C&DW 

management. Figure 1.13 shows the methodology applied in this thesis to establish the main hypotheses 

and the specific objectives of this work. Firstly, four hypotheses were formulated taking into account the 

regional issues and the state-of-the-art according to the performed literature review previously described 

in this chapter. Based on these hypotheses, research questions were formulated which are directly linked 

to the specific objectives established in this thesis. 

 

 

Figure 1.13. Regional issues to be solved, hypothesis proposed and research questions to be answered in this thesis 

Based on the Regional issues found in Cantabria, hypotheses are proposed based on the literature review 

performed. Each hypothesis leads to a series of research questions that will be answered by the four 

specific objectives proposed:  

1) Estimate C&DW generation in Cantabria by using estimation methods proposed in literature, 

such as waste facilities method and generation rate calculation. Develop scenarios including 

different grade of segregation procedures on site, to evaluate C&DW composition that arrives to 

the recycling plants. 
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2) Evaluate C&DW management alternatives by Multicriteria Analysis application, based on the 

percentage of waste destined to each treatment and how many and what type of recycling 

facilities should be located in order to fulfil recycling targets proposed. 

3) Evaluate the location of recycling facilities by applying Geographical Information System, 

Multicriteria Analysis and Optimization models, and extract main contributions of its application. 

Test whether the employment of different decision support tools generates similar results 

related to location decisions of recycling facilities. Finally, obtain an adequate location of the 

facilities network for Cantabria based on the results obtained. 

4) Evaluate performance of recycling facilities taking into account key waste fractions or processes 

influencing it, using a mass balance approach. Assess whether the target of recycling 70% of 

C&DW by 2020 can be achieved taking into consideration the composition of waste. Finally, 

propose measures to improve C&DW management system if needed.  

 

1.4.3. Structure of this thesis 

This PhD thesis is divided into four chapters:  

The first chapter of this thesis “Introduction” includes the circular economy concept, and a helpful 

literature review containing research works regarding the use of decision support tools for waste 

management issues since 2000. Apart from this, a review focusing on the topics and the methods used 

for decisions on Construction and Demolition Waste management are analysed. Finally, the background 

is explained and objectives of this thesis are defined.  

The second chapter entitled “Methodology” is divided into four sections. First of all, methodologies to 

apply different methods to estimate C&DW generation are described, to explain a general methodology 

of each decision support tool applied in this thesis. Apart from this, a description of the case study is 

included, and also a scheme of aim-decision support applied is included, to understand which tool is 

applied to solve each decision. 

The third chapter “Results and discussion” contains a detailed discussion of the main results. This chapter 

is divided into four sections: 

3.1 Estimation of C&DW generation and composition 

3.2 Evaluation of C&DW management alternatives 

3.3 Location of C&DW recycling facilities 

3.4 Assessment of C&DW recycling facilities performance 

At the end of each chapter a series of conclusions are drawn, concerning the investigations performed 

and the results obtained.  

The main findings and the research contributions of this dissertation as well as the proposed directions 

and challenges for future investigations are summarized in chapter four entitled “Final remarks”. 

Furthermore, in this thesis an abstract is presented in Spanish. The PhD thesis ends with a set of 

references and the appendix that provides additional information through tables. 
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2.1. ESTIMATION OF C&DW GENERATION AND COMPOSITION 

The most commonly used method to estimate quantity and characteristics of C&DW generated is based 

on data obtained from treatment facilities, but usually this data is not complete. This is a result of the lack 

of control about this waste stream in many regions compared with other streams, with large quantities 

illegally dumped or not adequately registered, giving as a result data gaps and lack of reliable statistics on 

this waste flow. The accurate estimation of quantities and composition of C&DW is necessary in order to 

provide time series data to monitor progress towards legislative targets and to ensure a minimum 

continuous input to the recycling plants. For this reason, different methods have been applied in order to 

estimate C&DW generation and its composition [Wu et al., (2014); Llatas, (2013)].  

Firstly, analysis of registered data is proposed, based on data obtained from waste facilities. Apart from 

that, generation and composition is estimated by means of waste generation ratios by surface 

constructed, demolished or refurbished. Finally, scenario development is also proposed in order to 

evaluate different management strategies and their influence on C&DW composition. Methodology for 

each one of this methods is shown in the following sections. 

2.1.1. Analysis of registered data using Waste Facilities (WF) method  

Basically, this method consists of collecting data of waste arriving to each facility (Llatas, 2013), avoiding 

double counting as was explained in the report developed by Defra, (2012). In order to estimate total 

waste arising, data needs to be gathered on the amount of waste that is sent to four key 

treatment/disposal routes: Waste dealt with by transfer and treatment facilities, considered as 

intermediate treatment; and final treatment as waste sent to landfill sites, waste disposed of under 

exemptions, and waste directly destined to waste manager. In the final calculation C&DW management 

system of each region should be kept in mind, with the potential waste management system of this waste 

stream schematized in Figure 2.1. 

 

 

Figure 2.1. Potential C&DW flows to take into account in waste facility (WF) method  

C&DW 

Waste Producer 

Recycling facility Transfer station 

Inert Landfill Waste manager 
Environmental 

restoration (backfilling) 

Intermediate treatment 

Final treatment 
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It should be noted that there are different types of producers; as this waste can be produced in works 

with permits, like dwelling construction, or in works without permits, such as minor works. Enforced 

C&DW legislation usually differentiates regulation by the type of work where C&DW is produced, and this 

can vary among regions, giving as a result that availability of data registered could vary from one region 

to another. Apart from this, it should be noted that specific legislations can be developed by a region that 

influence C&DW management, such as banning landfill destination without prior treatment. 

Even when this method is the most widely used, it is quite difficult to collect all the data, obtaining 

commonly an incomplete estimation of waste generated. This is a result of not having data regarding the 

waste directly sold to waste managers, reused at source, or even illegal dumping, and for this reason 

comparing results obtained with this method with another estimation to detect this practice and fill the 

data gaps is advisable. 

 

2.1.2. Generation Rate Calculation (GRC) 

Several methods were introduced by using alternative parameters in previous studies, such as per capita 

multiplier, financial value extrapolation and area-based calculation (Wu et al., 2014). But the 

quantification methodology proposed in this thesis combines ratios of waste per unit area of activity 

(usually in kilograms per square meter) with municipal permits (in square meters) granted for 

construction, demolition and renovation activities. Basically, the statistical data on the number, value and 

area of each debris-generating activity was multiplied by the range of waste generated in each activity 

(Llatas, 2013). Figure 2.2 presents a scheme with the mathematical equations employed for the 

calculation of C&DW generation.  

 

 

Figure 2.2. Methodology for area-based calculation of C&DW generation  

 

 Permits 𝐴𝑖 𝑚
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Where k= Total, Partial  

𝑄𝑊 𝑅𝑒𝑓 =  𝑄𝑊 𝑅𝑒𝑓, 𝑙

𝑙
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Where l= Whole, Partial  

(Eq 2.1.) 

(Eq 2.2.) 

(Eq 2.3.) 

(Eq 2.4.) 

WGR: Waste Generation Rates, 𝑄𝑊𝐶𝑜𝑛: Quantity of waste generated in Construction,  
𝑄𝑊 𝐷𝑒𝑚: Quantity of waste generated in Demolition, 𝑄𝑊𝑅𝑒𝑓: Quantity of waste generated in Refurbishment 

Where  i= Construction, demolition, refurbishment  
n=j for Construction, K for Demolition and I for Refurbishment 
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First of all, data regarding permits granted for construction, demolition and refurbishment should be 

collected. Permits are often available by activity types, considering construction, demolition and 

refurbishment, and each activity can be organized in sub-activities, with two different ones for each 

activity: dwellings and non-dwellings for construction, total or partial for demolition and whole or partial 

for refurbishment.  

Once the permits are obtained, the next step is to select Waste Generation Rates, a helpful source being 

previous studies developed to quantify waste at regional level, or that develop a study at project level to 

propose WGR. The first study where the GRC method is applied was developed by McBean and Fortin 

(1993), to calculate generation in Canada of construction and demolition waste without taking into 

account civil works. Years later, Fatta et al., (2003) and Wang J.Y., (2004) developed some waste 

generation rates for construction and demolition in Greece and the US, respectively. Apart from this, 

Kourmpanis et al. (2008b) applied this method to calculate demolition waste to be generated in a case 

study in Cyprus, to later apply the same method in Greece, including also construction waste (Kourmpanis 

et al. 2008a). Afterwards, Kofoworola and Gheewala, (2009) applied this method focusing only on 

construction rates to a case study in Thailand, but generation of C&DW in Portugal has also been studied 

by De Melo et al. (2011) and Coelho and De Brito (2011b), in the latter forecast generation for future years 

is also included. Recently, Hoglmeier et al. (2013) studied demolition waste generation in Germany, and 

Mália et al. (2013) carried out studies to compare and propose C&D indicators to estimate the amount of 

C&DW. But the most recent study was developed by Ding et al. (2014) where construction and demolition 

was included in the study of waste generated for the case study of Shanghai. Some WGR includes 

information regarding composition of this waste, and can be found by European Waste catalogue (EWC) 

or by type of waste (i.e. inert or not inert), but other ratios only give information about total quantity 

generated by activity (Llatas, 2013). 

However, it should be emphasized that for its application to a case study, WGRs proposed for the region 

or country should be prioritized, as the regionalization in these type of ratios has a high influence due to 

variations of construction methods and materials from one region to another, and selection and 

application of one ratio instead of another might affect the results. In order to minimize this handicap, 

different suitable ratios can be applied to quantify the waste and also to assess the possible variations of 

the results based on the employed ratio (Ding et al., 2014). Depending on the permits availability by type 

of activity (and sub-activity), and the quality and characteristics of the waste generation rates applied, 

characteristics of the results obtained could differ. When all the data is collected, the next step consists 

of application of equations to calculate waste generated by activity (Eq. 2.1 -2.3).  

Finally, total quantity generated is calculated by summation of quantity generated by activity, and 

multiplication of the total quantity by a factor as shown in Eq. 2.4. This factor is included to take into 

account minor works and civil works that are not often included in the permit data, and it can be 

considered specific to each region based on its construction activity. It should be noted that not all the 

WGR proposed in a region take into account all the activities or sub activities in which permits are 

classified, with results being determined according to the availability of permits. For this reason it is often 

necessary to make assumptions to fill this data gap. Even when considering that some WGR provide a 

good approximation about the type of waste generated, this is highly dependent on the management of 

this waste at source, and also on specific legislation developed in the region under study. For this reason, 

some uncertainty in type of waste generated is included in this method, making it necessary to apply other 

methods to evaluate influence of external measures in C&DW composition. 
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2.1.3. Scenario Development: Waste streams contained in C&DW  

This is a commonly used method to create hypothetical sequences of events constructed for the purpose 

of focusing attention on causal processes and decision points [Stewart et al., (2013); Höjer et al., (2008)]. 

This method has been used for different purposes, as to compare recycling scenarios by using Embodied 

Energy (Thormak, 2001), by means of Life Cycle Assessment (Ortiz et al., 2010), with CBA (Tam, 2008a), 

with MCA (Koumpanis et al., 2008b) or even to evaluate potential economic impact of a certain policy on 

construction contractors and C&D waste processors by CBA (Wang J.Y., 2004). But in this case, this 

method is used as a proxy to study the influence of practices at construction site and the type of method 

used in demolition (i.e. selective or traditional demolition) in the composition of C&DW generated. The 

main steps used to develop composition scenarios with this method are included in Figure 2.3. 

 

Figure 2.3. Methodology applied to develop C&DW composition scenarios 

The first step consists of calculating the quantity of each potential waste stream generated, which consists 

of discovering what type of streams and in what percentage they are generated in the region under study, 

based on construction characteristics. To obtain this information, an estimated total amount of waste 

generated in the region/area, and the percentage of the materials potentially generated is needed. This 

means potential materials included in the waste stream if all the waste generated were segregated, not 

including mixed waste. This data could be obtained directly from the waste generation estimation, 

depending on the method applied, directly from a field study at the treatment facilities, or using an 

estimation from literature if there is not regional/national information available (Llatas, 2013). With this 

information, potential streams generated in the construction and demolition activities are estimated.  

The next step consists of setting scenario parameters, in this case to establish a percentage of waste 

mixture. These scenarios could represent different timelines in the study, proposing percentages of the 

current management and potential percentages for future situations taking into account legislation, or 

different practices or external measures made to improve segregation at source of this waste. In the 

methodology proposed, two types of percentages should be established: i) grade of segregation of each 

type of waste depending on its nature, and ii) the percentage of waste mixed by type of mixed waste. It 

should be noted that Mixed petrous is composed only of concrete, bricks and tiles, stones and basically 

by petrous materials, but Mixed C&DW is considered a mixture of all types of materials that can be found 

in this waste stream (Table 2.1).  
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Table 2.1. Definition of streams forming C&D mixed waste 

Mixed waste Waste Streams contained 

17 01 07 Mixed petrous 

17 01 01 Concrete 

17 01 01 Reinforced Concrete 

17 01 02 Bricks 

17 01 03 Tiles and ceramics 

Sand, gravel and other aggregates 

17 05 04 Stones 

17 04 07 Mixed metals 

17 04 01 Copper, bronze, brass 

17 04 02 Aluminium 

17 04 03 Lead 

17 04 04 Zinc 

17 04 05 Iron and steel 

17 04 06 Tin 

17 04 11 Cables other than those mentioned in 17 04 10 

17 09 04 Mixed C&DW 

17 02 01 Wood 

17 02 02 Glass 

17 02 03 Plastic 

17 03 02 Bituminous  

17 08 02 Gypsum-based  

17 01 01 Concrete 

17 01 01 Reinforced Concrete 

17 01 02 Bricks 

17 01 03 Tiles and ceramics 

17 06 04 Insulation materials 

17 04 01 Copper, bronze, brass 

17 04 02 Aluminium 

17 04 03 Lead 

17 04 04 Zinc 

17 04 05 Iron and steel 

17 04 06 Tin 

17 04 11 Cables other than those mentioned in 17 04 10 

Sand, gravel and other aggregates 

17 05 04 Stones 

15 01 01 Paper and cardboard packaging 

15 01 06 Mixed packaging 

 

For this step, it is advisable to classify all the waste with the EWC (mixed or not) (EC, 2000), to be able to 

compare this data with real data or replicate the current situation in at least one of the scenarios.  

Once mixing percentages are established, the next step is to develop key assumptions for the final 

calculation, there are some as important as the percentage of reinforced concrete that can be produced, 

or the different types of plastic materials to be included in the study (PVC, films, among others) (Mália et 

al., 2013). Apart from that, other assumptions could be necessary in order to adapt this methodology to 

each region. Finally, with all this data and assumptions included, composition of the waste generated by 

scenario can be calculated. 
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2.2. DECISION SUPPORT TOOLS 

Decision making should begin with the identification of the stakeholder groups involved in the decision to 

reduce potential disagreements about the decisions made [Fülop, (2011); Robu and Macoveanu, (2009)]. 

Many decision support tools have been developed in recent years to learn how to collect, summarise and 

facilitate the interpretation of data to make more effective decisions.  

Among the tools developed, Multicriteria Analysis (MCA) has frequently been used to solve environmental 

decision-making problems as this tool is useful for evaluating different options or alternatives by 

considering different, often conflicting criteria [Huang I.B. et al., (2011); Kiker et al., (2005)]. Multicriteria 

analysis can be applied to different purposes, as to evaluate most suitable management, to locate 

facilities, or even to select the type of recycling facilities for a specific case. For this reason, methodology 

should be adapted when applied to each specific purpose.  

The second decision support tool included is the Geographical information System, which includes spatial 

criteria in the final decision; used for different purposes as to evaluate location of facilities, route 

optimization and public acceptance (Khan and Samadder, 2014). In its application of location decisions, 

this tool can be applied alone or together with MCA, in order to select an adequate solution. 

Finally, various economic optimization models for waste treatment have been developed which focus on 

different parameters, such as transport, energy production, economies of scale, environmental impact, 

material recovery and social costs (Juul et al., 2013). Optimization models are useful to find the best 

solution taking into account specific characteristics of the problem, the objective function being defined 

by the user.  

 
2.2.1. Multicriteria Analysis (MCA) 

MCA is a decision model that contains: a set of decision options that need to be ranked or scored by the 

decision maker; a set of criteria, typically measured in different units; and a set of performance measures, 

which are the raw scores for each decision option against each criterion. The MCA model is represented 

by an evaluation matrix X of n decision options and m criteria. The raw performance score for decision 

option i with respect to criterion j is denoted by xi,j . A minimum requirement for the MCA model is at 

least two criteria and two decision options (n ≥ 2 and m ≥ 2). The importance of each criterion is usually 

given in a one- dimensional weights vector W containing m weights, where wj denotes the weight 

assigned to the j th criterion. It is possible for X and W to contain both qualitative (ordinal) and quantitative 

(cardinal) data (Hajkowic and Collins, 2007). Typical steps included in MCA methodology are included in 

Figure 2.4. 
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Figure 2.4. Typical steps included in Multicriteria Analysis methodology  

The first step consists of formulating the decision problem and to identify the main goal of the analysis 

process. Good decisions need clear objectives, these should be specific, measurable, agreed, realistic and 

time-dependent. Once the objectives are defined, the next step is to identify options that may contribute 

to the achievement of these objectives, these are the so-called alternatives. From all the proposed 

alternatives, a selection of the feasible ones should be done, having as a result a limited quantity of 

alternatives to be evaluated.  

The third step involves criteria selection to compare alternatives and its contribution to meet the 

objectives. Each criterion must be measurable, in the sense it should be able to assess, at least in a 

qualitative sense, how well a particular option is expected to perform in relation to the criterion. Once 

criteria are selected, calculation of each criterion for each alternative should be made; this is called the 

scoring step. In the scoring step, the expected consequences of each option are assigned a preferably 

numerical score, on a strength of preference scale, for each option for each criterion. Finally, numerical 

weights are assigned to define, for each criterion, the relative valuations of a shift between the top and 

bottom of the chosen scale, this is called the weighting step. Assessment of the relative importance of 

each criterion should be made in order to minimize the subjectivity associated to this process (Alvarez-

Guerra et al., 2009), that can be made based on proposition of weight scenarios to evaluate weights 

influence in the final ranking of alternatives (Ghinea and Gavrilescu, 2010).  

The fourth step involves the development of the impact matrix, which displays alternatives and criteria 

and the values of each criterion for each alternative. This impact matrix is used for the application of 

specific MCA methods, that are mathematical routines used to combine scores for criteria and relevant 

weights between criteria to provide an overall assessment of each option being appraised (EEA, 2003). 

Nowadays, numerous techniques are available, as the total value score for an alternative can be calculated 

in different forms, and thus a wide range of different techniques can be defined. Some techniques rank 

options, some identify a single optimal alternative, some provide an incomplete ranking, and others 

differentiate between acceptable and unacceptable alternatives (Kiker et al., 2005). The most common 

MCA classification categories are priority based, outranking, distance-based and mixed methods, but MCA 
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methods can also be classified as deterministic, stochastic and fuzzy. Depending on the number of 

decision- makers, the methods can also be classified as single or group decision- making methods (Pohekar 

and Ramachandran, 2004). 

The most common method is to calculate a simple weighted average of scores. The use of such weighted 

averages depends on the assumption of mutual Independence of preferences, that is, the judged strength 

of preference for an option based on one criterion will be independent of its judged strength of preference 

based on another criterion (EEA, 2003). Compensatory MCA techniques are those in which low scores for 

one criterion can be compensated by high scores for another criterion. If it is not acceptable to consider 

trade- offs between criteria, then there are a limited number of non- compensatory MCA techniques 

available. An attempt to show different classifications of multi-criteria methods based on different 

authors are presented in Figure 2.5, but it should be noted that there is no intention to cover all available 

MCA methods. 

 

 

Figure 2.5. MCA methods and its potential classification 

Among the numerous methods proposed, some of the most commonly used MCA methods are Electre, 

PROMETHEE and AHP, TOPSIS, Weighted Summation (WS), Regime (REG), sometimes combined with 

Fuzzy techniques [Soltani et al., (2015); Achillas et al., (2013); Bartolini et al., (2005)]. The WS approach is 

the simplest MCA method, but the results may be affected by scale issues (if indicators are not 

normalised), and the aggregation is completely compensative among criteria. Consequently, this 

approach does not explicitly take into account the worst result as a choice criterion and does not account 

for possible threshold effects in comparing alternatives. The Electre methods were developed and 

described by Maystre et al. (1994), being based upon a comparison of alternatives through quantitative 

(2005) 
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parameters, which are calculated mostly through concordance or discordance indexes and some type of 

distillation method. 

PROMETHEE was created by Brans (1982) and developed by Brans and Vincke (1985) and Brans and 

Mareschal (1994). It uses an outranking principle, and the solution of the problem is based on providing 

the best compromise action to the decision- maker, basically through dominance concepts (Behzadian et 

al., 2010). The Analytic Hierarchy Process (Saaty, 1980) is a weighted procedure that is based on different 

levels of aggregation, allowing the decision-making process to be structured from the components of 

alternative actions to their final ranking through their effect on the relevant criteria. The REG methods 

[Munda et al., (1994); Hinloopen and Nijkamp, (1990); Nijkamp et al., (1990)] are designed to use 

qualitative information as the starting point. The methodology proceeds through the cardinalisation of 

information on a 1, 2, 3 scale, followed by aggregation by pairwise comparison.  

Each method has strengths and weaknesses; while some methods are better grounded in mathematical 

theory, others may be easier to implement. But somehow, differences in the choice of each method may 

be based more on familiarity and available opportunities than solely on the merits of the different 

methods themselves (Huang, I.B. et al., 2011). Lahdelma, (2000) underlined that the method selected 

must be well defined and easy to understand, able to support the necessary number of decision-makers, 

manage the necessary number of alternatives and criteria, and handle inaccurate or uncertain criteria 

information. But Cinelli, M. et al (2014) go one step further by proposing different criteria to select a 

method: availability of using qualitative and qualitative information, inclusion of life cycle perspective, 

weights typology, threshold values, compensation degree, uncertainty or sensitivity analysis, robustness, 

software support and graphical representation, ease of use and learning dimension, if new information 

becomes available. Once the method is selected, the application of the MCA is developed, obtaining a 

ranking of the alternatives for each scenario of weights proposed. 

The next step takes into account that weights of the criteria and the scoring values of the alternatives 

could contain some uncertainties, an important question being how the final ranking of the alternatives 

is sensitive to the changes of some input parameters of the decision model (El Hanandeh and El-Zein, 

2010). For this reason, in the fifth step, a sensitivity and an uncertainty analysis is proposed. The sensitivity 

analysis is a key method for assessing the result robustness, because it determines the effects of small 

changes in the input of a model, by adjusting the weighting factors to represent different situations and 

by evaluating the sensitivity of the results obtained (Hanan et al., 2012). In addition, risk in decision-

making is generally caused by the uncertainty of input data for the decision-making model and the 

uncertainty of the model itself. The uncertainty of input data includes uncertainty in data selection and 

measurement values, whereas uncertainty in the model itself includes model structure and parameters 

[Oughton et al., (2008); Refsgaard et al., (2007); Walker et al., (2003)]. Different uncertainty analysis 

methods have been developed, such as probabilistic methods, indicator based methods and fuzzy logic 

[Lahdelma and Salminen, (2001); Zadeh, (1965)]. Finally, the final stage of the decision making process is 

the actual choice of an option. A decision should be made based on the results obtained in the previous 

steps, and the robustness of the solution obtained.  

This method is useful for decision making, as it gives the opportunity to improve knowledge about the 

problem, alternatives proposed and criteria selected, often being necessary to repeat the process in order 

to find the best compromise solution, as good decision making requires a continuous reassessment of 

choices made in the past. Individual decision-makers may learn from their own mistakes, but it is 

important that lessons be learned in a more formal and systematic way, and communicated to others, so 

that they can inform future decisions (DCLG, 2009).  
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In this thesis, Multicriteria analysis has been performed using software DEFINITE 3.0 that includes four 

different MCA evaluation methods: Weighted Summation (WS), Electre II (E2), Evamix (EV) and Regime 

(REG) (Janssen et al., 2003). Weighted summation is considered to be a very simple technique of the MAUT 

family of methodologies, and it is based on the transformation of all criteria into a scale (usually 0 to 1, 

where 1 represents best performance), multiplied by weights and then summed to obtain the results 

(Qureshi et al., 1999). The Electre II method uses concordance and discordance indexes which measure 

the relative advantages or disadvantages of each alternative over all other alternatives in order to provide 

a final ranking of alternatives through pairwise comparison (Olson, 1996). The Evamix approach (Voogd, 

1982) also makes a pairwise comparison using concordance and discordance indexes, but the difference 

to the Electre approach is that separate indexes are constructed for the qualitative and quantitative 

criteria (Figueira et al., 2005). Finally, the Regime method is a generalised form of concordance analysis 

based on essence on a generalisation of pair wise comparison methods. Regime is able to examine both 

quantitative and cardinal data through using the net concordance index (Janssen et al., 2003). 

 

2.2.2. Geographic Information System (GIS) 

A geographic information system, or GIS, is a computerized data management system used to capture, 

store, manage, retrieve, analyse, and display spatial information. A GIS differs from other graphics systems 

because data are georeferenced to the coordinates of a particular projection system. This allows precise 

placement of features on the earth’s surface and maintains the spatial relationships between mapped 

features. As a result, commonly referenced data can be overlaid to determine relationships between data 

elements, or land use data for multiple time periods can be overlaid to determine the nature of changes 

that may have occurred since the original mapping (Malczewski, 2004).  

GIS software uses relational database management technologies to assign a series of attributes to each 

spatial feature. Common feature identification keys are used to link the spatial and attribute data between 

tables. GIS provides the capability to combine various data into a composite data layer that may become 

a base layer in a database. For example, slope, soils, hydrography, demography, wetlands, and land use 

can be combined to develop a single layer of suitable hazardous waste storage sites (Sauri-Riancho et al., 

2011). These data, in turn, may be incorporated into the permanent database of a local government and 

used for regulatory and planning decisions. 

GIS software generally allows two types of data, raster data (Boolean map) or vectors (points, lines and 

polygons) to represent features, and both models can be used to carry out the process (Marin et al., 2012). 

A fully functioning GIS allows the user to enter or digitize data that are georeferenced; link specific 

attributes to each feature using relational database management system technology; analyse 

relationships between various geographic features using a wide range of spatial operations and functions; 

and produce high-resolution images or graphics on colour monitors or plotters (ESRI, 2015). GIS requires 

a detailed and wide range of data, and its manipulation is very complex; in addition, the data may not 

reflect the actual conditions of the site, and therefore site verification is mandatory. A typical 

methodology based on GIS technology is shown in Figure 2.6.  
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Figure 2.6. Methodology based on GIS to select suitable location 

The first step consists of defining the problem under study, which refers to an analysis of problem 

requirements, and to identify objectives of the study. This depends on the type of facility to locate, and 

for this reason different requirements or objectives could be defined. For example, in order to locate a 

landfill, taking into account groundwater is of utmost importance, but that may not be needed to locate 

other types of facility (Khan and Samadder, 2014). Once map layers are selected, each map layer 

represents a specific criteria or effect, and each one has to be classified to express more generic 

considerations that should be fulfilled during the site selection process. As an example, Demesouka et al., 

(2014) identify up to 37 criteria implemented in literature to support landfill site selection/screening 

processes, and five categories were defined: Environmental criteria, area availability criteria, design 

considerations, development prospects insurance, and social criteria. In each category, criteria 

implemented can include biodiversity, topography, settlements, roads, railways, airport, sensitive 

ecosystems, infrastructures, slope, land type, land use, land cover and surface water, among other effects 

(Alavi et al., 2013). In this step, identification of the effects widely applied to similar problems is advisable, 

and also to include effects that represent the specific characteristics of the problem. Data collection is the 

most relevant step, but the non-inclusion of a map does not necessarily mean that a criterion is not 

important, as other reasons may be responsible for its limited use (data availability, absence of natural 

phenomena and/or infrastructure) (Demesouka et al., 2014). For this reason, feature data layers are 

created by the user to improve decision making, or to particularize the study (Robinson and Kapo, 2004).  

Once all the data is collected, GIS application begins with the screening process, which consists of the 

selection of exclusionary criteria, based on specific areas where the location of any infrastructure is not 

allowed, in order to discard unsuitable site locations. The exclusionary map is obtained by means of a 

geographically referred overlapping of each specific map that contains exclusionary criteria. The next step 

is the evaluation process, which aims to select a small number of potential sites inside the suitable areas 

identified in the previous process. In this step, the evaluation criteria and the importance of the distance 

to natural features are selected, called buffer zones. A buffer is a spatial operator that creates an area 

that extends perpendicular to a feature up to a specified distance (ESRI, 2015). Maps are elaborated with 

the distances to each criterion; and in these maps a longer or shorter distance represents a better location. 
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Applying the buffer zones to each layer, finally a layer for each criteria is obtained, including for each 

specific location an specific score, depending on the adequacy of locating the facility in a certain distance 

from the layer feature [Demesouka et al., (2014); Sauri-Riancho et al., (2011); De Feo and De Gisi, (2010)].  

Once all the exclusionary and evaluation criteria are prepared, a final solution can be obtained by 

overlapping those maps, obtaining a map with all the potential locations, which can be used as an initial 

screening of the region (Marin et al., 2012). But usually this tool is applied together with MCA to obtain a 

limited number of potential solutions. This application can be done with three levels of integration: i) 

Weak coupling, in which tools are applied separately: potential locations obtained in GIS are included as 

alternatives in a MCA decision problem; ii) Tight coupling, the MCA method is implemented as a module, 

routine or script into the other system which is used as a base, and iii) full integration, ideally a fully 

integrated MCDA-GIS system should offer multi-criteria functionalities and spatial analysis functionalities 

and allow the user to access any of those at any given time during an analysis. Integrating the two fields 

obviously brings together their advantages but also their drawbacks (Lidouh, 2012). The AHP, Simple 

additive weighting, ordered weighted average and WS are the main MCA methods applied, because they 

can be easily included in the GIS environment (Khan and Samadder, 2014). But it should be noted that 

advantages obtained in the decision-making process by including spatial analysis with a GIS tool, can be 

collapsed for the simplicity of the MCA method applied. MCA application helps to give weights to each 

criteria represented by each evaluation layer, based on specific importance given to each category defined 

previously. 

There is an enormous range of software which is labelled GIS and which is available for almost every 

computer platform, and can be categorized according to their intended application area into three 

categories: GIS data viewers, desktop GIS, high-end GIS (Malczewski, 2004). Some readily available 

software and tools are ArcGIS, IDRISI, CommonGIS, among others, and open source desktop GIS software 

can also be found (Khan and Samadder, 2014). In this thesis, ArcGIS 10.3 for Desktop developed by ESRI 

is used, which includes an analytical toolbox and modelling framework that allows performing different 

types of spatial analysis. 

 

2.2.3. Optimization Models (OM) 

Optimization models (OM) are applied to identify the best solution by considering one or several 

objectives, described as objective functions that are either minimized or maximized according to a 

number of constraints. As this decision support tool is based on modelling the problem under study by 

the user, this gives a high grade of flexibility and adaptability to its application. For this reason, this tool is 

able to predict solid waste generation, select waste treatment technologies, select facility sites, estimate 

facility capacity, operate the facility, and schedule the system and transportation of the waste (Tan et al., 

2014). A general methodology for application of this tool is included in Figure 2.7. 
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Figure 2.7. General methodology for Optimization models  

First of all, the problem should be defined, and commonly, a superstructure is used to represent the 

system or process under study (Tan et al., 2014). It should be noted that the initial statement of the 

problem may be vague or imprecise, but it is necessary to study the relevant system and develop an 

accurate and complete statement of the problem. Quite often the problem undergoes many changes in 

successive discussions until its final version is agreed on by all the decision-makers involved. In this step, 

an unambiguous objective should be defined, and also constraints and factors that could affect the 

objective should be also identified. As stated by Ghiani et al. (2014), the main features to take into account 

to design a solid waste management system are: i) Time: as decisions related to building a new facility or 

closing an existing one affect a long-term planning horizon; ii) Network structure: a multi-echelon logistic 

network is needed to model all the strategic decisions; iii) Commodities: The cost of transporting and 

disposing waste depends heavily on the type of waste, and each waste type can be processed in a limited 

number of ways; iv) Facility cumulative capacity: Landfills have an overall cumulative capacity for waste 

disposal, which progressively reduces as long as refuse is stored; v) Economies of scale: The operating cost 

of a facility is a concave function of its activity level; vi) Transhipment with waste transformation: Once a 

waste type is processed in a facility, its own characteristics change (Volume, quantity, among others); and 

vii) Objectives: Decision-makers often pursue conflicting goals, and this often gives rise to socio political 

issues that are difficult to model.  

Once the problem is adequately defined, data collection is the next step. Data typically comes from two 

sources, observation and standards/literature (Rajgopal, 2001). The first corresponds to the case where 

data is actually collected based on observation of the system, and other data are obtained by using 

standards or data from literature. On occasion, data may also be solicited expressly for the problem at 

hand through the use of surveys, questionnaires or other psychometric instruments. 

The next step consists of the formulation of the mathematical model that summarizes the decision 

problem. This implies a process of capturing selected characteristics of a system or a process and then 

combining these into an abstract representation of the original. The main idea here is that it is usually far 

easier to analyse a simplified model than it is to analyse the original system, and as long as the model is a 

reasonably accurate representation, conclusions drawn from such an analysis may be validly extrapolated 

back to the original system (Rajgopal, 2001). 
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Model Formulation consists of mathematical functions of decision variables, and expressing the 

relationships among them using appropriate equations or inequalities. Based on this, different methods 

are defined, Linear Programming (LP) and Mixed-Integer Linear Programming (MILP) being the purest 

versions of optimization models, formulating a single objective function. They differ by their assumption 

on linearity, LP models being purely linear, and therefore are applicable to modelling problems that 

display basic properties, assuming perfect foresight. MILP models, on the other hand, may represent 

highly non-linear features, including those related to binary decisions, and therefore have a larger 

applicability (Juul et al., 2013). LP models can be used to find the optimal type, scale, and location of waste 

treatment plants either from an economic or energy-use perspective (Dornburg et al., 2006), the MILP 

models being more widely used, and applied to find best locations for collection and sorting centres, 

minimizing costs, waste management on intercompany level including investments (Gomes et al. 2008), 

or minimize environmental costs of waste management facilities (Vaillancourt and Waaub, 2002).  

Apart from this, mathematical models can be deterministic if all parameters used to describe the model 

are assumed to be known (or estimated with a high degree of certainty), or stochastic if the exact values 

for some parameters are unknown, but they can be characterized in some systematic fashion (Rajgopal, 

2001) or include other ways of handling uncertainties (Juul et al., 2013). A number of papers have focused 

on uncertainties and imprecise data in relation to waste modelling and on the development of waste 

management models using techniques like stochastic programming [Xu Y. et al., (2009); Li Y.P. et al., 

(2008)], fuzzy programming [Cui et al., (2011); Srivastava and Nema, (2011)], interval analysis (Li Y.P. et 

al., 2008), MIP (Mitropoulos et al., 2009), and/or dynamic optimization (Nie et al., 2009). 

Basically, most mathematical models tend to be characterized by three main elements: decision variables, 

constraints, and objective function. First, decision variables are used to model specific actions that are 

under the control of the decision-maker. The second element is constraints, used to set limits on the range 

of values that each decision variable can take on, typically being a translation of some specific restriction 

or requirement (Rajgopal, 2001). Finally, objective functions are a mathematical statement expressed as 

a function of the decision variables for the model to be maximized or minimized, as appropriate. Based 

on the number of objective functions defined, this can be considered as single objective or multi-objective 

models. Single objective models aim to search for the optimal solution associated with a well-defined solid 

waste management problem and are often applied to help solve cost minimization issues, normally 

formulated by deterministic methods, including linear programming, nonlinear programming, dynamic 

programming, and mixed-integer programming models (Chang N.-B. et al., 2011). Multi-objective models 

optimize more than one objective, and can be solved by two different options. One option is to focus on 

a single objective and relegate the others to a secondary status by moving them to the set of constraints 

and specifying some minimum or maximum desirable value for them, and the other option is to use a 

technique designed specifically for multiple objectives (Rajgopal, 2001). Some authors consider that in 

fact, some Multicriteria methods can be defined as optimization models, included as multi-objective 

models (Pires et al., 2011). However, in MCA the focus is on combining or analysing a situation with two 

or more criteria, and typically making a parametric programming analysis with one objective and variation 

of one or more of the constraining values (Juul et al., 2013). 

Optimization models can also be classified depending on period extent included in the model, defined as 

Single-period (static) or multi-period (dynamic) models (Ghiani et al., 2014). Single-period models 

emphasize the strategic aspects of the problem without considering the integration of these 

characteristics with other crucial strategic aspects that have a strong impact on the performance of the 

system, like time-dependency, multi-commodity, and uncertainty on the waste generation (Noche et al., 

2010). Multi-period models focus either on dynamic or multi-commodity aspects occurring in the system 

[Hiete et al., (2011); Zhao J. and Ma Z., (2010)]. 
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Afterwards, once the model and its elements are completely defined, the model is solved to derive the 

solution or conclusion for the decision problem. For some of the models there are efficient algorithms 

and high quality software systems implementing them. In this thesis, the General Algebraic Modelling 

System (GAMS, 2015) is used, a high-level modelling system for mathematical programming and 

optimization. It consists of a language compiler and a set of integrated high-performance solvers. GAMS 

is tailored for complex, large scale modelling applications, and allows building large maintainable models 

that can be adapted quickly to new situations.  

Finally, the solution obtained is checked for practical feasibility in the validation step. This step consists of 

verifying that the solution itself makes sense, and sometimes, this is not the case, and the most common 

reason is that the model used was not accurate or did not capture some major issues (Rajgopal, 2001). A 

typical error that might be discovered at this stage is that some important constraint was ignored in the 

model formulation; this will lead to a solution that is clearly recognized as being unfeasible and the analyst 

must then go back and modify the model and re-solve it. This cycle continues until one is sure that the 

results are sensible and come from a valid system representation. The second part of this step is post 

optimality analysis that evaluates the robustness of the solution by changes in data that are not 

completely accurate, or by the assumptions made in the formulation of the model (Tan et al., 2014).  

After the validation step, a final solution is obtained that can be considered as an optimal solution to solve 

the problem.  
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2.3. DESCRIPTION OF THE CASE STUDY: CANTABRIA 

Cantabria is a Spanish Region located in the North of the Iberian Peninsula with a surface area of 5,321 

km2, and approximately 550,000 inhabitants. Roughly, 85% of the total population lives in five coastal 

counties: 45% of the population lives in the Santander County; Besaya represents around 15.5%; Costa 

Oriental and Trasmiera represent around 10% of the total population and Costa Occidental around 3.5%. 

In that sense, the other five counties represent 2.5% - 5% of the population except for the mountainous 

Liébana county where the population is very low (1%), mainly dedicated to the primary sector and 

nowadays also to the touristic sector (Figure 2.8). 

 

Figure 2.8. Location of Cantabria Region in Spain 

 

Cantabria experienced a high increase in construction activity during the housing bubble period in Spain 

(Figure 2.9). From 2003 to 2006 permits had a growing tendency, being reported 2,260,000 m2 of 

construction, 84,000 m2 of demolition and 52,000 m2 of refurbishment. But since 2006, this tendency 

changed and permits reported started to diminish in Cantabria, to reach a minimum in 2013. 

Due to a high level of construction activity, a large quantity of C&DW was generated but mostly landfilled 

due to the absence of a recycling network to treat this waste. This meant that C&DW management started 

to be considered as an environmental problem, not because of its hazardous nature (since it is mostly 

inert) but for the lack of treatment of this waste, which was taken to landfill in an uncontrolled way. This 

situation ties down the landfill space, often being illegally dumped with the related environmental 

consequences and impacts derived, generating social opposition to the environmental degradation 

caused by the construction sector. All of these situations entail a loss of potential and valuable resources 

contained in this waste, contrary to the proposed hierarchy on waste and the circular economy concept. 
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Figure 2.9. Cantabria permits for Construction, Demolition, and Refurbishment (MFOM, 2015) 

 

For this reason, and taking into account national legislation developed as Royal Decree 105/2008 (BOE, 

2008a) and the second National Plan of C&DW (BOE, 2009), some regional legislation was enforced in 

order to improve management of this waste. In Figure 2.10 the legislative framework at national and 

regional level that affects management of this waste is included. 

 

 

Figure 2.10. Legislative chronogram regarding C&DW management 

 

Focusing on Regional level, in 2010 Sectorial Plans on waste (BOC, 2010a) were developed, which included 

new concepts developed by the Waste Framework Directive, and established some goals to achieve in 

Cantabria for 2010-2014. Among the plans developed, one was focused on Non-hazardous and hazardous 

Industrial waste, Construction and Demolition waste and Mining waste Plan (BOC, 2010a). In this Sectorial 

Plan, after an analysis of each waste stream, the weaknesses of the Cantabria C&DW management system 

were emphasized. This plan included recycling targets, objectives, actions and an indicator to evaluate 

management of this waste. Since this plan was approved, a big effort was made in order to improve C&DW 

management in Cantabria, based on actions proposed in this Plan, as landfill discouragement, or specific 

regional legislation. 
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For this reason in 2010 and in order to adequate objectives of the national regulation to specific 

characteristics of Cantabria, Decree 72/2010 on C&DW management was developed (BOC, 2010b). Apart 

from this, landfill disposal without previous treatment was forbidden for this waste stream, and backfilling 

was considered inappropriate to be applied with previously untreated C&DW, leading this situation 

towards the establishment of new businesses to recycle this waste, with the first recycling plant settled 

in Cantabria at the end of 2010. Additionally, the law 6/2009 of fiscal measures and budgetary content 

(BOC, 2009), imposed a specific fee to discourage the landfill treatment of waste, amounting to 7 euros 

per ton of waste destined to landfill. 

At national level, the Law 22/2011 (BOE, 2011) of waste and contaminated soil was enforced, in which 

new quantitative targets were proposed that were not included in the aforementioned laws. Specifically, 

the amount of non-hazardous C&DW accumulated from reuse, recycling and other recovery of materials 

should constitute at least 70% of waste production by 2020. Thus, it set specific measures in terms of 3R 

regulation for achieving three main objectives: inert waste recovery, eradication of illegal landfills and 

promoting demand for the recycling of C&D wastes, especially of recycled aggregates. But even with 

enforcement of legislation, it was not enough to improve management of this waste, as no recycling plant 

was functioning in Cantabria, and waste was still being destined to landfill and backfilling, with the 

considerable loss of resources.  

Five potential areas were identified in Cantabria based on technical specifications indicated in the 

Sectorial Plan of C&DW of Cantabria (BOC, 2010a) to reach an optimal waste management. The five areas 

in which Cantabria has been divided into are: (i) Area I: Santander, the area that involves the capital of 

the region, which is a densely populated area that has all kind of infrastructures; (ii) Area II: Besaya, with 

high level of industrial activity, it is the area where the second most important city of the region is located; 

(iii) Area III: Eastern area, an area with a high level of tourism and with considerable landscape and 

environmental value; (iv) Area IV: South area, with a low density population and it is an area surrounded 

by high mountains, with a continental climate; (v) Area V: Western area, this area, which is surrounded 

by high mountains, is the area with the lowest population, and has a considerable landscape value. As it 

can be seen, each zone has different socio-economic characteristics and different waste generation 

patterns. These areas and the 102 municipalities in which Cantabria can be divided is also included in 

Figure 2.11.  
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Figure 2.11. Municipalities in which Cantabria is divided 
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2.4. METHODOLOGY APPLIED TO THIS THESIS 

Global methodology of this thesis is showed in Figure 2.12. 

 

Figure 2.12. Global methodology of this thesis 

 
In this figure, the main results of this thesis are included, being Chapter 3 - Results and discussion 
organized into the following chapters:  

Chapter 3.1. Estimation of C&DW generation and composition – Generation is calculated by means of 

two different methods, the Waste Facilities method and the Generation Rate Calculation. 

Composition is calculated with scenario development. 

Chapter 3.2. Evaluation of C&DW management alternatives – This is evaluated based on a Multicriteria 

Analysis, including percentage of waste destined to each treatment and network of facilities to be 

settled. 

Chapter 3.3. Location of C&DW recycling facilities – This is evaluated by the application of three tools: 

Geographical Information System, Multicriteria Analysis and Optimization models, to finally compare 

results obtained with each tool.  

Chapter 3.4. Performance of C&DW recycling facilities – Two schemes of Recycling Facilities with 

different scenarios of input are assessed by Multicriteria Analysis in which criteria calculation is 

based on a mass balance approach.  

But as these studies have been applied to solve real situations, a chronogram is included to improve 

understanding of the results presented in this thesis, and can be consulted in Figure 2.13. 

I. Evaluating % destined to each treatment 

II. Network of facilities (RF, TS, Landfill) 
MCA 

Estimation of C&DW 
generation and 

composition  
3.1. 

Management 
alternatives 

3.2. 

Location of 
recycling facilities  

3.3. 

Performance of 
C&DW RF 

3.4. 

Evaluation 

Assessment 

I. Analysis of the territory 

II. Most suitable solution 

III. Network planning and allocation 

WF: Waste Facilities Method; GRC: Generation Rate Calculation; SD: Scenario Development  
MCA: Multicriteria Analysis; GIS: Geographical Information System; OM: Optimization Model 

RF: Recycling facility; TS: Transfer Station  

I. Analysis of registered data 

II. Area-based calculation (kg/m2 constructed) 

III. C&DW composition in current/future scenarios 

I. Types of Recycling plants and potential equipment  
II. Mass balance approach based on current/future scenarios 

III. Performance evaluation 

WF 

GRC 

SD 

MCA 

MCA 

OM 

GIS 



CHAPTER 2. METHODOLOGY   2.4. Methodology applied to this thesis 

- 59 - 

 

Figure 2.13. Chronogram of results presented in this thesis 

 

As can be observed in Figure 2.13, results obtained in the development of this thesis are shown in a 

temporal way, a representation of permits granted in Cantabria is included to indicate the influence of 

the economic crisis on them. Generation was first calculated in 2009, when the economic crisis was still 

not noticeable at all, and permits of construction, demolition and refurbishment were high. This meant 

that large quantities of C&DW were generated, and were not properly treated, mainly disposed of at 

landfill or being illegal dumped. This led to study generation by means of other tools, in order to calculate 

how much waste was produced and its composition. Estimation procedure was updated yearly, in order 

to know how the economic crisis was influencing the final data obtained. For this reason, the quantity of 

waste introduced in each study is different based on the year of development, as is the case of evaluation 

of management, which was developed taking the situation of the previous year into account, and for this 

reason, large quantities of C&DW were included in this study. Once management was calculated, the next 

step to calculate was to locate recycling plants, and this was developed by different tools, in subsequent 

years, were economic crisis was bearing down seriously on the construction sector and less generation of 

waste was taken into account. Finally, assessment of C&DW recycling plants performance is applied based 

on different scenarios of C&DW composition. Results previously described are included in the following 

section. 

As far as this thesis is concerned, the terms recycling facility, processing plant or recycling plant will be 

used synonymously. 
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3.1. ESTIMATION OF C&DW GENERATION AND COMPOSITION  

The estimation of generation and composition of C&DW is accomplished by means of different methods, 

firstly, registered data is analysed, taking into account data available regarding waste treated at facilities. 

Apart from this, calculation of total generation and composition of this waste is studied; using available 

generation rates, and finally, different scenarios were developed based on different composition of this 

waste emulating different scenarios of management at source.  

3.1.1. Analysis of registered data (Waste Facilities method) 

The Waste Facilities method (WF) is the commonly used method at Regional level, applied to develop 

reports on waste generation, based on quantities of waste material dealt with via treatment/disposal 

routes: waste treated at transfer stations and treatment facilities, waste sent to landfill sites, waste 

disposed of under exemptions (i.e. environmental restoration or backfilling), or recycled waste. When 

applying this method it is important to analyse information collected in order to avoid double accounting 

(Defra, 2012).  

In Cantabria, C&DW was typically landfilled, and data regarding C&DW quantities destined to landfill was 

obtained by the public company which managed El Mazo landfill, operative till 2010 (MARE, 2015). This 

information is classified by the European Waste Catalogue codes, but the source of the waste is not 

specified. That means that not only waste generated in construction and demolition activities was 

accounted, but also waste produced by other sectors could be included in the data. Apart from this, other 

waste generated by the construction sector could be classified in another code apart from 17, and 

therefore not included.  

Before the year 2010, this waste was also destined to backfilling (environmental restoration), in order to 

refill degraded landscapes, mainly old quarries and mines. This information is also provided by the public 

company dealing with waste management in Cantabria (MARE, 2015). It should be noted that only inert 

waste is supposed to be used for backfilling, this being a common practice, as it was thought that this 

waste is not harmful to the environment.  

Data regarding C&DW produced at minor works are provided by the public company that deals with 

municipal solid waste management in Cantabria (MARE, 2015). This data is obtained as total C&DW 

treated annually, not being classified by European Waste Catalogue codes.  

At the end of 2010 some recycling facilities started their operation in Cantabria, and data of inlet streams 

treated in recycling plants were obtained by EWC codes. Additionally, the quantity destined to landfill was 

also obtained, that was provided by the private company which manages the landfill operating since 2010, 

located in Castañeda. Analysing these data sources it can be concluded that some waste flows are not 

included in this information, such as data regarding reuse at source or waste directly sold to waste 

manager, that are not available. In Figure 3.1 data obtained from treatment facilities from 2001 to 2013 

in Cantabria is included. 
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Figure 3.1. C&DW Generation in Cantabria based on registered data (WF) 

 

In Figure 3.1 it can be observed that the tendency of quantity accounted by treatment facilities is not 

constant in the years studied. Starting in 2001 with approximately 100,000 tonnes, to increase slightly in 

the next year, but it has a big peak in the year 2003, reaching 300,000 tonnes. In the year 2004 this 

quantity decreases abruptly, to nearly 150,000 tonnes. In the following years it started to increase again, 

reaching more than 150,000 tonnes in 2007 to decrease again since 2008. In the period 2009 to 2013 

quantity generated can be assumed to approximately 100,000 tonnes of generation by year. 

Focusing on the treatment of this waste, until 2010 it is clear that traditional management is landfilling, 

and a little quantity is destined to backfilling, but in 2011 quantity destined to landfill is surprisingly lower 

than the year before. This is due to legislation developed in Cantabria, in which destination to landfill 

without prior treatment was forbidden (BOC, 2010b), making it mandatory to destine this waste to an 

intermediate treatment. Destination of this waste to backfilling operations was also forbidden, and for 

this reason, no backfilling operations were found in the following years 2011-2013, and a high quantity 

was destined to recycling.  

Composition of this waste is quite difficult to be estimated, as quantities destined to landfill before 2010 

were classified by EWC, but without information about the source of this waste, being not clear if waste 

produced in other sector could be included in this data, or if waste produced by construction sector is not 

accounted because it is coded with other EWC. Apart from that, composition of waste destined to 

backfilling is not available, only the total quantity managed, but it can be assumed that the type of waste 

destined to this treatment is the petrous fraction.  

For all this, composition was not easy to be calculated by this method until 2010 when recycling facilities 

started to be operative, obtaining more complete information subsequent years of C&DW composition in 

Cantabria. Focusing on recent years with data available, 2012 and 2013, an attempt to calculate C&DW 

composition is made. As C&DW must be treated at a recycling plant, analysing data treated in the recycling 

plants can be considered as a good approximation regarding C&DW composition. Data of waste entering 

into the recycling plants in years 2012 and 2013 are shown in Table 3.1. 
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Table 3.1. Waste entering into the recycling plants in Cantabria by type of waste 

Group EWC Waste stream 
2012 
(Ton) 

2013 
(Ton) 

2012 
(%) 

2013 
(%) 

Petrous 

17 01 01 Concrete 2,410 4,781 

12.8 16.5 

17 01 02 Bricks 887 387 

17 01 03 Tiles and ceramics 1,401 1,213 

17 03 02 Bituminous mixtures 2,963 3,377 

17 05 04 Stones 2,241 3,174 

No 
Petrous 

17 02 01 Wood 1,014 189 

1.7 4.5 

17 02 02 Glass 21 2 

17 02 03 Plastic 64 98 

17 06 04 Insulation materials 21 36 

17 08 02 Gypsum-based construction materials 180 3,175 

15 01 01 Paper and cardboard packaging 14 11 

Other 

17 09 04 Mixed C&DW 894 756 

85.5 79 17 01 07 Mixed Petrous 12,265 4,760 

Other 52,977 56,581 

TOTAL 77,352 78,540 100 100 

 

To allow comparison, waste has been grouped by EWC. The first noticeable thing is that metal materials 

are not found in data registered in the input of each recycling plant, as they are considered valuable 

materials with an established market and sold directly to a waste manager. Apart from that, from 2012 to 

2013 some waste streams have varied abruptly. For example, an increased number is obtained for 

Gypsum entering the plant, and on the other hand, a big decrease in wood entering the plant is also 

noticeable. Concrete entering the plant has a high increase from 2012 to 2013, and this variation can be 

noted in the decrease in mixed material, with the exception of the “other” code, which has increased. 

Apart from this, it is quite difficult to extract more conclusions from data classified by EWC, as there are 

only two years and information regarding streams contained in each mixed stream and the grade of 

mixture of them are unknown.  

To extract global conclusions, data were classified into petrous, non-petrous and other, including the 

mixed waste in the latter. Analysing this data, the percentage of other waste treated at recycling facilities 

has diminished from 85.5% in 2012 to 79% in 2013, which means a better management at source of this 

waste. Focusing on data of segregated petrous waste arriving at the recycling plant, 12.8% was obtained 

in 2012, increasing to 16.5% in 2013, giving an idea that more segregation of this stream is produced. On 

the other hand, regarding the non-petrous fraction, waste arriving at the recycling plant has also 

increased, less than 5% in the years studied. An improvement of management of this waste can be 

assumed based on data available, but the percentage of mixed waste arriving at the recycling facility is 

still too high to consider an adequate management at source of this waste. 

Thus, focusing on this estimation, it can be concluded that there is not enough information about some 

flows of this waste stream, as reuse at source is difficult to be accounted, and waste sold directly to a 

waste manager is not known. Regarding composition, the tendency shows an improvement of 

management at source, but with only data from two years, no relevant conclusions could be extracted 

from this information. But an important thing that could be underlined is that waste arriving at the 

recycling plant is mostly mixed waste, nearly 85% of the total waste, and segregated waste is only 15% of 

the waste. This implies that pressure to improve segregation of waste at source was not enough, and even 

when this waste is destined to recycling, it arrives highly mixed, making more effort necessary to treat it 

in order to obtain recycled aggregates with an adequate quality.  
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3.1.2. Generation Rate Calculation (GRC) 

In this section, an estimation of C&DW generation in Cantabria is performed in an area-based method, 

using waste generation rates. The first step of this methodology consists of data collection of permits by 

type, being obtained from the Spanish National Department of Public Works (MFOM, 2015). Data for the 

case study is available by dwelling and non-dwelling construction, whole or partial refurbishment, and 

total and partial demolition (Figure 3.2). 

 

 

Figure 3.2. Permits of Cantabria by type of work, and extension: a) Construction, b) Demolition and c) Refurbishment 

As can be observed in Figure 3.2, the evolution of permits in the last years is different by type of 

construction work. In the case of construction, dwelling construction is the activity with a larger area 

contained in the permits, having a high increase to 2006, to then decrease abruptly. Instead, Non-dwelling 

construction has been low during all the years considered. Data of area included in demolition permits 

show a global tendency to decrease for both, total and partial demolition, but data of partial demolition 

in the last years changes this tendency and shows a slight increase. In the case of refurbishment, whole 

refurbishment was very high in 2005, to decrease in the following years and reach a minimum in 2013. In 

the case of partial refurbishment permits are lower compared with whole refurbishment, and these type 

of permits have been decreasing since 2003, only changing the tendency and starting to increase after 

2012. 

The second step consists of selection of waste generation rates to be applied in Cantabria region. As it 

was emphasized by Symonds Group Ltd. and ARGUS, (1999), the sort of considerations which affect the 

a) 

b) c) 
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nature and volume of C&DW generated is varied, but it is clear that depending on the type of construction 

in each country or region, composition will vary. For this reason, the GRC method should be applied with 

waste generation rates calculated in a region or project with similar construction than the situation under 

study. Taking this into account, and due to lack of rates developed specifically for Cantabria, only the rates 

developed by official Spanish institutions are selected, meaning that finally four waste generation rates 

applied: R1: proposed by the Catalan Institute of Construction Technology (ITEC, 2008); R2: proposed by 

the Regional Association of Architects of La Rioja (R2) (COAR, 2008); R3: proposed by the Regional 

Association of Architects of Corunna (R3) (COAAT, 2008), and finally R4: ratio established by the Sectorial 

Plan of C&DW of Cantabria (R4) (BOC, 2010a). These waste generation rates can be consulted in Table 

3.2, with their main characteristics. 

Table 3.2. Main characteristics of the Waste generation rates applied 

 R1: iTeC R2: COAR R3: COAAT AC R4: PSR 

CONSTRUCTION 
Dwelling 

 

  

 

Non-Dwelling 
  

DEMOLITION 

TOTAL 
Dwelling 

   

 

Non-Dwelling 
   

PARTIAL 
Dwelling  

  

 

Non-Dwelling  
  

REFURBISHMENT 

WHOLE 
Dwelling   

 

 

Non-Dwelling   

PARTIAL 
Dwelling   

 Non-Dwelling   

TYPE OF CLASSIFICATION EWC 
GROUP OF 

WASTE 
EWC TOTAL 

 

Generation rates categorized as R1 were developed by ITeC (ITEC, 2009), which proposed generation rates 

by EWC, including construction rates by construction step (foundations and structures, closures or 

architectural finishing). As it is not categorized by dwelling and non-dwelling, this rate is applied with the 

addition of construction permits (dwelling and non-dwellings), obtaining a total construction generation 

quantity. In case of demolition, this rate does not include a partial demolition rate, but differentiates 

between dwelling and non-dwelling total demolition by type of infrastructure (masonry works, concrete 

infrastructure). As there is not annual information regarding the type of infrastructure constructed in the 

region, an average value of these generation rates is calculated by type of waste. To calculate C&DW 

generation of partial demolition, this is assumed to be 20% lower than total demolition according to the 

II Spanish Integrated National Plan for C&DW (BOE, 2009).  

WGR R2 was developed by the Regional Association of Architects of La Rioja (COAR, 2008) and it estimates 

that 0.1 m3 of C&DW was generated by m2 constructed or demolished, for all types of buildings. For this 

reason, WGR R2 can calculate, based on the permits available, waste generated by dwelling and non-

dwelling for all the rates proposed: construction, and total and partial demolition. This waste generation 

rate classifies waste generated by group of waste: non-petrous, petrous and potentially hazardous waste. 

This classification is calculated based on results obtained from a study of C&DW composition conducted 

by the Autonomous Community of Madrid in its landfills (BOE, 2001).  

WGR R3 was proposed by the Regional Association of Architects of Corunna (COAAT, 2008) and gives WGR 

for the same construction works as generation rate R2, but includes total and partial refurbishment, 



CHAPTER 3. RESULTS AND DISCUSSION    3.1. Estimation of C&DW generation and composition  

 

- 68 -  

without differentiating between dwelling and non-dwelling buildings being refurbished, and give 

quantities of waste generated by EWC.  

Finally, the WGR R4 was proposed by the Cantabria Sectorial Plan of C&DW (BOC, 2010A), based on waste 

generation ratios from the Catalonia Institute of Construction Technology (ITEC, 2009) and ratios from 

professional associations, proposing ratios for construction, demolition and refurbishment. This WGR 

gives only one rate for type of construction work: waste generated in construction, total and partial 

demolition and refurbishment; not differentiating results by type of waste.  

Finally, some assumptions are made in order to fill some data gaps. First of all, as data about 

refurbishment activities are not included in WGR R1 and R2, an approximation has been taken into 

account: renovation activities generate less than 10% of the total C&DW stream. Apart from this, a 

contribution of activities without permits is assumed to be 5% of activities with permits (BOE, 2009), and 

the contribution of C&DW from civil work is 28% of the total C&DW stream, based on data published in a 

report from the 61st Euroconstruct conference that was held in Amsterdam 2006 (ITEC, 2006). As there 

are not data available of dwelling and non-dwelling demolition permits, amount of residential with 

respect to non-residential demolition is estimated based on available data from the period 1990–2008 in 

Cantabria, where 91% of total constructed building area corresponds to residential buildings, and only 9% 

to non-residential buildings (ICANE, 2014). 

The composition of C&DW generated in Cantabria based on generation rates is calculated by activity, in 

order to compare different rates proposed and type of waste generated. It should be noted that clearing 

wastes and excavated soil from previous activities have not been taken into account in this study because 

point source data were not available. Results obtained are included in Figure 3.3 for construction, in Figure 

3.4 for demolition and finally, Figure 3.5 for refurbishment. 
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Figure 3.3. C&DW generation in construction by rate applied: A) R1: ITeC, B) R2: COAR, C) R3: COAAT AC and D) R4: PSR 

a) R1: Catalonia Institute of Construction Technology b) R2: Regional Association of Architects of La Rioja 

c) R3: Regional Association of Architects of Corunna d) R4: Cantabria Sectorial Plan on C&DW 
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Figure 3.4. C&DW generation in demolition activities by rate applied: A) R1: ITeC, B) R2: COAR, C) R3: COAAT AC and D) R4: PSR

a) R1: Catalonia Institute of Construction Technology b) R2: Regional Association of Architects of La Rioja 

c) R3: Regional Association of Architects of Corunna d) R4: Cantabria Sectorial Plan on C&DW 



CHAPTER 3. RESULTS AND DISCUSSION    3.1. Estimation of C&DW generation and composition  

 

- 71 - 

 

Figure 3.5. C&DW generation in Refurbishment activities by rate applied: a) R3: COAAT AC and b) R4: PSR 

Results obtained for construction in Figure 3.3 show that even when total generation calculated for 

construction with rates R1 and R3 is approximately the same, the composition estimated by each ratio is 

different. This is mainly due to different EWC codes of waste generated proposed in each rate, rate R1 

estimated that nearly 87% of waste generated was petrous, and only 13% non-petrous waste, assuming 

that other waste as mixed C&DW or hazardous waste is not produced. These values highly differ with 

results obtained with rate R3, where it is estimated that 60% is petrous, 36% non-petrous, and 1% other 

waste. R2 estimates more generation than R1 and R3, and different composition, considering that 75% is 

petrous, 14% non-petrous and the rest is other waste. Due to its characteristics, R4 does not include extra 

information about composition, but estimates an even bigger generation than rate R2. The fact of 

obtaining different grades of composition by rate applied can be related to different methods of 

construction by region, as each waste generation rate is calculated in a different region of Spain. Apart 

from this, different methods of management at construction sites can lead to generate more or less mixed 

waste, classified as other, instead of segregated waste, with a higher added value.  

Focusing on the results obtained for demolition (Figure 3.4), R1 and R3 estimated the same quantity of 

waste generated approximately, and rate R2 obtained more generation than the previous ones, and even 

more than quantity calculated by rate R4. In this case, composition of waste generated in the rates applied 

is similar, as rate R1 estimated a percentage of 91% petrous, 8% non-petrous, only 1% being mixed and 

classified as other. Ratio R2 estimated a percentage of 93% petrous, 7% non-petrous, and other waste is 

not generated. And finally, applying rates proposed by R3 96% petrous, 3% non-petrous and 1% other 

waste is obtained. In general, in all the rates low percentages of mixed waste are considered, which can 

a) R3: Regional Association of Architects of Corunna 

b) R4: Cantabria Sectorial Plan on C&DW 
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be because all the waste generated is assumed to be properly segregated and diverted at source for a 

proper management of this waste, as this is the optimal management option, but is not often 

implemented.  

Lastly, the results obtained for refurbishment (Figure 3.5) show that R3 estimated less waste compared 

to R4, with mainly petrous waste generated (88%), compared to the non-petrous fraction of waste (12%). 

There is a very low quantity of other waste considered, and this could be due to a proper management at 

site. No more information can be extracted from refurbishment composition as rate R4 does not give 

information about composition.  

Finally, the quantification of waste generated is calculated by the addition of waste generated by activity, 

multiplied to a factor to include minor works and civil works. As was emphasized by Wu et al., (2014) 

research has focused mostly on residential and commercial buildings, but civil engineering works also 

make a great contribution to C&DW generation. In fact, it is estimated that in Spain, the contribution of 

C&DW from civil work is 28% of the total C&DW stream, and in the case of minor works, the contribution 

is estimated to be 5% of the works with permits (BOE, 2009), for this reason, the final results are multiplied 

by factor 1.458. The results of C&DW generation through the four ratios applied (R1, R2, R3 and R4), and 

the registered amounts calculated by waste treatment facilities method in Cantabria (section 3.1.1) are 

represented in Figure 3.6.  

 

Figure 3.6. Comparison of C&DW generation calculated by WGR sources and registered data 

As can be observed in Figure 3.6, differences in C&DW generation depending on the used waste 

generation rates are found. The largest amounts of C&DW are obtained using ratio R4 from the Sectorial 

Plan of C&DW of Cantabria (BOC, 2010a), and ratio R2 proposed by Regional Association of Architects of 

La Rioja (COAR, 2008). These rates are quite similar, compared to results obtained by applying the other 

rates, R3 or R1, in which differences of around 20% can be found. Due to this difference among quantity 

generated by rates used, and the boom-bust cycle occurring in the construction sector in Cantabria in the 
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last few years, it is quite difficult to estimate waste generated. The differences in estimations of waste 

generated by using WF and GRC methods in the period 2003–2008 are very high, having an opposite 

tendency, the biggest difference being found between rates R4 and WF in 2005. The difference between 

waste treated at facilities and estimated quantities might correspond to waste reused at source, waste 

sold to waste managers or illegal dumping. As C&DW recycling facilities were inexistent during the period 

2003–2008, it can be guessed that illegal landfill was a common management option over these years. 

Therefore, from the application of the GRC method it can be concluded that estimation of C&DW 

generation and composition depends strongly on the used ratio, and to avoid misuse of this information, 

more than one ratio is advised to be applied. It is preferable the use of ratios developed in the region 

under study, or even development of a field study in order to determine the specific composition of C&DW 

in each region. 

As composition of waste is not clear from data obtained in previous sections, scenario development is 

proposed in order to simulate, on the basis of a known quantity generated, different compositions of 

waste generated.  

 

3.1.3. Scenarios development to estimate C&DW composition 

In order to develop scenarios to estimate C&DW composition, the first step consists of defining the 

amount of C&DW generated in Cantabria. The principles of proximity and self-sufficiency shall not mean 

that each region has to possess the full range of final recovery facilities (EC, 2008). But in this study it is 

assumed that all the waste generated in Cantabria is treated in this region, and in the same assumption, 

there is not waste coming from other regions to be treated in Cantabria. Apart from that, approximately 

100,000 tonnes per year is estimated for the last years with the different methods applied, and for this 

reason this is the quantity assumed to be generated. Once the total generation is assumed, a percentage 

of each material potentially generated is needed, defined as potential C&DW streams that are produced 

on the hypothetical basis that it is not mixed at source. Thus, percentage (by weight) of each stream 

contained in C&DW is extracted from the Catalogue of waste that can be used in construction, developed 

by CEDEX (CEDEX, 2010), that uses results obtained from a study of C&DW composition conducted by the 

Autonomous Community of Madrid in its landfills (BOE, 2001). The percentage proposed in this study 

could be consulted in Table 3.3, this waste is classified in broad types of waste streams (i.e. Bricks tiles 

and other ceramics, Metals, among others). To establish an adequate correspondence of waste 

generated, these potentially generated waste streams are associated with a code from the European 

Waste Catalogue (EWC).  

 

 

 

 

 

 

 

 



CHAPTER 3. RESULTS AND DISCUSSION    3.1. Estimation of C&DW generation and composition  

 

- 74 - 

Table 3.3. C&DW composition potentially generated in Cantabria 

Group Types of waste % EWC Waste stream 

Petrous 

Stones 5 17 05 04 Stones 

Concrete 12 17 01 01 Concrete 

Bricks, tiles and ceramics 
38 17 01 02 Bricks 

16 17 01 03 Tiles and ceramics 

Sand, gravel and other aggregates 4 Sand, gravel and other aggregates 

Asphalt 5 17 03 02 Bituminous mixtures  

No 
Petrous 

Metals  2.5 

17 04 01 Copper, bronze, brass 

17 04 02 Aluminium 

17 04 03 Lead 

17 04 04 Zinc 

17 04 05 Iron and steel 

17 04 06 Tin 

17 04 11 Cables  

Wood 4 17 02 01 Wood 

Glass 0.5 17 02 02 Glass 

Plastic 1.5 17 02 03 Plastic 

Gypsum  0.2 17 08 02 Gypsum-based construction materials 

Garbage 7 17 06 04 Insulation materials 

Others 4 15 01 06 Mixed packaging 

Paper 0.3 15 01 01 Paper and cardboard packaging 

 TOTAL 100     

 

As can be observed in Table 3.3, some assumptions should be made prior to define scenarios, such as 

differentiation between bricks and tiles, percentage of reinforced concrete produced or differentiate type 

of metal generated.  

Focusing on reinforced concrete, the Symonds report (Symonds Group Ltd. and ARGUS, 1999) stressed 

that there is not a clear path to identify and classify this stream in the European Waste Catalogue (EC, 

2000). In this thesis, reinforced concrete is classified in the European waste catalogue as code EWC 170101 

concrete, for being concrete composite. Taking into account indicators developed by Mália et al., (2013) 

it can be broadly estimated that 40 % of the concrete generated is reinforced concrete. But this quantity 

could be minimized into 20% if a proper segregation at source is developed. 

Another assumption is made to differentiate among ceramic materials, made on the basis of typical 

construction in Cantabria, assuming that from the 54% of ceramic materials produced, 70% consist of 

bricks, the rest being tiles and other ceramics. 

For the differentiation among metals, Mercante et al. (2012) supposed that all metals were Ferrous 

metals, as 96% of iron and steel is commonly contained in all metals from C&DW. In line with this, Coelho 

and De Brito (2013a) calculated from the outputs of a recycling plant, that 97.65% was constituted by 

ferrous metals (i.e. iron and steel), 0.26% of non-ferrous metals (i.e. Aluminium, brass) and 2.09% of heavy 

metals (i.e. Lead). On the basis of these studies and corroborated by C&DW facilities managers, it was 

assumed that 96% is Iron and steel, 1.65% Tin, 0.26% non-ferrous metals, and 2,09% heavy metals 

(supposed to be mainly lead). It should be noted that as quantity potentially generated of ferrous metal 

is fixed, the relative quantity of metal contained in reinforced concrete is deducted from the total quantity 

of ferrous metal, using a rule of thumb with reinforced concrete and concrete density. 

Another assumption that is made is focused on the plastic stream, as not all plastic is equally valuable 

even when codified under the same code, obtaining different selling prices for different type of plastic. 

The predominant substance is assumed to be PVC, as it is used in pipes and ducts, floor and wall coverings, 

window frames, profiles and linings which make up 47 per cent by weight of total plastics used in 2002 
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(Envirowise, 2006). The rest of plastic is formed by plastic which is not film, as this is considered as mixed 

packaging, and neither is PVC.  

Finally, garbage is assumed to be insulation materials, as this is a waste stream composed of mixed 

materials such as wood, fibreglass or polyurethane. As it is quite difficult to segregate these waste 

streams, it is assumed to be treated directly as mixed waste. The waste type named “others” is assumed 

to be mixed packaging, as it cannot be placed in another waste group and it is a very common waste 

generated in construction activities. Mixed packaging contains 58.63% of Timber pallets, 24.67% of 

Cardboards and 16.70% of Polyethylene films (Envirowise, 2006).  

With all these assumptions, potential generation by waste stream can be observed in Table 3.4.  

Table 3.4. Potential Waste streams contained in C&DW 

Group Types of waste EWC Waste stream 
Quantity 
(Tonnes) 

Petrous 

Stones 17 05 04 Stones 5,000 

Concrete 17 01 01 Concrete 12,000 

Bricks, tiles and ceramics 
17 01 02 Bricks 37,800 

17 01 03 Tiles and ceramics 16,200 

Sand, gravel and other aggregates Sand, gravel and other aggregates 4,000 

Asphalt 17 03 02 Bituminous mixtures  5,000 

No 
Petrous 

Metals  

17 04 01 Copper, bronze, brass 1.63 

17 04 02 Aluminium 1.63 

17 04 03 Lead 52.25 

17 04 04 Zinc 1.63 

17 04 05 Iron and steel 2,400 

17 04 06 Tin 41.25 

17 04 11 Cables  1.63 

Wood 17 02 01 Wood 4,000 

Glass 17 02 02 Glass 500 

Plastic 17 02 03 
PVC 795 

Other Plastic (no PVC, no film) 705 

Gypsum  17 08 02 Gypsum-based construction  200 

Garbage 17 06 04 Insulation materials 7,000 

Others 15 01 06 

Mixed packaging (Timber pallets) 2,345 

Mixed packaging (Cardboards) 987 

Mixed packaging (Polyethylene films) 668 

Paper 15 01 01 Paper and cardboard packaging 300 

    TOTAL  100,000 

 

The next step consists of setting scenario parameters, based on % of mixed waste, but it should be noticed 

that not all the waste could be mixed in all types of mixed waste. By definition, mixed petrous is only 

constituted by petrous materials; mixed metals, is obviously constituted only by metals, and only in mixed 

C&DW all type of waste can be found.  

Different scenarios can be generated based on percentages of mixed waste, taking into account if it is 

mixed or not, and if mixed, what type of mixed waste can be included. The grade of mixing is fixed in each 

one of the scenarios developed, trying to simulate two different situations:  

Scenario 1: low segregation is defined with a C&DW generation of 85% mixed, being only 15% segregated, 

based on data from the current management of this waste, where a highly mixed material is produced 

and an adequate subsequent classification is needed. 
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Scenario 2: high segregation is defined as the contrary to the other scenario, with only 15% of C&DW 

being mixed, and 85% segregated. This is a scenario that aims to reflect the future management of this 

waste, in which a high segregation at source is applied, in order to fulfil the legislation requirements and 

to obtain high quality recycled aggregates. 

In each one of these scenarios, two additional versions can be defined, due to the petrous fraction can be 

mixed with same type of waste, as in mixed petrous, or it can be mixed with other types of waste, as in 

mixed C&DW. The non-petrous fraction contain metals, which can be mixed with other metals, or can be 

mixed with other waste, as in mixed C&DW. For this reason, taking into account the possibilities of each 

stream to be included in different types of mixed waste, two versions of each one of these scenarios are 

created. These versions are defined based on the percentage of mixing, version A is mixed mostly with 

similar waste, and version B is mixed mostly with different waste: 

Version A: The petrous fraction which is mixed, is destined in 80% as mixed petrous, 20% as mixed C&DW, 

and inside the non-petrous fraction, the mixed part is only related to the metals, 70% being found as 

mixed metals, and 30% mixed C&DW.  

Version B: The petrous fraction contained in mixed waste is destined to 20% mixed petrous, 80% mixed 

C&DW and for the metals inside the non-petrous fraction, 30% as mixed metals and 70% mixed C&DW.  

Sand gravel and other aggregates are a stream already mixed by definition, for this reason it is assumed 

that it is not going to be collected separately from others materials, and is always going to be included 

either in mixed petrous or mixed C&DW. Bituminous materials and stones are often collected separately 

because they are generated in specific construction procedures, for this reason specific percentages of 

70% segregation and 30% mixed are proposed for these streams in both versions. In addition, bituminous 

materials are assumed to be mainly collected separately from the petrous fraction, and only present in 

mixed C&DW with other types of materials, based on its characteristics and typical sources of this waste. 

The same situation happens with mixed packaging and paper and cardboard, with the only difference that 

this waste only can be contained in mixed C&DW. 

Taking as a starting point the total generation of 100,000 tonnes, and taking into account all the 

assumptions previously defined, the quantity of each waste generated in each scenario of management 

is calculated (Table 3.5).  

As it can be observed, segregated waste is produced in similar quantities in both versions of each scenario, 

this is because the versions only imply the destination of waste which is mixed, in what type of mixed 

waste is contained. In this manner, mixed waste is generated in different quantities for each scenario. This 

is important due to the fact that this mixed waste is the waste that should be treated in a recycling facility 

in order to recover resources from it. As some assumptions of mixing waste were made, other specific 

streams are generated in the same quantity in all the scenarios, as is the case of bituminous materials or 

stones and soil, which are generated in specific construction sites, and considered difficult to be mixed 

with other type of waste. 

For example, if iron and steel is segregated at source, as it is established in scenario 2, approximately 

1,300 tonnes extra can be recovered without subsequent treatment compared with scenario 1 where low 

segregation is applied. Other waste streams are not as important to be recovered, like gypsum, as it is not 

easily introduced into the market, but if separated at source from the mixed stream, better properties 

could be obtained in recycled aggregates once this waste is treated in a recycling facility. 
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Table 3.5. Summary of waste composition in all scenarios 

TYPE EWC Waste 

Scenario 1 Scenario 2  

Scenario 1A Scenario 1B Scenario 2A Scenario 2B 

(Ton) (Ton) (Ton) (Ton) 

SEGREGATED 

17 01 01 Concrete 1,080 1,260 6,120 7,140 

17 01 01 Reinforced Concrete 782 587 4,434 3,326 

17 01 02 Bricks 5,670 5,670 32,130 32,130 

17 01 03 Tiles and ceramics 2,430 2,430 13,770 13,770 

17 02 01 Wood 600 600 3.400 3.400 

17 02 02 Glass 75 75 425 425 

17 02 03 Plastic 225 225 1,275 1,275 

17 03 02 Bituminous 3,500 3,500 3,500 3,500 

17 04 01 Copper, bronze, brass 0.24 0.24 1.38 1.38 

17 04 02 Aluminium 0.24 0.24 1.38 1.38 

17 04 03 Lead 7.84 7.84 44.41 44.41 

17 04 04 Zinc 0.24 0.24 1.38 1.38 

17 04 05 Iron and steel 297 313 1,685 1,774 

17 04 06 Tin 6.19 6.19 35.06 35.06 

17 04 11 Cables 0.24 0.24 1.38 1.38 

17 05 04 Stones and soil 3,500 3,500 3,500 3,500 

17 08 02  Gypsum-based  30 30 170 170 

17 06 04 Insulation  1,050 1,050 5,950 5,950 

MIXED  

17 01 07 Mixed Petrous 49,563 12,373 12,370 3,090 

17 04 07 Mixed metals 1,239 558 219 98 

17 09 04 Mixed C&DW 29,942 67,814 10,966 20,367 

  TOTAL 100,000 100,000 100,000 100,000 

 

The worst scenario could be defined as scenario 1B, as this is the scenario where waste is mixed with all 

type of waste, and then its treatment is more complicated, and it could be expected that recycled 

aggregates generated are of worst quality. On the contrary, scenario 2A is the scenario with more 

segregation, and less waste being mixed, potentially producing high quality recycled aggregates, with 

more uses and high added value. This would be an example of the ideal management, from the point of 

view of maximizing recovery of waste streams contained in this type of waste.  

 

3.1.4. Conclusions on C&DW estimation in Cantabria  

Proper assessment of the situation of C&DW involves the estimation of the quantities and composition of 

the waste generated in Cantabria using different methods: waste facilities method, waste generation 

rates, and scenario development. 

First of all, when analysing data from waste recycling facilities, it was emphasized that the quantity 

destined to waste treatment facilities had a big peak in the year 2003, when only landfill and backfilling 

were the main treatments, but the quantity generated decreased the following year. A big influence in 

the decrease of waste destined to landfill can be noticed, mainly due to legislation developed in Cantabria 

in which destination to landfill without prior treatment was forbidden, making it mandatory to destine 

this waste to an intermediate treatment. In 2010, the destination of this waste to backfilling operations 

was also forbidden, and for this reason, no backfilling operations were developed in the years 2011-2013. 

In fact, the peak observed in 2003 can give an idea that this data is not absolutely certain, and application 

of other tools to study this phenomenon was advised, to evaluate if it was due to waste generation being 

drastically reduced, sent to waste managers, reused at source, or illegally landfilled. Apart from the 
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generation peak found in 2003, influence of the economic crisis of construction sector is not as remarkable 

as it is when calculating generation with other methods, obtaining an oscillating tendency of C&DW 

generation. 

In order to fulfil potential data gaps of the previous methods, the waste generation rate method is 

proposed. Four different waste generation rates of waste per unit area of construction, demolition and 

renovation activities were applied, proposed by one regional Plan for C&DW, two associations of 

architects from two northern Spanish regions, and one technological institute from another northern 

region, and important differences were found in the total amount generated upon the used ratio. The 

largest amounts of C&DW are obtained using ratio R4 from the Sectorial Plan of C&DW of Cantabria (BOC, 

2010a), and ratio R2 proposed by the Regional Association of Architects of La Rioja (COAR, 2008). These 

rates are quite similar, compared with results obtained by applying the other rates, R3 or R1, in which 

differences around 20% can be found. Due to this difference among quantity generated by rates used, 

and the boom-bust cycle occurring in the construction sector in Cantabria in the last years, it is quite 

difficult to estimate an average value of waste generated annually.  

Differences in estimations of waste generated between previously explained methods applied in the 

period 2003–2008 are very high, having an opposite tendency, the biggest difference being found 

between rates R4 and WFM in 2005. The difference between waste treated at facilities and estimated 

quantities might correspond to waste reused at source, waste sold to waste managers or illegal dumping. 

As C&DW recycling facilities were inexistent during the period 2003–2008, it can be guessed that illegal 

landfill was a common management option these years. When trying to define composition of this waste 

based on waste generation rates, big differences were found in the definition of this waste by EWC, and 

if waste generated was mixed or segregated. Therefore, it can be concluded that generation and 

composition of C&DW generation estimated depends strongly on the used ratio, and to avoid misuse of 

this information, more than one ratio is advised to be applied. It is advisable to apply ratios developed in 

the region under study, or an even better option could be to develop a field study in order to determine 

the specific composition of C&DW in the region, called the site visit method.  

As composition of waste is not clear from the data obtained in previous sections, scenario development 

is proposed in order to simulate, on the basis of a known quantity generated, different compositions of 

waste. Two different scenarios are proposed with low and high segregation of the waste at source, the 

first to simulate the current situation, where waste is not usually segregated at source, and the second 

one, where waste is mainly segregated at source, and less quantity of mixed waste is generated. From 

each scenario, different versions are created based on the type of mixed waste generated in a bigger 

quantity. This method is useful to estimate the influence of management at source and policy developed 

regarding adequate segregation on C&DW composition.  

There are many more possibilities in order to establish scenarios and their versions, and these scenarios 

can reflect any situation that needs to be studied. This methodology can be applied to other regions, but 

specific assumptions in percentages of mixed waste and composition of this waste should be made, 

making it difficult to extrapolate these results from one region to another. This is a useful method to 

estimate composition of this waste depending on its management procedures and influence of policy or 

regulations regarding, in example, adequate segregation at source. 
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3.2. EVALUATION OF C&DW MANAGEMENT ALTERNATIVES 

From the literature review, it was underlined that Multicriteria Analysis is the most widely applied tool to 

decisions regarding waste management options for different types of waste, and for this reason its 

application is proposed for the determination of the most suitable C&DW management alternative in 

Cantabria. Focusing on application to C&DW, MCA has been applied to examine alternative systems that 

could be implemented for the management of demolition waste, as type of demolition (i.e. conventional, 

partial selective, and complete selective), destination of waste (i.e. landfilling, on site recovery, recycling 

or backfilling) by type of waste (i.e. non-recyclable, mixed recyclable, non-hazardous, metals, glass, PVC, 

wood) [Abdelhamid, (2014); Roussat et al., (2009); Kourmpanis et al., (2008b)]. In this study, management 

options considered consist in destination of waste and network needed to treat this waste, evaluated by 

multicriteria analysis. 

3.2.1. Problem definition  

At the moment of this study, year 2009, Cantabria was involved in the boom of construction, with high 

amounts of waste being generated. From estimations made based on GRC methods, a C&DW generation 

of 400,000 tonnes was estimated, mainly destined to landfill (or illegally dumped) with the considerably 

loss of resources. In the Cantabria Sectorial Plan of C&DW (BOC, 2010a) a recycling rate of 30% in 2011 

and 65% in 2014 was proposed, emphasizing the necessity of a network of waste treatment facilities 

dense enough to fulfil the recycling target and decrease transportation costs. For this reason a study to 

evaluate the best management option of this waste in Cantabria is developed, taking into account that 

this waste can be destined to landfill, recycled or reused. Apart from this, for the network of waste 

treatment facilities proposed in the Plan, a division of the territory into five functional areas is advised to 

minimize the waste transport and to allow each area to manage its own waste. In line with this, in this 

study it is assumed that in each one of the five regional areas a new facility, including transfer station (TS) 

or recycling plant (RP), has to be located. 

3.2.2. C&DW management alternatives 

In this work, C&DW management alternatives were proposed taking into account different options of 

treatment, and different network of C&DW treatment facilities in Cantabria.  

Firstly, the management options considered vary upon the recycling objectives: “Option 0” represents the 

current situation at the time of this study (100% landfill disposal), “Option 1” and “Option 2” are options 

based on the recycling targets established by 2011 and 2014 in the Sectorial Plan of C&D Waste of 

Cantabria (BOC, 2010a) respectively. “Option 3” represents the higher recycling targets in Europe (85% of 

recycling) and “Option 4” constitutes an extreme waste management option (100% recycling). With the 

exception of options with extreme waste management targets, 5% of reuse is considered. 

Secondly, five different network facilities have been considered (0, a, b, c and d). “Network facility 0” 

represents the current facilities at the time of this study, that was one inert landfill. “Network facilities a, 

b, c and d“ only differ among them in the combination of recycling plants and transfer stations, whose 

total sum must be five. For example, “Network facility a” has one recycling plant and four transfer stations, 

“Network facility b” has two recycling plants and three transfer stations, “Network facility c” has three 

recycling plants and two transfer stations, and finally “Network facility d” has four recycling plants and 

one transfer station.  
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Finally, with all the options considered, the overall possible combinations are obtained and included in 

Table 3.6. However, from the 25 alternatives proposed, only the feasible ones should be studied. In order 

to discern the feasible alternatives, quantity of waste arriving the potential recycling facilities is estimated. 

This quantity is calculated based on estimated generation by area and the percentage of waste destined 

to recycle in each alternative, and as a first approximation, alternatives with less than 45,000 Ton/year as 

input to a recycling facility are not considered. This value is selected according to the study developed by 

Nunes et al., (2007), in which it was stressed that the financial viability of privately run recycling centres 

with processing capacities less than 20 t/h will probably be negative, due to low production and low prices 

of processed products.  

Table 3.6. Alternatives for the multicriteria analysis of the C&DW management in Cantabria (Spain) 

Network facilities 0 
0RP+0TS 

a 
1RP+4TS 

b 
2RP+3TS 

c 
3RP+2TS 

d 
4RP+1TS Options 

0    (0% recycling) 0 - - - - 

1    (30% recycling) - 1a 1b - - 

2    (65% recycling) - 2a 2b 2c - 

3    (85% recycling) - 3a 3b 3c - 

4    (100% recycling) - 4a 4b 4c 4d 

           

In the case of “Network facility 0”, recycling plant location is not contemplated and for this reason it is not 

feasible to suggest alternatives with any percentage of recycling. The opposite is the “Network facility d”, 

in which four recycling facilities are proposed and for this reason, the management option with less than 

100% of recycling is not contemplated. For the rest of the alternatives, called intermediate alternatives, 

only those that account for a minimum quantity of waste entering into the plant are considered feasible. 

Finally, from 25 potential alternatives obtained, 13 alternatives were selected.  

 

3.2.3. Evaluation criteria for C&DW management 

To evaluate the alternatives, evaluation criteria is selected taking into account stakeholder groups 

implicated in C&DW management (Table 3.7). Stakeholders include producers of C&DW, local 

communities, the authority represented by regional government, and the recyclers, among others. Finally, 

nine criteria are included with a brief review of each one. 
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Table 3.7. Socio-economic and environmental criteria to evaluate C&DW management in Cantabria (Spain) 

Stakeholder 
Groups 

Criteria Sub-criteria 

Socio - economic criteria 

Producers C1. Management Costs (€/ ton) 
Tipping fees 

Transport costs 

Recycling 
manager 

C2. Profitability of new facilities (€/ ton) 
Income 

Costs 

Natural 
aggregates 
producers 

C3. Intrusion into natural aggregates market 
Natural aggregates production 

Recycled aggregates production 

Society 
C4. Social acceptability 
(+++++/-----) 

Use of sustainable technologies 

Atmospheric pollution (dust) 

Acoustic pollution 

Social 
Municipalities 

C5. Local acceptability of municipalities 
(+++++/-----) 

Local employment 

Local disturbance: noise and dust 

Visual impact 

Ratio of affected population 

Regional 
Government 

C6. National Regulatory compliance  (+++++/-----) National target 

C7. European Regulatory compliance (+++++/-----) European target 

Environmental criteria 

Regional 
Government 

C8. CO2 emission due to waste transport 
(ton CO2/ton transported) 

Kilometres covered 

CO2 emission factor by transport 

Regional 
Government 

C9. Landfill space savings (m3) 
Volume of the recycled aggregates 
produced 

 
 

Criterion C1. Management costs:  

This criterion considers costs assumed by the C&DW producer to manage this waste. These management 

costs can be divided in two types: tipping fees and transport costs.  

The first one consists of fees charged to treat this waste by companies managing the treatment facilities, 

which in this study can be landfill, recycling facility or transfer station fees. Landfill tipping fees were 

supplied by the company which managed the inert landfill in Cantabria: 15 €/ton for segregated C&DW 

waste and 56 €/ton for mixed waste (MARE, 2015). When this study was carried out no recycling plant 

was settled in Cantabria, for this reason recycling tipping fees were estimated from the data of Spanish 

recycling plants [BTB, (2015); Salmedina S.L., (2015); Navalcarnero, (2015); Alcorec, (2015); Santos, C., 

(2009)], finally being fixed as 14 €/ton for segregated C&DW waste and 35 €/ton for mixed waste. In this 

study, transfer station tipping fees was estimated based on the quantity of waste to be treated at this 

facility, including price charged by recycling plant to receive the waste once treated and segregated, cost 

related to treatment of this waste (labour costs, utilities) and a benefit of 1 €/ton treated.  

The second one consists of costs related to transport to treatment facilities, which are assumed by C&DW 

producers. To calculate this sub-criterion, potential facility locations (recycling facilities, or transfer 

stations) were fixed previously in illegal dumping areas or where existing facilities could decrease the 

investment costs. In each alternative, is given the quantity destined to each treatment and where each 

facility is located, therefore transport distance to be covered was calculated. For determining the costs 

due to waste transport, “the price list for the truck transport”, from the monitoring Centre of costs from 

road transport was used (Ministry of infrastructure, 2015). A value of 0.221 €/ton Km is used for 
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transportation from generation source to treatment facility, taking into account that small trucks are used. 

However, for transportation between transfer stations and recycling plants, bigger trucks are used and 

therefore the cost is lower, using a value of 0.14 €/ton Km. The final criterion is calculated as an addition 

of both costs, finally obtaining total cost per tonne treated. 

 

Criterion C2. Profitability of new facilities:  

Despite environmental considerations, the final decision for a recycling manager about setting up a 

recycling centre is mainly dependent on economic criteria (Nunes et al., 2007). Therefore, profitability of 

new facilities is included in this evaluation, taking into account total costs and income for a recycling 

facility. To calculate total costs, operational costs and initial investment are included. First, operational 

costs are calculated, in which labour costs and utilities are included [CIUDEN, (2010); Scora, (2007); De 

Dios and Ruiz, (2005)]. To calculate labour costs, the number of employees is estimated based on the 

capacity of each facility, and based on the position held, the labour costs can be estimated. On the other 

hand, the estimation of utility costs is calculated based on data per tonne treated. Finally, investment 

costs were calculated by means of an equation fitted with available data considered in the II Spanish 

Integrated National Plan for C&DW (BOE, 2009), considering that investment costs are proportional to the 

input capacity. 

Once the total cost is estimated, the total income is calculated. This sub-criteria includes estimation of the 

incomes derived from the secondary aggregates sale and the tipping fees charged to treat the waste. Data 

of the latter is extracted from criterion 1- management cost, and the secondary aggregates average sale 

price was fixed at 3 €/ton, and the recycling tipping fees were set at 14 €/ton for clean C&DW waste and 

35 €/ton for mixed debris. Final data for this criterion is calculated as total incomes minus total cost, per 

tonne treated at a recycling facility.  

 

Criterion C3. Intrusion into natural aggregates market:  

Another stakeholder group to take into account is the natural aggregate producers, for this reason an 

important economic aspect for assessing waste management strategies is included, as is the influence on 

the economic activity of the use of secondary raw materials (Roussat et al., 2009). Based on this, influence 

on the natural aggregates market of producing recycled aggregates is calculated. Taking into account 

potential outputs per recycling facility, compared with total natural aggregates used at the time of this 

study (Anefa, 2007), a result of 2% of maximum intrusion was found. Therefore this criteria has been 

considered as negligible for the case study and removed from the criteria list. 

 

Criterion C4. Social acceptability:  

Another point of view is given by social acceptance (Kourmpanis et al., 2008b), and to calculate this 

criterion, three sub-criteria were defined. These are qualitatively assessed from the point of view of 

society: (i) use of sustainable technologies, (ii) atmospheric pollution (dust), and (iii) acoustic pollution, 

taking into account the noise produced by waste transport and facilities operation. To calculate this 

criterion, alternatives with more ambitious recycling objectives are assumed to be socially preferred, but 

these alternatives also cause more disturbances in terms of noise and dust. Apart from this, alternatives 

with equal recycling objectives cause more disturbance when more recycling plants were located. Taking 

all these into account, qualitative values for each alternative are estimated. 
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Criterion C5. Local acceptability of municipalities:  

The Not in My Back Yard syndrome and the local community acceptance or rejection is unambiguously 

revealed as one of the most urgent local pressures for the effectiveness of any integrated waste 

management scheme (Banias et al., 2010). Four sub-criteria were considered in order to assess this 

criterion, (i) local employment, (ii) local disturbance in terms of dust and noise, (iii) visual impact caused 

by new facilities, and (iv) ratio of affected population (ICANE, 2015). These sub-criteria are often applied 

as criteria to evaluate management of waste, as it is the case of local employment [Roussat et al., (2009); 

Kourmpanis et al., (2008b)] or visual impact (Kourmpanis et al., 2008b). But in this study, as some sub-

criteria are qualitative, while others are quantitative, a final qualitative criteria is applied. For its 

calculation it is assumed that more waste destined to recycling means that more local employment is 

produced, but more local disturbance is caused. In the case of locating more recycling plants, a bigger 

visual impact and ratio of affected population is produced. Finally, qualitative values for each alternative 

are estimated. 

 

Criterion C6. National Regulatory compliance:  

In the case of C&DW management evaluation, harmonization with the existing legislative framework is 

also a criteria included in some studies, as the one developed by (Kourmpanis et al., 2008b). In this 

criterion, this is calculated based on C&DW recycling rates stipulated at National level, as the II Spanish 

Integrated National Plan for C&DW in which the recycling target by 2011 is 40% (BOE, 2009). This criteria 

is calculated qualitatively, giving a certain value depending on the possibilities to achieve this objective by 

each alternative proposed. 

 

Criterion C7. European Regulatory compliance:  

Apart from national recycling rates, more ambitious objectives were set at European level that should be 

included in this evaluation. According to Directive 2008/98/EC on waste, the recycling target by 2020 will 

be 70% (EC, 2008). Like the previous criterion, this criterion is calculated qualitatively, giving a certain 

value depending on the possibilities to achieve this objective by each alternative proposed. 

 

Criterion C8. CO2 emission due to waste transport:  

This environmental criterion takes into account emissions derived from waste transport, from generation 

source to final destination of C&DW, which could be landfill, transfer station or recycling facilities. Apart 

from this, CO2 emission associated with transport from transfer stations to recycling facilities are also 

included. This criterion is calculated by means of an equation fitted with the available data of the CO2 

emissions of various transport modes from the ‘‘Forum of Trade and Development’’ which took place in 

Geneva in 2008 (GTDF, 2008). This equation considers the emissions as a function of tare and distance 

covered by the truck (ton CO2/ton C&DW km), taking into account that from generation source to 

treatment plants smaller trucks are used compared with trucks used to transport waste from transfer 

station to recycling plant. Smaller trucks produce more emissions than bigger ones, using finally a value 

of 0.00011 and 0.000092 ton CO2/ton C&DW km respectively. The final criterion is calculated as ton CO2 

emitted by ton of C&DW transported. 
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Criterion C9. Landfill space savings: 

The second environmental criterion takes into account that recycling avoids landfill disposal. All the waste 

destined to recycling instead of being landfilled, results in less space needed at landfill. For this reason, 

this criterion was calculated by converting the mass of C&DW recycled into volume, using an average 

density for this waste.  

 

3.2.4. Results and discussion 

Once alternatives and criteria are defined and calculated, the impact matrix is fulfilled, and included in 

Table 3.9, including criteria values for the proposed alternatives performed. It should be noted that 

criterion 3, intrusion into natural aggregates market is not included, as it was estimated to be negligible, 

as only 2% of intrusion was estimated. 

This matrix was introduced in the software DEFINITE 3.0 which contains four separate multi-criteria 

techniques: Weighted Summation (WS), Electre II (E2), Evamix (EV) and Regime (REG) (Janssen et al., 

2003). To obtain the final solution, assignment of weights is used to introduce the relative importance of 

each criterion in MCA evaluation. This, in fact, is a critical step, as the final ranking of the C&DW 

management alternatives could be influenced by the assigned weights. The Regime method just allows 

preference weights based on qualitative judgements, while the other three methods Weighted 

Summation, Evamix and Electre II allow a setting of quantitative weights. 

For the assignment of weights, transportation of C&DW is considered as a limiting factor due to its high 

volume. For this reason, the distribution of weights in each scenario is established with the aim of 

assessing the influence of transport in the ranking. According to Alvarez- Guerra et al., (2009), assignment 

of weights can be made taking into account a scenario of equal weights, two extreme scenarios and 

several intermediate scenarios. Finally, nine different scenarios of weights were contemplated in order to 

assess the sensitivity of the obtained ranking using Weighted Summation, Evamix and Electre II, and are 

included in Table 3.8. Scenarios of weight to evaluate C&DW management 

Table 3.8. Scenarios of weight to evaluate C&DW management 

Scenarios Weights 

“Scenario 1” Equal weight is given to criteria 

“Scenario 2” 100% CO2 - 0% others 

“Scenario 3” 90% CO2 - 10% others 

“Scenario 4” 75% CO2 - 25% others 

“Scenario 5” 60% CO2 - 40% others 

“Scenario 6” 50% CO2 - 50% others 

“Scenario 7” 40% CO2 - 60% others 

“Scenario 8” 25% CO2 - 75% others 

“Scenario 9” 0% CO2 - 100% others 

 

On the other hand, three scenarios of weights were selected using Regime, these scenarios are: “Scenario 

A” where the criterion CO2 emission due to waste transport is more important than the other criteria, 

“Scenario B” with equal weight distribution for all the criteria and “Scenario C” where the criterion CO2 

emission due to waste transport is less important than the other criteria 
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Table 3.9. Impact matrix for the multicriteria analysis of the C&DW management alternatives 

% Recycling 0% 30% 65% 85% 100% 

Facilities 1 
0RP+0T

S 
1RP+4TS 2RP+3TS 1RP+4TS 2RP+3TS 3RP+2TS 1RP+4TS 2RP+3TS 3RP+2TS 1RP+4TS 2RP+3TS 3RP+2TS 4RP+1TS 

Alternatives 0 1a 1b 2a 2b 2c 3a 3b 3c 4a 4b 4c 4d 

C1. Management costs,  

(€/ton) 
31.54 29.23 28.48 28.20 19.45 24.55 28.46 23.96 22.50 29.16 23.39 21.53 20.81 

C2. Profitability of new facilities, 
(€/ton) 

0 30.07 27.15 31.74 29.81 28.48 32.33 30.52 29.32 32.65 30.88 29.96 29.16 

C4. Social acceptability, 

(+++++/-----) 
---- + + ++ ++ ++ +++ +++ +++ +++ ++++ ++++ ++++ 

C5. Local acceptability of 
municipalities, (+++++/-----) 

++++ - -- - -- --- - -- --- - -- --- ---- 

C6. National regulatory 
compliance,  

(+++++/-----) 

----- + + ++ ++ ++ +++ +++ +++ +++++ +++++ +++++ +++++ 

C7. European regulatory 
compliance, (+++++/-----) 

----- ---- ---- + + + ++ ++ ++ +++++ +++++ +++++ +++++ 

C8. CO2 emissions due to waste 
transport 

(ton CO2/ton transported) 

0.0079 0.0078 0.0072 0.0079 0.0067 0.0057 0.0082 0.0067 0.0054 0.0087 0.0069 0.054 0.0042 

C9. Landfill space savings (m3) 74,700 74,700 74,700 89,917 89,917 89,917 117,583 117,583 117,583 138,333 138,333 138,333 138,333 

                                                                 
1 RP: Recycling Plant; TS: Transfer Station 
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MCA rankings obtained based on the specific sets of weights given in Table 3.8 using four different analysis 

methods are shown in the next figures: Weighted Summation (Figure 3.7), Evamix (Figure 3.8) and Electre 

II (Figure 3.9). 

 

 

 

Figure 3.7. Results of the rankings for the multicriteria analysis of the C&DW management alternatives using the 

method Weighted Summation 
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Figure 3.8. Results of the rankings for the multicriteria analysis of the C&DW management alternatives using the 

method Evamix 
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Figure 3.9. Results of the rankings for the multicriteria analysis of the C&DW management alternatives using the 

method Electre II 

 

In “scenario 2” which only considers CO2 emissions due to waste transport and in six intermediate 

scenarios: “scenario 3”, “scenario 4”, “scenario 5”, “scenario 6”, “scenario 7” and “scenario 8”, the best 

mark was given to the alternative with a recycling rate of 100% through four recycling plants and one 

transfer station (4d), regardless of the method applied. 

However, in some scenarios of weights, more than one alternative is obtained as the best solution. For 

example, in “scenario 1”, with equal weights distribution, Weighted Summation and Evamix (Figure 3.7 

and Figure 3.8 respectively) gave the best mark to two alternatives, 4d and 4c. These two alternatives 

have a recycling rate of 100% but different network facilities, one of them through four recycling plants 

and one transfer station (4d) and the other three recycling plants and two transfer stations (4c). While 
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Electre II method (Figure 3.9) shows that the best solutions are all alternatives with 100% of C&DW 

recycling (4a, 4b, 4c and 4d) independently of the network facility. Similar results were obtained using the 

Electre II method in “scenario 9” which excludes CO2 emissions due to waste transport. In this scenario, 

the best solutions are all the alternatives which recycle 100% of C&DW (4a, 4b, 4c and 4d) independently 

of the network facility proposed. The solution obtained through the Evamix and Weighted Summations 

method for this scenario gave the best position to the alternative of 100% recycling through two recycling 

plants and three transfer stations (4b).  

As a conclusion, the ranking of alternatives obtained with the different MCA methods are very similar; all 

of them give the best mark to alternatives with recycling of 100% of C&DW. Depending on the weight 

scenario considered the best solution varies among the four alternatives with C&DW recycling of 100% 

(4a, 4b, 4c and 4d). The differences between these alternatives only consist of the selected network 

facility; this is the combination of recycling plants and transfer stations. 

The software DEFINITE 3.0 also includes sensitivity and uncertainty analysis. Sensitivity analysis assesses 

the influence of the weights assigned to each criterion, while uncertainty analysis assesses the effect of 

uncertainties in the criteria scores (Janssen et al., 2003). The sensitivity analysis is performed using the 

results obtained from three previously used MCA methods and an additional MCA method called Regime 

method. Finally, the results from sensitivity analysis are included in Figure 3.10. 

 

Figure 3.10. Sensitivity analysis of the ranking of C&DW management alternatives to the criteria weightings with 

different MCA methods 

 

The results obtained from the sensitivity analysis show that for scenarios of weights in which transport 

was given higher importance, greater than 50% weight, the alternative with a recycling rate of 100% 

through four recycling plants and one transfer station (4d) is the preferred management option. On the 

other hand, in almost all the weight scenarios, the alternative of “current waste management” (0) is the 

worst.  

The results obtained from Regime shows that when the criterion of CO2 emissions due to transport is 

considered more important than the rest, the best mark is given to the alternative with a recycling rate of 

100% through four recycling plants (4d). While in scenarios where all criteria weights are equally 

distributed or in the scenario where the criterion of CO2 emissions due to transport is considered less 
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important than the rest, an alternative of 100% recycling through two recycling plants and three transfer 

stations (4b) is obtained as the most suitable one. 

In order to perform the uncertainty analysis “scenario 1”, where weights were equally distributed among 

the criteria, was selected to assess changes in the results due to uncertainty. This analysis is based on the 

probability of an alternative to obtain certain position in the final ranking, calculated by this software. The 

results obtained considering uncertainties of 10%, 25% and 50% for all the criteria and using Weighted 

summation, Evamix and Electre II methods are shown in Figure 3.11.  

  

 

Figure 3.11. Influence of criteria scores uncertainty in the ranking of C&DW management alternatives with different 

MCA methods 

 

The size of the circles in the figure is proportional to the probability that each alternative of waste 

management occupies a certain position in the rank order. The MCA method Electre II only permitted the 

introduction of 10% of uncertainty, and the results do not give a suitable ranking of preferences because 

several alternatives are in the same position.  

The large sized circles on the main diagonal of the graphs indicates that, despite scores deviating from the 

values assigned up to 10%, the ranking obtained hardly varied. However, this stability decreases when the 

uncertainty increases up to 25% and 50% when the probabilities of obtaining different rankings were 

higher.  

In conclusion, the robustness of the results obtained through the different MCA analysed is confirmed, 

and therefore, the most suitable management options are those with 100% recycling targets and 

moreover with a network of recycling facilities of four recycling plants and one transfer station (4d). 

 



CHAPTER 3. RESULTS AND DISCUSSION    3.2. Evaluation of C&DW management alternatives 

 

- 91 - 

3.2.5. Conclusions on application of MCA to C&DW management 

In order to evaluate the best management option for C&DW management in Cantabria, application of 

MCA is proposed. In this study, alternatives are defined by a combination of the management options on 

one hand, defined considering recycling objectives; and the network of facilities needed to manage this 

waste, considering that in each one of the five regional areas a new facility, including transfer station (TS) 

or recycling plant (RP), has to be located. From the 25 potential alternatives proposed, 13 were selected 

as feasible based on the quantity of waste arriving into each recycling facility. To evaluate these 

alternatives, nine criteria were defined based on the stakeholder’s point of view, classified as socio-

economic and environmental aspects. The results are obtained by using scenarios of weights, defined by 

varying importance of CO2 emissions due to waste transport, to evaluate the influence in the final result 

of this criterion. Apart from this, a sensitivity and an uncertainty analysis were developed, in order to 

evaluate the robustness of the results obtained. 

The results from the multicriteria analysis carried out using four MCA methods show that the best solution 

for the C&DW management in Cantabria is a recycling of 100% of the C&DW generated by means of four 

recycling plants and one transfer station, alternative 4d, while the worst alternative is alternative of 

current waste management which is the landfill of 100% of the waste generated, alternative 0, in most of 

the weight scenarios under study. The sensitivity and the uncertainty analysis demonstrated the 

robustness of these results and therefore, it can be concluded that MCA can be useful in this kind of 

environmental decision-making problems. 

This methodology has allowed a reliable analysis to evaluate and compare in detail all the alternatives 

proposed. However, the selection of criteria and alternatives is an important step, and thus MCA should 

be adapted and additional criteria could be included in order to assess specific problems. 
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3.3. LOCATION OF C&DW RECYCLING FACILITIES 

The recycling of C&DW is a valuable option for mitigating primary mineral resource depletion, since the 

availability of recycled products that meet end-user specifications reduces the demand on quarried 

materials [Kofoworola and Gheewala, (2009); Bohne et al., (2008)]. But research has also found negative 

environmental and economic impacts of recycling C&DW (Chong and Hermreck, 2010). Significant 

negative environmental impacts can be generated from indirect activities such as transportation. In fact, 

with respect to the assessment of the whole life cycle of the C&DW, it can be seen that transportation is 

the step that makes the greatest contribution to environmental impacts (Mercante et al., 2012). Therefore 

an adequate location of C&DW management infrastructures is a critical step to minimize the 

transportation, hence the impact of C&DW recycling is also minimized [Blengini and Garbarino, (2010); La 

Marca, (2010)]. Unplanned waste facilities can result in a number of environmental concerns such as 

dispersion of dust as well as visual landscaping problems for neighbouring residential areas. 

In this field, it is of utmost importance to include aspects as varied as technical, social, economic, legal, 

ecological, political, and even cultural aspects in the final decision. The environmental and economic 

criteria are traditionally included in the location of recycling facilities, however the inclusion of the social 

local factor is not common. Sometimes a prerequisite for the effectiveness of waste installations is its 

acceptance by the local community since there are numerous past examples where the opposition of the 

local community to a proposed project led to major delays or even its withdrawal (Achillas et al., 2011).  

Site selection is a strategic problem that is regularly encountered in management and marketing studies, 

as discussed in numerous published articles [Farahani et al., (2010); Smith et al., (2009); ReVelle et al., 

(2008); ReVelle and Eiselt, (2005); Hesse and Daskin, (1998)], making it a critical aspect because decision-

making processes must consider more than one target or more than one factor or measure. To emphasize 

the importance of choosing a decision aid method for a site selection problem, the method applied may 

provide different results with the same data which may lead to a non-objective identification of the best 

alternative (Lahdelma et al., 2000). Decision-makers must select sites that not only perform well according 

to the current system but will also continue to be profitable for the lifetime of the facility, even as 

environmental factors change, the population shifts and market trends evolve (Owen and Daskin, 1998). 

Apart from this, uncertainties in the estimated quantities of waste and in the assigned capacities of the 

waste management facilities need to be assessed, because uncertainties have a large influence on 

planning decisions in the construction of these facilities (Kumar and Nema, 2011). 

In this chapter, the location of recycling facilities is assessed by means of different decision support tools, 

such as Geographical Information System (GIS), Multicriteria Analysis (MCA) and Optimization (Opt). 

Finally, a comparison of results obtained is made and conclusions about applicability of each tool to this 

decision problem are extracted. 
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3.3.1. Territorial planning: Geographical Information System 

Selecting an appropriate location of treatment facilities requires processing significant amounts of spatial 

information, and collecting and analysing this spatial information is time-consuming and tedious. The 

Geographical Information System (GIS) allows the handling of a series of spatial data and a complex 

analysis of it. Therefore, it is a useful tool which provides a geospatial decision support in the decision-

making process for site selection, as it offers the spatial analysis capabilities to quickly eliminate parcels 

of land unsuitable for locating facilities. 

The aim of this section is the application of a methodology based on GIS, applying ArcGIS 10 for Desktop 

(ESRI, 2015) to identify candidate sites for C&DW recycling facilities in Cantabria including spatial criteria, 

evaluating the importance of each spatial feature by Analytic Hierarchy Process (AHP) (Saaty, 1980). First, 

an analysis of the problem requirements and objectives of the study is developed, identifying relevant 

effects and collecting data. Once all the data is available, exclusionary criteria is defined, and an 

exclusionary layer is created to discard unsuitable land. The next steps regard the evaluation process, in 

which buffer zones for each layer are defined, and evaluation layers are created based on distance to 

features. Finally, weights are given to each layer, based on pairwise comparison, to finally overlap all 

layers produced, to obtain a set of potential locations for recycling facilities.  

3.3.1.1. Problem definition and data collection 

The location of C&DW recycling facilities is a complicated process requiring a detailed assessment over a 

vast area to identify suitable locations. This study employed GIS to identify candidate sites for C&DW 

recycling facilities in Cantabria. Previous studies regarding C&DW, aimed to locate waste storage areas 

when developing a waste management plan (Ooshaksaraie and Mardookhpour, 2011), or to decide 

construction aggregate recycling sites (Robinson and Kapo, 2004). But in the latter, only the transportation 

network and population density features were used. 

Many times urban conflicts are related to direct aggression suffered by the Protected Natural Areas 

without planning or with inadequate planning (Delgado Viñas, 2012). For this reason, general criteria for 

environmental and coastal landscape protection and for management uses and activities have been 

defined, while guiding urban growth strategies and the implementation of infrastructure. Firstly, it should 

be noted that Cantabria Law 4/2006 (BOE, 2006b) on Conservation of Cantabria’s Nature remains in force 

today without having undergone any change after the enactment of Law 42/2007 (BOE, 2007) on Natural 

Heritage and Biodiversity. This Cantabrian Act classifies the Protected Natural Areas in the following 

categories of legal protection in terms of goods and values to be protected and the objectives of its 

statement: National Parks, Natural Parks, Nature Reserves, Natural Monuments, Protected Landscapes, 

Areas of European Ecological Network Natura 2000 and Areas of Special Interest. The Cantabrian Network 

of Protected Natural Areas is composed of thirty-seven spaces, twenty-nine of which are part of the 

Natura 2000 Network; the others are National Parks, Natural Parks and one Natural Monument. All these 

areas of protection are included in this study, in order to avoid urban conflicts. 

Apart from protected areas, another issues are often included in this type of decisions such as surface 

water (rivers and lakes), transport networks available in the area and distance to urban and rural areas 

among others [Demesouka el at., (2014); Khan and Samadder, (2014); Alavi et al., (2013); Sauri-Riancho 

et al., (2011)]. In location decisions, slope degree and land use are also included as steep slopes will lead 

to higher excavation costs (Uyan, 2014), and land use can define the activity that occupies the land (Suman 

and Krishnagar, 2012). In this case, Hydrogeology is not considered, as unlike landfill location (Khan and 

Samadder, 2014), this type of recycling facility is estimated to have little impact to soil.  
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Map layers are obtained from the Government of Cantabria (DGOT, 2015), using Web Map Service (WMS) 

and data from the Directorate General of regional Planning, Urbanistic Environmental Assessment and 

Directorate General of Urban design. Finally, maps selected for this study are: urban settlements, surface 

water, natural monuments, natural and national parks, protected land (Natura 2000 network), areas of 

special protection, slopes degree, roads, current industrial land, and Special projects of Regional Interest. 

Apart from this, data regarding railroad the track network is included, using data available from National 

Geographical Institute of Spain (IGN, 2015). 

3.3.1.2. Screening process 

The selection of an adequate location for a C&DW recycling facility must comply with the requirements 

of governmental regulations, such as a minimum distance to surface water or urban settlements. Besides, 

as it was said before, there are some restricted areas where recycling facilities cannot be located, due to 

the risk to the environment or human health, such as nature reserves. These issues are included in the 

decision by means of the exclusionary criteria, defined as all the space where installation of recycling 

facilities is not possible (BOE, 2007). The objective is to rule out those areas that should be preserved for 

environmental reasons or natural beauty, among other potential reasons. These areas may be delimited 

by planning instruments such as Special Territorial Plans, Coastal Protection Plans and Regional Territorial 

Planning, which usually involve a long process of development and modification. All the restrictions 

included in the screening process are shown in the Table 3.10. 

Table 3.10. Exclusionary criteria for the location of a C&DW recycling facility 

Exclusionary Criteria Value 

1. Natural monuments 0 m 

2. Natural reserves 0 m 

3. National and natural parks 0 m 

3. Protected land   

3.1. Special Areas of Conservation (SAC) 0 m 

3.2. Special Protection Areas (SPAs) 0 m 

3.3. Areas of special protection in the region 0 m 

4. Surface water (lakes, rivers and springs) 0 - 200 m 

5. Distance for settlements  0 - 500 m 

 

Natural Monuments are areas or natural elements that basically consist of notorious formations with a 

uniqueness, rarity or beauty that deserve special protection. Natural Monuments are geological 

formations, paleontological and other elements of the GEA that meet a particular interest in the 

uniqueness and importance of their scientific, cultural or scenic values. 

Natural reserves are natural spaces whose creation is aimed at protecting ecosystems, communities or 

biological elements that for their rarity, fragility, importance or uniqueness deserve special consideration. 

Reserves will be limited resource exploitation, except in cases where this operation is compatible with the 

preservation of the values that are intended to protect.  

National Parks are those natural areas of high ecological and cultural value declared to preserve the 

general interest of the Nation. Natural Parks are natural areas hardly changed by human exploitation or 

occupation, that deserve preferential treatment due to the beauty of their landscape, the 
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representativeness of their ecosystems or the singularity of their flora, fauna or geomorphological 

formations, and possessing ecological, aesthetic, educational and scientific conservation. Natural Parks 

may limit the use of natural resources, prohibiting in any case incompatible uses with the purposes which 

justified their creation, allowing those offering their balanced and sustainable use.  

Protected land is formed by Special Areas of Conservation (SAC), Special protection areas for birds (SPAs), 

and Areas of special protection in the region. Special Areas of Conservation and Special Protection Areas 

for birds set up a legal protection category called "Areas of the Natura 2000 European Ecological 

Network". Natura 2000 is the centrepiece of the EU nature and biodiversity policy. It is an EU wide network 

of nature protection areas established under the 1992 Habitats Directive 92/43/CEE (EC, 1992). The aim 

of the network is to assure the long-term survival of Europe's most valuable and threatened species and 

habitats. It is comprised of Special Areas of Conservation (SAC) designated by Member States under the 

Habitats Directive, and also incorporates Special Protection Areas (SPAs) which they designate under the 

Birds Directive 2009/147/EC (EC, 2009).  

Special Areas of Conservation are the placeholders for the establishment of special conservation 

measures in order to ensure the maintenance or, where appropriate, restored to a favourable 

conservation status of natural habitat types of Community interest and the habitats of species of 

Community interest identified in accordance with Community legislation. And, Special Protection Areas 

for Birds are delimited areas for the establishment of special conservation measures in order to ensure 

the survival and reproduction of the bird species of Community interest outlined in Community legislation.  

Apart from these, areas of special protection in the region are natural areas possessing a unique character 

within the regional or municipal level in consideration of their botanical values, faunal, ecological, 

landscape and geological, or to function as biological corridors whose conservation is necessary to ensure, 

although in some cases they have been processed or modified by human exploitation or occupation. The 

Law GAN 36/2011 (BOC, 2011) established the delimitation of the priority areas of reproduction, feeding, 

scattered and local concentration, with the best available information, of those species of birds included 

in the Regional Catalogue of Endangered Species of Cantabria, considering those at high risk of 

electrocution or collision. The declaration of these areas should also help to strengthen the involvement 

of local authorities and the private sector in biodiversity conservation, complementing the action of the 

Administration of the Autonomous Community of Cantabria on Protected Natural Areas. For this reason, 

these areas are defined as exclusionary areas, in order to not disturb these endangered species. 

In order to protect rivers and lakes, apart from the areas itself, some protection area around it is proposed. 

In this study a minimum distance of 200 meters is considered (De Feo and De Gisi, 2010), but it should be 

noted that various exclusion zones are maintained in most of the case studies regarding landfill location 

(Demesouka el at, 2014) this area being highly dependent on the region and the type of infrastructure. 

Apart from this, this distance varies based on the flooding areas around each river, and therefore, a local 

study should be developed before the location of a recycling facility using this method.  

Finally, in order to avoid NIMBY syndrome, a distance of 500 meters from urban settlements is proposed 

[Gorsevski et al., (2012); Delgado et al., (2008); Sumathi et al., (2008); Gemitzi et al., (2007)]. It should be 

noted that this distance highly differs based on the type of facility to locate, as for example incinerators 

(Tavares et al., 2011) or landfill (Demesouka el at., 2014), that produce a higher rejection by the 

population. 

Exclusionary criteria developed is included in: Figure 3.12 includes Natural monuments, Nature reserves, 

National and natural parks and Special Areas of Conservation; and in Figure 3.13 Special protection areas, 

Areas of special protection in the region, Surface water including rivers, lakes and springs with an area of 

influence of 200 meters and Urban settlements with an area of influence of 500 meters can be observed. 
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Figure 3.12. Exclusionary criteria: A) Natural monuments; B) Natural reserve; C) National and natural parks; and D) Special Areas of Conservation 
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Figure 3.13. Exclusionary criteria: A) Special protection areas; B) Areas of special protection; C) Surface water; and D) Urban settlements 
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In order to obtain an exclusionary map including all those areas in which settling a new facility is not 

possible, an overlay is developed and a final map is obtained and can be consulted in Figure 3.14. 

 

Figure 3.14. Exclusionary map obtained 

 

Shaded areas are those areas excluded from this evaluation due to their proximity to any of the features 

defined as exclusionary criteria. As can be observed in this map, Cantabria is a region with a wide area of 

protected land, and this is mainly located in the South-West area. The remaining area that is not shaded 

shows potential locations of recycling facilities, with a wide area still available for doing so. For this reason, 

an evaluation process is applied in order to rank potential locations based on location suitability. 

 

3.3.1.3. Evaluation process and weights allocation 

The evaluation process consists in the selection of the evaluation criteria, being selected in base of the 

goal defined, C&DW recycling facility suitability. In this case, some potential criteria are found, and 

categorized into social-environmental and techno-economic criteria. This is the first step to apply the 

Analytic Hierarchy Process (AHP), in which a hierarchical structure among map layers has to be defined. 

The first is related to a potential disturbance to society and environment, including this potentiality in the 

evaluation by means of layers containing different marks based on distance to urban settlements, surface 

water, natural monuments, natural and national parks, protected land (Natura 2000 network) and areas 

of special protection. These layers are often defined as environmental aspect in a GIS evaluation [Sener S. 

et al., (2010); Zamorano et al., (2008)]. But these criteria are considered as social-environmental criteria, 

as even when this recycling facility is not potentially dangerous, this waste when treated can produce 

noise and dust, interfering with human health and producing an impact to the environment. For this 

reason the location of recycling facilities is considered that further from these features the better.  
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The second criterion is defined as techno-economic criteria and includes issues that can affect the 

feasibility of this facility, such as slopes degree which can lead to higher excavation costs, or distance to 

railway networks which can decrease transportation costs, and also roads which affect the necessity of 

building new infrastructure to connect the facility to the road network and has a big influence on the total 

investment cost [Nas et al., (2010; Sener S. et al., (2010)]. Finally, in this criteria land use is included, 

differentiating between current industrial land which is actually functioning and for this reason, supplies 

and good connections are assured, and Special Projects of Regional Interest (PSIR), which are areas where 

the installation of new industrial areas is being studied and developed, and locating a recycling facility 

there could ease the settling procedure. The final hierarchical organization of criteria is shown in Figure 

3.15. 

 

 

Figure 3.15. Hierarchical organization of the criteria considered 

Once the evaluation criteria are defined, specification of the importance of distance to the features 

contained in each layer is needed. This relative importance is denominated area of influence or buffer 

zones, in which different scores are given to different areas based on intervals of distance to the features. 

Due to the NYMBY (Not In My Back Yard) syndrome, it is supposed that the further from urban settlements 

the better, as this could minimize population rejection to this recycling facility. The same happens with 

surface water, even when a priori, this is a facility with low impact on water quality, but being far from 

stream bed is better to avoid potential damage. From the point of view of protected areas, such as natural 

monuments, natural and national parks, protected land or areas of special protection it is considered that 

this type of infrastructure could cause an impact on the landscape, and the location of this facility should 

be made far from these features. 

The distance to a railway network is also considered, as this waste can be transported over longer 

distances by this means of transport, and in this case the closer the better. For the case of land use, this 

has influence on the type of supply services available in each location, differentiating between current 

industrial land, with supplies already available and Special Projects of Regional Interest (PSIR) that are 

potential industrial land classified into different development stages. The latter are territorial planning 

instruments that are intended to regulate the implementation of industrial facilities, making them 

transcendent due to their economic impact, their magnitude or their unique characteristics. To avoid 

excessive costs in construction of this recycling facility, lower slope degree is advisable and as the closer 

Main Criteria Goal 
Layers 

Social-environmental  

Techno-economic  

C&DW 
Recycling 

facility 
suitability 

C1. Distance to urban settlements  

C2. Distance to surface water  

C10. Slopes degree  

C9. Special Projects of Regional Interest (PSIR) 

C11. Distance to roads  

C8. Current Industrial land  

C7. Distance to Railway Network 

C3. Distance to natural monuments 

C4. Distance to natural and national parks 

C5. Distance to protected land (Natura 2000) 

C6. Distance to areas of special protection 
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to a road network the better. Buffer zones for each criteria are defined based on distances to these 

features or the features themselves, depending on the characteristics of each layer, based on equal 

intervals [Sener S. et al., (2011); Tavares et al., (2011)]. Evaluation criteria, their values in function of the 

distance to the natural features defined are shown in Table 3.11.  

 

Table 3.11. Evaluation criteria for the location of a C&DW recycling facility 

Factors Sitting criteria Buffer zones Scores 

B1. Social - 
environmental factor 
group  

C1. Distance to urban settlements (m) 

>2500 m 
2500-2000 m 
2000-1500 m 
1500-1000 m 
1000-500 m 

5 
4 
3 
2 
1 

C2. Distance to surface water (m) 

>800 m 
800-600 m 
600-400 m 
400-200 m 

5 
4 
3 
2 

C3. Distance to natural monuments 

>1500 m 
1500-1000 m 
1000-500 m 

<500 m 

5 
3 
2 
1 

C4. Distance to Natural and National 
Parks 

>1500 m 
1500-1000 m 
1000-500 m 

<500 m 

5 
3 
2 
1 

C5. Distance to protected land (Natura 
2000) 

>1500 m 
1500-1000 m 
1000-500 m 

<500 m 

5 
3 
2 
1 

C6. Distance to Areas of special 
protection in the region 

>1500 m 
1500-1000 m 
1000-500 m 

<500 m 

5 
3 
2 
1 

B2. Techno-economic 
factor group  
 
 

C7. Distance to Railway Network 

<200 m 
200-400 m 
400-600 m 
600-800 m 

>800 m 

5 
4 
3 
2 
1 

C8. Industrial land 
Current industrial area 

No industrial area 
5 
1 

C9. Special Projects of Regional Interest 
(PSIR) 

Approved and implemented 
Approved and in underway 

Being processed 
No included in PSIR 

5 
4 
3 
1 

C10. Slopes degree (%) 

<10% 
10-20% 
20-30% 
30-40% 
> 40% 

5 
4 
3 
2 
0 

C11. Distance to roads (m) 

<200 m 
200-400 m 
400-600 m 
600-800 m 

>800 m 

5 
4 
3 
2 
1 
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In the case of industrial land, more value is given to current industrial areas, and a lower value to all other 

areas with other land uses (Zelenovic et al., 2012). In the case of PSIR, four areas with different marks are 

defined, based on the development stage of these areas. More value is given to areas approved and 

implemented, followed by areas approved and underway and then areas being processed. Finally all the 

area not included in PSIR is given the lowest punctuation, as it is not an industrial area. 

In the case of slopes degree, a slope of less than 10% is preferable, and less marks are given when more 

slope is found, finally including an exclusion to avoid areas of more than 40% of slope degree (Alavi et al., 

2013). Distances to road and railway networks with an interval of 200 m are established, as it is considered 

that if it is less than 1 km costs can be affordable, but less distance is advisable (Ersoy and Bulut, 2009). 

Intervals of 200 m are also established for rivers, as the impact to water is quite low for this type of facility, 

but more distance from rivers is promoted to avoid disturbance (Sener S. et al., 2010).  

In the case of natural monuments, natural and national parks, protected land, areas of special protection 

in the region and distance to urban settlements, an interval of 500 m is established in order to avoid 

neighborhood annoyance and an impact on landscapes near these protected areas of interest, considering 

a distance more than 1500 meters as advisable (Zelenovic et al., 2012). 

Once the buffer areas are defined, evaluation layers should be developed in the Geographical Information 

System, in this case, ArcGIS 10.3 for desktop (ESRI, 2015) is the software used for the evaluation. In this 

step, layers with the buffer zones or area of influence defined previously are created, and can be consulted 

in the following figures: Figure 3.16: C1. Distance to urban settlements (m), C2. Distance to surface water 

(m), C3. Distance to natural monuments and C4. Distance to Natural and National Parks; Figure 3.17 

includes: C5. Distance to protected land (Natura 2000), C6. Distance to areas of special protection in the 

region, C7. Distance to Railway Network and C8. Industrial land and finally, Figure 3.18: C9. Special Projects 

of Regional Interest (PSIR), C10. Slopes degree (%) and C11. Distance to roads (m).
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Figure 3.16. Evaluation maps: C1) Distance from settlements; C2) Distance from surface water; C3) Distance to natural monuments; and C4) Distance to natural and national parks 

 

C2. Distance to surface water C1. Distance to settlements 
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Figure 3.17. Evaluation maps: C5) Distance to protected land; C6) Distance to areas of special regional protection; C7) Distance to railway network; and C8) Industrial land 

C6. Distance to areas of special Regional protection  C5. Distance to protected land (Natura 2000) 
 

C7. Distance to Railway Network C8. Industrial land  
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Figure 3.18. Evaluation maps: C9) Special Projects of Regional Interest (PSIR); C10) Slopes degree; and C11) Distance to roads

C10. Slopes degree C9. Special Projects of Regional Interest (PSIR) 

C11. Distance to roads 
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Once all the evaluation layers are prepared, weights for each criteria are selected by means of the AHP 

multicriteria method. For this method each layer is matched one-on-one with each one of the other layers, 

in each level of the hierarchical organization. In this case, in the first level social-environmental and 

techno-economic criteria are compared, and in the second level, layers belonging to each criteria are 

compared one-on-one. When this is done, a normalization leads to a final set of weights to each layer. 

This is a simple technique to calculate the weights of each layer, included in this study as an approximation 

to obtain potential areas to locate facilities. A meaningful diagram of this process can be observed in 

Figure 3.19. 

 

Figure 3.19. Evaluation process in AHP method 

 

Firstly, comparison among maps of each main criterion is developed, evaluating the importance of each 

layer compared with the others in one-on-one comparisons. In the Social-environmental factor group, 

more importance is given to distance to urban settlements compared with distance to surface water, and 

layers regarding protected land or areas of special interest have more importance than urban distance. 

Areas of special interest are considered more important than the other layers with the exception of 

distance to rivers that obtain the same importance. However, in the techno-economic factor group, 

railway networks are given little importance compared to other layers, road networks being one of the 

layers with more importance than the others, with the exception of industrial land that is equally 

important. If an area is located in PSIR or Industrial land, it is already considered with a good location, and 

roads and slopes are less important layers. 
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The consistency of the judgment matrix should be tested with the calculation of the consistency index 

(CI) which is defined as: 

𝐶𝐼 =
𝜆𝑚𝑎𝑥−𝑛

𝑛−1
          (Eq. 3.1.1) 

 

𝐶𝑅 =
𝐶𝐼

𝑅𝐼
           (Eq. 3.1.2) 

Where CI is the consistency index, λmax is the largest or principal eigenvalue of the matrix and could be 

easily calculated from the matrix, and n is the order of the matrix (Sener S. et al 2011). In this research, CI 

= 0.05. The consistency ratio (CR) coefficients are calculated according to the methodology proposed by 

Saaty, (1980), and should be less than 0.1, indicating the overall consistency of the pairwise comparison 

matrix. RI is the random consistency index, and its values for different numbers of n are shown in RI table 

values (Saaty, 1980). If CR ≤ 0.1 the degree of consistency is satisfactory, but If CR > 0.1 there are serious 

inconsistencies. In this research, CR = 0.044 ≤ 0.1, and this means that consistency is satisfactory. 

When comparison among layers is done, the next step is to compare both main criteria, to establish 

weights in this level, to finally normalizing weights and obtaining final weights per layer to be introduced 

in the software. To do so, three different set of weights were applied in order to analyze the results 

obtained, with more importance to B1, or with more importance to B2, or with equal importance. The 

weights obtained can be consulted in Table 3.12. 

Table 3.12. Scenarios of weight for spatial evaluation 

 SET 1 SET 2 SET 3 

 B1 more important than B2 Equal important B2 more important than B1 

    

 Sub-Weights set 1 Sub-Weights set 2 Sub-Weights set 3 

C1 0.119 0.085 0.051 

C2 0.103 0.074 0.044 

C3 0.097 0.069 0.042 

C4 0.089 0.063 0.038 

C5 0.114 0.081 0.049 

C6 0.178 0.127 0.076 

C7 0.032 0.054 0.075 

C8 0.075 0.125 0.174 

C9 0.051 0.085 0.119 

C10 0.058 0.096 0.135 

C11 0.084 0.140 0.196 
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Different weights were calculated to evaluate the influence in the final result of this change in inputs. 

Depending on the point of view of the stakeholder, more or less importance could be given to each group 

of maps, having an influence on the final weight calculated to each map layer. Once these layer maps are 

prepared and weights are defined, evaluation can be applied, in order to obtain a final map with potential 

locations.  

3.3.1.4. GIS application and Interpretation of the results 

Given all the map layers with buffer zones and their importance, and the set of weights defined using the 

AHP method, this information is included in the ArcGis software, and maps are overlapped to obtain a 

final solution of potentially suitable locations. Figure 3.20 shows in one column results obtained including 

all the weights obtained by areas, the areas with more marks in red, and the areas with less marks in blue, 

the white areas being the unsuitable land defined by the exclusionary map. In order to facilitate the final 

decision and to reach an optimal waste management, Cantabria region has been divided in five functional 

areas defined in the Sectorial Plan (BOC, 2010a). According to this Sectorial Plan, in each of the five areas 

a new facility, including transfer station or recycling facility, should be set up in order to minimize the 

waste transport and to allow that each area manages its own waste. In the second column of Figure 3.20, 

only information regarding the most suitable land is shown, and the five areas in which Cantabria is 

divided is included, in order to analyze potential locations in each area.  

As can be observed, when more importance is given to techno-economic criterion, less potential locations 

are obtained, and the number of more suitable locations are also reduced in the solution. This could give 

an idea of the influence on results of the weights introduced, giving as a result a high grade of subjectivity 

in the application of this software. On the other hand, with the results obtained, a wide area of potential 

locations is obtained, making it quite difficult to take a final decision and therefore making it necessary to 

include more local information, or maybe use another decision support tool to complement these results. 

When applying this technique, a verification on site of the territory, an inclusion of different point of view 

in the pairwise comparison and an in-depth analysis of each area is needed. As this study is covering a 

wide area, the results provide useful and relevant information to take into account in the following 

sections of this thesis. However, this is a preliminary study and an in-depth analysis of the area selected 

should be made, with specific maps including more information such as the water supply, electricity and 

local network connections. 

Area I and II, the most populated ones, are the areas in which more results are obtained, followed by area 

III in the east, area IV in the south and finally Area V in the west. This is mainly due to the fact that area IV 

and area V both have wide protected land, making a recycling plant less suitable to be located, and apart 

from this, more slope is found in this territory, and the transport network is less dense than in the most 

populated areas. 

These results are obtained when all the suitable areas of the territory are considered. A further study is 

developed considering that a recycling plant is better to be located on industrial land, including in this 

definition not only current industrial land as PSIR land as well, in order to avoid the location in areas 

destined to other uses, such as farm land. The results obtained of this study are shown in Figure 3.21. 

As can be observed in the Figure 3.21, in each area a small number of possible locations for recycling 

facilities has been obtained. Some areas showed from two to four municipalities as a potential solution, 

being easy to select among them, but also easy to realize that them are areas with low industry, and 

maybe the generation of C&DW is not enough to settle a recycling facility there, and a transfer station 

should be located instead. To take this decision, more information should be collected and another tool 

should be applied. In some other areas, the number of possibilities is higher, and the final decision will 
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require more information to obtain a useful rank of potential locations. The existence of infrastructure in 

the area, such as quarries, landfills or recycling centres, is useful information to select optimal locations 

among the potential ones. 

 

All results obtained Only the most desirable solution 

 

 

 

 
 

 

 

 
 

 

 

 

Figure 3.20. Results obtained with A) Set 1; B) Set 2; C) Set 3 

 

A) 

B) 

C) 
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Figure 3.21. Potential solutions for industrial area restrictions 

 

Due to the economic crisis, the generation of C&DW has decreased, and it could be possible that a facility 

in each area is not viable nowadays, for this reason, in each one of the five geographical areas the 

feasibility of a new management infrastructure should be evaluated. For the location of more than one 

recycling facility it is important to take into account nearby competitors, that would decrease quantities 

entering the developed facility or would lower the prices charged for the provided services. 

3.3.1.5. Conclusions on GIS application 

In this work, a methodology based on GIS technology has been performed and applied to the case study 

in Cantabria, a northern Spanish region, in order to locate multiple C&DW recycling facilities.  

It can be observed that the most important step involved is the selection of evaluation criteria, including 

the specification of the importance of distance to the features contained, and the weights to evaluate 

each criterion. This decision has a high influence on the final alternatives obtained, and therefore, these 

values need to be selected carefully. When applying this technique, a verification on site of the territory, 

an inclusion of different point of view in the pairwise comparison and an in-depth analysis of each area is 

needed.  

The use of GIS for evaluation of future waste recycling sites has shown to save time when there is need 

for fast evaluation. C&DW recycling plants location decision is a complex process involving politicians, 

technicians as well as citizens, where stakeholders who are not effectively involved could strongly oppose 

the location of new facilities. On the other hand, from an economic point of view, a minimum capacity for 

the recycling facility must be established to ensure the viability of the investment. For this reason, it could 

be remarked that, to take the final decision it is advisable to include economic, environmental and social 

criteria, as well as spatial criteria, in the final evaluation.  
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3.3.2. MCA application to locate recycling facilities 

Multicriteria Analysis (MCA) is a useful decision-making tool to evaluate different options or alternatives 

taking into account different criteria, which often conflict with each other. Several studies regarding the 

application of MCA have been found in literature to evaluate the optimal site location for different types 

of waste treatment facilities [Banar et al., (2014); Lami and Abastante, (2014); Khadivi and Fatemi Ghomi, 

(2012); Achillas et al., (2010); Banias et al., (2010); Queiruga, et al., (2008)]. In studies from literature, the 

comparison of results obtained with different MCA method is not commonly included, using only one 

method or an integrated version of two methods (Electre, ANP, among others), and locating only one 

facility, with the exception of Achillas et al. (2010), who developed an iterative methodology able to locate 

multiple facilities. And Banias et al. (2010) is the only author that developed a model to evaluate optimal 

location of a C&DW recycling facility, taking into account local acceptance, financial viability and 

environmental burden. 

The aim of this section is the development of a MCA-based methodology to locate multiple C&DW 

recycling facilities taking into account economic, social and environmental criteria. In order to ensure the 

results independently of the method applied, four multicriteria analysis methods were applied: Evamix 

(EV), Weighted Summation (WS), Electre II (E2) and Regime (REG). In contrast with other studies, besides 

a sensitivity analysis, the uncertainty analysis has also been performed to assess uncertainties in the 

scores, such as quantities estimated of waste and therefore, also in the assigned capacities of the waste 

management facilities.  

This analysis is essential because these aspects could influence the planning decisions in the construction 

of recycling facilities to a large extent (Kumar and Nema, 2011). In this work, it was taken into account 

that often the simultaneous development of more than one facility is needed (Achillas et al., 2010), for 

this reason a suggested criterion was included, in which the distance to existing facilities is evaluated in 

an iterative procedure.  

In a previous study included in section 3.2 of this thesis, the most suitable management alternative for 

C&DW in Cantabria was estimated to be a recycling target of 100% of the recyclable fraction of C&DW by 

means of four recycling facilities and one transfer station. This previous study evaluated management in 

the boom period of the construction sector, prior to the economic crisis, but less quantity is estimated to 

be produced in Cantabria between years 2003-2010, a medium value of 350,000 ton of recyclable C&DW. 

For this reason, the type of plant (recycling plant or transfer station) to be located has been evaluated 

previously based on estimated generation by area studied, considering that each municipality generates 

waste according to the population percentage. As an assumption, it was considered that a 75% of the 

total waste can be recycled, 265,000 ton/year being the total quantity of recyclable C&DW considered in 

this paper.  

3.3.2.1. Selection of location alternatives  

The first step is the selection of alternatives, and as mentioned in section 3.2 of the present thesis, it is 

estimated that one infrastructure of C&DW treatment should be located in each one of the areas in which 

Cantabria is divided, in order to allow each area to manage its own waste. After an exhaustive study of 

the territory and the land use plans, a set of potential plant locations were identified in each one of the 

potential areas in which the study case is divided into, based on the existence of infrastructure in each 

area, such as quarries, landfills or waste recycling centers. The final alternatives are shown in Figure 3.22.  
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AREA  ALTERNATIVES AREA  ALTERNATIVES 

Area I:  
Santander 

area 

IA Astillero 

Area III: 
The Eastern 

area 

IIIA Ampuero 

IB Camargo IIIB Barcena de Cicero 

IC Medio Cudeyo IIIC Voto 

ID Pielagos IIID Castro Urdiales 

IE Santa Cruz de Bezana IIIE Entrambasaguas 

IF Santander IIIF Ramales de la Victoria 

IG Villaescusa IIIG Santoña 

Area II: 
Besaya area 

IIA Cabezon de la Sal 
Area IV: 

The Southern 
area 

IVA Campoo de Enmedio 

IIB Corrales de Buelna IVB Reinosa 

IIC Polanco IVC San Pedro del Romeral 

IID Puente Viesgo IVD Valdeolea 

IIE Reocin Area V: 
The Western 

area 

VA Potes 

IIF San Felices de Buelna VB Val de San Vicente 

IIG Torrelavega VC Valdaliga 

Figure 3.22. Alternatives defined in each area to locate recycling facilities 

 

3.3.2.2. Criteria definition and calculation 

 
In order to evaluate the alternatives, criteria are selected taking into account different aspects that must 

be included in site evaluation. These aspects are organized on the basis of stakeholders, including the 

point of view of C&DW producers, social communities, regional government, and C&DW recycling 

managers. The Not in My Back Yard syndrome and local community acceptance or rejection is 

unambiguously revealed as one of the most urgent local pressures for the effectiveness of any integrated 

waste management scheme (Banias et al., 2010). In Table 3.13 the stakeholder groups and the related 

aspects and criteria studied can be observed.  
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Table 3.13. Criteria for the Multicriteria analysis of optimal location of a C&DW recycling facility 

Stakeholder 
Groups 

Aspects Criteria 

Producers Distance from C&DW sources C1.Transport costs (€/ton) 

Society 

Social acceptability C2. Industrialization ratio (nº ind/km2) 

Local acceptability of 
municipalities 

C3. Unemployed population (%) 

C4. Ratio of affected population (inhab/km2) 

C5. Level of tourism activity (Nº lodging places /km2) 

Local ecosystem disturbance C6. Protected land (%) 

National 
government 

Air emission 

(waste transport) 
C7. CO2 emission (ton CO2 / Km covered) 

Recyclers 

Competiveness of the facility 

C8. C&DW quantities (ton) 

C9. Distance from existing facility (km) 

C10. Distance from inert landfill (km) 

Accessibility of the facility C11. Type of road network (km) 

Availability of land C12. Vacant land (%) 

 

- C1. Transport costs (€/ton): The distance that should be covered from C&DW sources to each recycling 

plant is related to the cost assumed by the C&DW generator in order to manage this waste. This criterion 

is calculated based on C&DW generation by each municipality, estimated based on population data 

(ICANE, 2015) from the total generation estimated for Cantabria. In each area, some location alternatives 

are defined, for each alternative the distance to be covered from each municipality to the recycling plant 

is calculated based on data from Michelin (2015) route planner. Once total distance is calculated, the cost 

related to this transportation is calculated based on data from the price list for the truck transport, from 

the monitoring centre of costs from road transport (Ministry of infrastructures, 2015), in which 0.221 

€/Ton km is proposed. 

- C2. Industrialization ratio (nº ind/ km2): Spanish companies can obtain advantages if they are within 

proximity to suppliers and other companies, the agglomeration effects being one of the most important 

location criteria (Queiruga et al., 2008). This criterion is calculated through the number of industries per 

square kilometre of each municipality (ICANE, 2015). 

- C3. Unemployed population (%): The unemployed population is an indicator for both available workforce 

and social acceptance for the development of an industrial facility (Achillas et al., 2010). This criterion is 

evaluated by the percentage of unemployed population (ICANE, 2015). 

- C4. Ratio of affected population (inhab/km2): Local acceptability of municipalities is assessed by the 

amount of population that would be affected in each area. This criterion is assessed by the number of 

population per square kilometres (ICANE, 2015). 

- C5. Level of tourism activity (Nº lodging places/km2): Recycling facilities have a high visual impact, 

emission and dust production, among other effects, which could impair the touristic sector. To prevent 

this situation, alternatives with high touristic activity should be avoided. For this reason the level of 

tourism activity is evaluated by the number of lodging places per square kilometre (ICANE, 2015). 

- C6. Protected land (%): This criterion evaluates ecological effects of the proposed location site. 

Establishing and operating a C&DW recycling facility could have significant ecological effects on the local 



CHAPTER 3. RESULTS AND DISCUSSION    3.3. Location of C&DW Recycling facilities 

 

- 113 - 

flora and fauna (Aragones-Beltran et al., 2010), mainly due to the dust and vibrations produced. In order 

to avoid disturbance in areas where special measures are included to protect flora and fauna, the 

percentage of protected natural areas is included in the evaluation (ICANE, 2015).  

- C7. CO2 emission due to transport (Ton CO2 / Km covered): The distance covered by waste transport from 

the source of generation to the C&DW recycling facilities, contributes to the CO2 emissions. Due to the 

environmental impacts derived from this, the CO2 emission associated to each potential location was 

evaluated by means of an impact factor from the available data of the CO2 emissions various transport 

modes from the “Forum of Trade and Development” which took place in Geneva in 2008 (GTDF, 2008). 

This equation considers CO2 emissions as a function of the tare weight and the distance covered by truck, 

proposing a value of 0.00011 TonCO2/TonC&DW*km). 

- C8. C&DW quantities (Ton): To take into account the competiveness of the facility, the quantity of C&DW 

generated in each area is calculated, based on population data. This is an indicator of the estimated 

incoming raw materials, which is the most critical component for the economic viability of the proposed 

investment (Banias et al., 2010). If the quantity of the area under study is lower than a certain quantity, 

the facility would not be a valid alternative, from an economic point of view, and a transfer station should 

be located instead.  

- C9. Distance from existing facility (km): The existence of a nearby competitor would decrease the 

quantities entering the developed facility or would lower the prices charged for the provided services. In 

any case, the distance to another existing C&DW management facility plays an important role for the 

investment’s viability (Banias et al., 2010). To avoid that situation, the minimum distance to another 

facility already located is included in the evaluation, this criterion being calculated in an iterative 

procedure when a new area is evaluated (Achillas et al., 2010).  

- C10. Distance from inert landfill (Km): The existence of a nearby inert landfill would increase the viability 

of the plant, since such investments benefit from having stable recipients for the outputs of the facilities 

(Banias et al., 2010). The distance between the recycling facility and the landfill is evaluated to assess the 

cost of transporting the non-recyclable waste. At the moment of this study, El Mazo inert landfill was the 

functioning inert landfill, located in Torrelavega. 

- C11. Type of road network (km): The road network is probably the most crucial infrastructure for the 

smooth operation of the recycling facility (Banias et al., 2010). It assesses the availability of suitable road 

accesses through which vehicles transporting waste can drive (Aragonés-Beltran et al., 2010). This 

criterion evaluates the accessibility of the facility, through the kilometres of good communications in each 

municipality (ICANE, 2015). 

- C12. Vacant land (%): Availability of enough land to build a recycling plant is another aspect to take into 

account. This aspect is assessed by means of percentage of vacant land in each municipality (ICANE, 2015). 

As more vacant land is available in each municipality, potentially more probability to find land to locate a 

recycling plant is estimated. 

3.3.2.3. Assignment of weights 

In this case study the distribution of weights in each scenario was established with the aim of assessing 

the influence of criterion focused on waste transport in the rank ordering (Criterion 7). The assignment of 

weights is made taking into account a scenario of equal weights, two extreme scenarios and several 

intermediate scenarios as is shown in Table 3.14, where nine different scenarios of weights were 

contemplated in order to assess the sensitivity of the obtained ranking using Weighted Summation, 

Evamix and Electre II.  
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Table 3.14. Scenarios of weight included in the evaluation 

Scenarios Weights 

“Scenario 1” The same weight is given to each criterion 

“Scenario 2” 100% Criterion 7-CO2 emission due to transport – 0% others 

“Scenario 3” 90% Criterion 7-CO2 emission due to transport – 10% others 

“Scenario 4” 75% Criterion 7-CO2 emission due to transport – 25% others 

“Scenario 5” 60% Criterion 7-CO2 emission due to transport – 40% others 

“Scenario 6” 50% Criterion 7-CO2 emission due to transport – 50% others 

“Scenario 7” 40% Criterion 7-CO2 emission due to transport – 60% others 

“Scenario 8” 25% Criterion 7-CO2 emission due to transport – 75% others 

“Scenario 9” 0% Criterion 7-CO2 emission due to transport – 100% others 

 

While Weighted Summation, Evamix and Electre II allow setting quantitative weights, the Regime method 

allows preference weights based on qualitative judgements. For this reason three scenarios of weights 

were selected using Regime, these scenarios are: “Scenario A” where the criterion C7-CO2 emission due 

to waste transport is more important than the other criteria, “Scenario B” with equal weight distribution 

for all the criteria and “Scenario C” where the criterion C7-CO2 emission due to waste transport is less 

important than the other criteria. 

 

3.3.2.4. Order selection of geographical areas to locate a recycling facility 

In this study, the selection of the order in which location in each area is evaluated is based on the quantity 

of C&DW generated in each area, which represents an estimation of incoming raw materials, so that the 

competiveness of the facility is evaluated. From an economic point of view, a minimum recycling facility 

capacity could be established to ensure the competiveness of the new facility. The regional Plan of C&DW 

Management of Castilla-La Mancha (DOCM, 2005) and Nunes et al., (2007) stated that the recycling plants 

with capacities lower than 50,000 ton/year could have both low productivity and cash flows sales. For this 

reason, to locate a recycling facility in areas with an estimated quantity of C&DW generation smaller than 

this value, a viability study should be developed previously, to evaluate location of a recycling facility or a 

transfer station instead. Figure 3.23 shows the estimated percentage of C&DW generated in each area. 

 

Figure 3.23. Estimated generation of C&DW in each one of the five potential areas defined 
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According to Figure 3.23, the area with the highest generation of C&DW is Area I: Santander area, which 

is a densely populated area. In this area, 45% of total generation is produced, a quantity of more than 

170,000 ton/year is estimated, and this means that there is enough incoming raw materials to ensure the 

competiveness and viability to locate a recycling facility in this area. 

The next area to study is Area II: Besaya area, in which 25% of the total C&DW generation is produced, 

this quantity being approximately 88,000 tonnes per year. This quantity is considered enough to assure 

viability of the recycling plant, and in this area a fixed recycling facility is also proposed. In Area III: The 

Eastern area 18% is obtained, estimating that 65,000 tonnes are produced annually, and a fixed recycling 

plant can also be considered in this area.  

The next area to decide the location of a recycling facility or a transfer station, based on estimated 

generation is Area IV: The Southern area, with an estimated generation of approximately 14,000 tonnes, 

this quantity being 4% of the total C&DW estimated generation in the region. This quantity is quite low to 

consider the location of a recycling plant, and a viability study should be developed in order to assure 

feasibility of this infrastructure. For this reason, a transfer station is proposed to be located instead. The 

same situation happens with the last area, Area V: The Western area, in which approximately 12,000 

tonnes are estimated to be generated, being quite a low quantity to consider the location of a fixed 

recycling facility without a prior viability study. 

Therefore, the order for evaluating the location of treatment facilities in Cantabria is: 1) Area I: Santander 

area; 2) Area II: Besaya area; 3) Area III: The Eastern Area; 4) Area IV: The Southern Area; and finally 5) 

Area V: The Western area. The results obtained from the application of this methodology are shown in 

the following section. 
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3.3.2.5. Results and discussion 

In order to evaluate the alternatives based on the criteria proposed, the next step consists of the 

introduction of this information in the software Definite 3.0. This is made with the development of an 

impact matrix for each area, in which all the criteria considered and their values obtained for each 

alternative are included. As one of the criteria proposed depends on location in previous areas, an 

iterative method is applied, this criterion being calculated when a new area is studied. 

 

 Area I: Santander area 

Table 3.15 shows the impact matrix of Area I: Santander area. 

Table 3.15. Impact matrix for Area I: Santander area with seven alternatives 

Alternatives 
IA IB IC ID IE IF IG 

Criteria 

C1.Transport costs (€/ton) 2.60 2.37 3.26 3.62 2.22 1.27 3.07 

C2. Industrialization ratio (nº 
ind/km2) 

31.92 12.66 4.37 1.20 5.62 36.39 1.39 

C3. Unemployed population (%) 10.31 9.46 8.31 8.07 7.02 10.64 8.98 

C4. Ratio of affected population 
(inhab/km2) 

2,568 862 283 239 672 5,224 128 

C5. Level of tourism activity (Nº 
lodging places /km2) 

26.91 10.85 16.01 14.04 34.05 189.08 8.57 

C6. Protected land (%) 0.00 0.00 31.23 5.58 2.36 0.00 21.78 

C7. CO2 emission (ton CO2 / Km 
covered) 

0.00130 0.00118 0.00162 0.00186 0.00111 0.00063 0.00153 

C8. C&DW quantities (ton) 10,369 18,646 4,490 12,569 6,859 107,313 2,128 

C9. Distance from existing facility 
(km) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 

C10. Distance from inert landfill 
(km) 

23.10 20.40 27.60 19.30 18.60 26.00 50.50 

C11. Type of road network (km) 13.30 73.90 31.30 88.60 20.30 88.60 19.40 

C12. Vacant land (%) 31.41 27.84 29.27 36.73 45.76 23.07 42.07 

 

As this is the first Area to be evaluated, Criterion 9 regarding distance from an existing facility is empty in 

all cases, as there is no recycling facility located in the region. This impact matrix is introduced in the 

Definite 3.0 software, and MCA rankings of scenarios were calculated based on the specific sets of weights 

defined previously. Results of the rankings for the multicriteria analysis of the C&DW recycling facility 

location for Area I: Santander using different analysis methods: Weighted Summation, Evamix and Electre 

II are shown in Figure 3.24. In this figure, results obtained with Electre II are included even when, according 

to Alvarez-Guerra et al. (2009), this method does not provide final evaluation scores. In fact, Wang X. and 

Triantaphyllou E., (2008) demonstrated the ranking irregularities found when evaluating alternatives by 

using some Electre methods, including Electre II. In that work, computational tests were performed, and 

changes on the indication of the best alternative were demonstrated. For this reason, results obtained 

with Electre II method must be analysed with care, and will be compared with results obtained from other 

methods. 
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Figure 3.24. Results of rankings for the C&DW facility location in Area I: Santander area 
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In “scenario 1” of equal weights distribution, the best mark was given to alternative IF: Santander, when 

applying weighted summation and Evamix. However, in some scenarios of weights more than one 

alternative is considered as the best solution. For example, in “scenario 1” of equal weights distribution, 

Electre II (which, as mentioned before, was not able to provide complete rankings) gave the best mark to 

four alternatives: IF: Santander, IE: Bezana, IA: Astillero and IB: Camargo. A similar situation was obtained 

with weighted summation in “scenario 9”, which excludes CO2 emissions due to transport, in which IF: 

Santander and IB: Camargo were ranked as the first option. 

In “scenario 2” which only considers CO2 emissions due to waste transport and in six intermediate 

scenarios: “scenario 3”, “scenario 4”, “scenario 5”, “scenario 6”, “scenario 7” and “scenario 8”, Evamix and 

Weighted summation gave the best mark to the alternative IF: Santander, but when applying Electre II, IE: 

Bezana is ranked first for all these scenarios.  

The differences in the facility site alternative ranked first for Evamix and Weighted summation methods 

were only found in “scenario 9” (which excludes CO2 emissions due to transport), where Evamix gave as 

the first alternative IE: Bezana, but weighted summation ranked IF: Santander as first option instead. In 

that scenario, Electre II obtained differences in the ranking obtained compared to the other scenarios, in 

which IA: Astillero was given the best mark, instead of IE: Bezana. 

As a conclusion, the results show that the ranking of the alternatives obtained with Evamix, Weighted 

summation and Regime is very similar; all of them gave the best mark to alternative IF: Santander to locate 

the recycling facility. The Electre II method obtained a different ranking of alternatives compared to the 

rest of MCA methods applied, IE: Bezana being the alternative considered to be the best solution.  

Apart from “scenario 9” and despite differences in final scores among the Electre II method and the other 

methods applied, rankings derived from application of Evamix, Weighted summation and Regime are 

considered as relevant, with alternative IF: Santander considered as the best option, since the rankings 

derived from Electre II are not considered due to possible ranking irregularities. 

The software DEFINITE 3.0 also includes sensitivity and uncertainty analysis. Sensitivity analysis assesses 

the influence of the weights assigned to each criterion, while uncertainty analysis assesses the effect of 

uncertainties in the criteria scores. Therefore, it is an important question how the final ranking of the 

alternatives is sensitive to the changes of some input parameters of the decision model. Evolution of the 

ranking order obtained with different MCA methods and distributions of weights is represented in Figure 

3.25, to analyse sensitivity of the results obtained when a change is produced in criteria weights. 
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Figure 3.25. Sensitivity analysis of results obtained regarding criteria weightings with different MCA methods in Area 

I: Santander area 

 

In Figure 3.25 it can be observed that for scenarios of weights in which transport is given higher 

importance, greater than 75%, the alternative of IF: Santander is the preferred option for Weighted 

Summation and Evamix methods, in contrast to Electre II, which gave as a result alternative IE: Bezana as 

the first option. It can be observed that, for scenarios with more than 50% of importance to transport, the 

alternative ID: Piélagos is always the worst alternative. 

The results obtained with Regime, a method that uses only ordinal information on weights, are shown in 

Figure 3.25. Analysing the final appraisal scores with Regime it can be observed that there are not 

significant differences among the ranking of alternatives obtained among scenarios studied, with 

alternative IF: Santander considered as the best option. 

In order to perform the uncertainty analysis, "scenario 1", where weights are equally distributed among 

the criteria, was selected to assess possible variations in the results obtained. The probability for an 

alternative to obtain a certain position in the final ranking is calculated by Definite 3.0 software. The 

results obtained considering uncertainties of 10%, 25% and 50% for all the criteria and using Evamix, 

Weighted Summation and Electre II methods are shown in Figure 3.26. An uncertainty study regarding the 

Electre II method is also developed with an uncertainty of 10%, due to the fact that it is not possible to 

apply more uncertainty and obtain a confident result.  

 

 

 



CHAPTER 3. RESULTS AND DISCUSSION    3.3. Location of C&DW Recycling facilities 

 

 

- 120 - 

Figure 3.26. Influence of criteria scores uncertainty in the ranking of C&DW facility location alternatives with 

different MCA methods in Area I: Santander area 

 

The size of the circles in the figure is proportional to the probability that each alternative is positioned in 

a certain order in the ranking. The large sized circles on the main diagonal of the graphs indicate that, 

despite scores deviating from the values assigned up to 10%, the ranking of the areas hardly varied. 

However, this stability decreases when the uncertainty increases up to 25% and 50% the probability of 

obtaining a different ranking being higher. When an uncertainty of 50% is applied to scores in the results 

obtained with weighted summation, the best option is changed from alternative IF: Santander to 

alternative IA: Astillero. In the case of results obtained with Evamix, with an uncertainty of 25% the best 

alternative changes from alternative IF: Santander to alternative IE: Bezana. Electre II gives a high grade 

of weakness in the results obtained, being not able to apply more than a 10% of uncertainty to evaluate 

it. 

The robustness of the results obtained through Evamix and Weighted summation MCA methods is not 

very high, but the results can be taken with confidence of at least 50% when applying weighted 

summation, therefore, the most suitable site location option for the Area I: Santander is considered to be 

alternative IF: Santander. 

 

 Area II: Besaya area 

Once location in Area I: Santander area is established, iterative methodology should be applied to the 

next area considered, based on the generation produced. As previously underlined, the next area to study 

where to locate a recycling facility is Area II: Besaya area. This area is estimated to produce 25% of the 

total C&DW generation in Cantabria, with more than 88,000 tons produced annually, and for this reason 
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a fixed recycling facility is located. Impact matrix for this area is included in table A.1, and results obtained 

with Weighted Summation, Evamix and Electre II are shown in Figure 3.27. 

 

 

Figure 3.27. Ranking obtained for Area II: Besaya area 

 

As can be observed in Figure 3.27, when applying Weighted Summation and Evamix methods for all the 

scenarios considered, the best alternative obtained is alternative IIG: Torrelavega, as opposed to Electre 

II results that give IIE: Reocín as the best alternative for all the scenarios, with an exception with “Scenario 

9”, in which alternatives IIE: Reocín and IIA: Cabezon de la Sal are both ranked in first position. 

In Figure 3.28 the sensitivity analysis for results obtained in Area II: Besaya area can be observed, and 

changes in the ranking based on modification in scenarios of weights could be analysed. It also includes 

results obtained when Regime method with the three scenarios developed, with more, equal and minor 

importance of the criterion C7 of emissions due to waste transport. For all the methods applied, the 

alternative IIG: Torrelavega is always ranked as the best solution, but it should be noted that this 

alternative is not included in the solution when the Electre II method is applied. This could be due to an 

error when obtaining the ranking of results with Electre II, as it was mentioned previously, this situation 

could happen when applying this method. When Regime is applied the best solution is considered to be 

alternative IIG: Torrelavega in all cases. 
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Figure 3.28. Sensitivity analysis for results obtained in Area II: Besaya area 

Uncertainty in the results obtained for Area II: Besaya in the “Scenario 1” of equal weights distribution 

can be observed in Figure 3.29, in which results obtained are quite robust, with the alternative IIG: 

Torrelavega always being the best option when applying Weighted Summation and Evamix, even when 

considering an uncertainty of 75% in the scores. The same happens with alternative IIE: Reocín in the case 

of Electre II where alternative IIG: Torrelavega is discarded as a solution. For this reason, alternative IIG: 

Torrelavega is considered the best option to locate a fixed recycling plant in this area. 

 

 

Figure 3.29. Uncertainty analysis for results obtained in Area II: Besaya area 
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 Area III: The Eastern area 

The next area to study is the Area III: The Eastern area, where seven alternatives are studied, the impact 

matrix for this area can be consulted in table A.2, and the ranking obtained when applying Weighted 

Summation, Evamix and Electre II can be consulted in Figure 3.30. 

 

Figure 3.30. Results obtained with weighted summation, Evamix and Electre II for Area III: The Eastern area 

When Weigthed summation, Evamix and Electre II are applied, the alternative IIIB: Barcena de Cicero is 

the preffered option in all scenarios of weight considered. It can also be observed that when applying 

weighted summation and Evamix, alternatives IIIE: Entrambasaguas and IIIF: Ramales de la Victoria are 

considered among the worse options for all the intermediate scenarios: “Scenario 2”, “Scenario 3” 

“Scenario 4” “Scenario 5” “Scenario 6” “Scenario 7” and “Scenario 8”. In “Scenario 9” the worst option is 

considered to be alternative IIIG: Santoña. In the case of the results obtained with Electre II, the worst 

option is always IIIF: Ramales de la Victoria.  

A sensitivity analysis is also applied in this area, and results can be observed in Figure 3.31. It can be 

observed that changes in weights of criterion 7 of CO2 emissions due to waste transport does not influence 

in the final solution obtained, the best solution always being the alternative IIIB: Barcena de Cicero. Even 

when the best solution is not influenced by scenarios of weights, the ranking is modified. In case of 

application of Regime method, the best solution is alternative IIIB: Barcena de Cicero if emissions due to 

waste transport are considered more important than the other criteria. When all the criteria are equally 

important, and when emissions due to waste transport are less important than the other criteria, the 

solution changes to alternative IIID: Castro Urdiales, considered among the worst alternatives when 

applying the other methods.  
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Figure 3.31. Sensitivity analysis of results obtained in Area III: The Eastern area 

An uncertainty analysis of the results obtained has been performed considering “Scenario 1”, in which all 

criteria has the same weight, and the results can be consulted in Figure 3.32. Despite the method and 

uncertainty applied, the result obtained is always the same with a high grade of reliability in the results. 

The results obtained with Weighted summation are more robust than results obtained with the other 

methods, as with Weighted summation there is little change obtained when 50% of uncertainty is applied, 

but in the case of Evamix and Electre II, ranking is highly affected to uncertainty of 50% and 25% 

respectively. In this case and based on results obtained, and the robustness demonstrated, alternative 

IIB: Barcena de Cicero is considered as the best solution to locate a recycling facility in Area III: Eastern 

area. 

 
Figure 3.32. Uncertainty in scores of results obtained in Area III: The Eastern area 
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 Area IV: The Southern area 

When locating decisions are made for Area I, Area II, and Area III, the next area to be studied is Area IV: 

The Southern area, with only 4% of the total generation of C&DW, and an estimated production of 13,000 

tonnes per year. This quantity is quite low and feasibility of the recycling facility is not assured, for this 

reason a transfer station is proposed instead of locating a recycling facility. The impact matrix regarding 

data of criteria by alternative can be consulted in table A.3, and the main results obtained when applying 

weighted summation, Evamix and Electre II can be observed in Figure 3.33. 

 

Figure 3.33. Results obtained with weighted summation, Evamix and Electre II for the Area IV: The southern area 

In this case only four alternatives are included in the evaluation, with the obtained alternative IVA: 

Campoo de Enmedio as the best alternative in all scenarios and in all the methods applied. The worst 
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alternative is always alternative IVC: San Pedro del Romeral, for all methods and all scenarios. This is the 

alternative with more transport, and with negligible advantages compared with the other alternatives 

proposed. In Figure 3.34 the sensitivity analysis for this area can be observed, in which influence on 

weights of the criteria and results of application of the Regime method are also included. In Figure 3.35 

the results obtained when uncertainty in scores is applied for “Scenario 1”, of equal weight distribution 

are included. 

 

Figure 3.34. Sensitivity analysis in Area IV: The Southern area 

 
 

 

Figure 3.35. Uncertainty analysis of results obtained in Area IV: The Southern area 
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In this case, Figure 3.34 shows a high robustness on the results obtained, with alternative IVA: Campoo 

de Enmedio always the best option, even when applying the Regime method with qualitative weights, and 

alternative IVC: San Pedro del Romeral is always the worst option. Intermediate results of the ranking are 

modified depending on the method applied, Evamix and Weighted summation always giving the same 

result as a second option, with the exception of “Scenario 9” in which emissions due to waste transport 

are not included, alternative IVD: Valdeolea being the best option instead of alternative IVB: Reinosa. In 

the Regime application, weights do not influence the final result, always giving the same ranking despite 

the importance given to the criterion of emissions due to waste transport. Robustness in the result is also 

demonstrated in the results obtained in the uncertainty analysis, in Figure 3.35, where the size of circles 

in the diagonal show little influence with the uncertainty applied. 

 

 Area V: The Western area 

Once location in almost all the areas is established, the next step is to evaluate location in Area V: The 

Western area. This is a low populated area with high grade of protected land, the Picos de Europa National 

Park being included in its territory. This area produces only 4% of C&DW produced in Cantabria, based on 

population estimates, and is the area with the lowest waste generation, accounting for approximately 

12,000 tonnes annually. The impact matrix of alternatives and their values for each criterion can be 

consulted in table A.4. The results obtained when applying Weighted Summation, Evamix and Electre II 

can be observed in Figure 3.36. 

In this case only three alternatives were proposed, and as the quantity generated is quite low, a transfer 

station is proposed to be located in this area, as feasibility of a new recycling plant is not assured. From 

the results obtained, it can be underlined that location of a facility in this area is not an easy decision. In 

“Scenario 1”, of equal weights distribution, applying Weighted Summation and Evamix, the best option is 

VC: Valdáliga, and the same result is obtained in “Scenario 9”, where emissions due to waste transport is 

not included in the evaluation. In all the intermediate results the option is considered to be alternative 

VB: Val de San Vicente, when emissions due to waste transport has more importance than other weights. 

In fact, in “Scenario 2”, “Scenario 3”, “Scenario 4” and “Scenario 5” this is considered the least bad option, 

and when importance to this criterion is lower, in “Scenario 6”, “Scenario 7” and “Scenario 8”, this 

alternative is considered as the best one. The results obtained with Electre II give the same ranking for all 

scenarios, the best option obtained is alternative VB: Val de San Vicente.  

Sensitivity analysis in which influence on weights can be observed is included in Figure 3.37, with results 

obtained applying Regime also included. Regime gives always as the best solution alternative VB: Val de 

San Vicente, not being influenced by the qualitative weights proposed.  

It can also be observed that alternative VA: Potes is considered as the worst alternative in all the scenarios 

for all the methods applied, this is mainly due to the fact that more transport distance has to be covered, 

and this alternative has also a strong touristic sector, and low percentage of unemployed population. In 

all the alternatives, the percentage of protected land is near 25%, and for this reason, as it was mentioned 

before, in some cases results obtained for these alternatives are considered as the least bad, instead of 

the best option.  

The results of the uncertainty analysis are included in Figure 3.38, in which an uncertainty of 25%, 50% 

and 75% is applied to the results obtained in “Scenario 1” of equal weights distribution with Weighted 

summation, Evamix and Electre II. In this analysis it can be observed that the results are not influenced by 

the weights scenarios proposed. Despite obtaining alternative VC: Valdáliga as the best solution in some 
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cases, alternative VB: Val de San Vicente is considered as the best option in the majority of scenarios. For 

this reason, alternative VB: Val de San Vicente is selected as the best option for this area. 

 

 

Figure 3.36. Results obtained with weighted summation, Evamix and Electre II in Area V: The Western area 
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Figure 3.37. Sensitivity analysis obtained for Area V: The Western area 

 
 
 
 

 

Figure 3.38. Uncertainty analysis in results for Area V: The Western area 
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 Final results 

Finally, when all areas are evaluated, final locations for recycling plants and transfer stations are 

established and can be observed in Figure 3.39.  

 

Figure 3.39. Network of recycling facilities obtained by applying MCA 

Three recycling plants are located in IF: Santander, IIG: Torrelavega and IIIB: Barcena de Cicero, and two 

transfer stations in IVA: Campoo de Enmedio and VB: Val de San Vicente. In this figure the location of the 

inert landfill that was functioning at the moment of this study, El Mazo Inert Landfill can also be observed. 

Locating decision in Area I: Santander was the most difficult one, as this is a high populated area with 

good industrial coverage and transport network, and the robustness of the results is not as strong as it is 

in other areas. Seven alternatives are proposed, and finally the recycling facility is located in the most 

populated municipality that is alternative IF: Santander.  

In the second area to be evaluated, Area II: Besaya area, among the seven alternatives proposed, the 

preferred alternative is alternative IIG: Torrelavega. This could be because the inert landfill is located in 

this municipality, and for this reason, impacts derived from waste transport are minimized, alternative 

IIG: Torrelavega also being, the second most populated municipality in Cantabria, and for this reason with 

a high generation of C&DW. Apart from that, this is an area with a strategic location, with industrial well 

established companies, a good transportation network, and for this reason this solution is robust 

compared with other alternatives in this area. 

Area III: The Eastern area is the third area studied, in which the final solution gives IIIB: Barcena de Cicero 

as the best option among the seven alternatives proposed. The alternatives selected in this area are more 

or less good alternatives as there are not big differences among them based on the criteria defined. The 

alternative selected is preferred due to its compromise among the criteria, impacts due to waste transport 

being minimized. If waste transport is not included in the evaluation, results obtained with Regime give 

as a result another municipality located at the most easterly area of Cantabria.  

Areas IV: The Southern area and Area V: The Western area are the areas with lowest generation, less than 

15,000 tonnes estimated to be produced per year, being considered too low quantity for a recycling 

, 
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facility to assure economic viability, taking into account the economic crisis bearing down on Cantabria. 

Both areas have in common a wide area in their territory of protected land, as in example the Picos de 

Europa National park in the west area and also the reservoir of the Ebro River in the south. These are low 

populated areas, with a poor transport network, for this reason impacts derived from transport are higher 

than in other areas. Solution in Area IV: The Southern area is to locate a transfer station in IVA: Campoo 

de Enmedio and in Area V: The Western area solution is alternative VB: Val de San Vicente. 

3.3.2.6. Conclusions on MCA application to locate facilities 

In this work, a MCA-based methodology that evaluates the optimal location of C&DW recycling facilities 

taking into account economic, social and environmental criteria, has been developed. In order to ensure 

the results independently of the method applied, four different MCA methods are included: Evamix, 

Electre II, Weighted Summation and Regime. Furthermore, the results obtained are tested with sensitivity 

and uncertainty analysis to corroborate the robustness of the solution obtained. Finally, the applicability 

of the proposed methodology is demonstrated with the implementation in a real life case for the selection 

of the optimal location for C&DW network facilities. 

The results obtained after applying four different methods, with the software Definite 3.0, shows that 

three of the methods: Evamix, Weighted Summation and Regime; gave similar results, but the Electre II 

method highly differs. The results obtained would support other studies in which the Electre II method is 

questioned due to changes observed in the indication of the best alternative, called ranking reversals. In 

some cases, even one of the preferred alternative for the other methods is discarded from the solution in 

this method, giving as a result an inaccurate solution. 

It can be observed that the most important step is the selection of criteria and weights, even more than 

the selection of location alternatives. Scenarios of weights can be defined and different points of view of 

the stakeholders can be included. In fact, sensitivity analysis shows that the criterion which has displayed 

a high influence in the results is C7-Emissions due to transport. If this criterion is not included in the 

evaluation, the ranking of alternatives changes drastically. Although the results obtained in this study 

would be considered as a good approximation to evaluate the optimal location of a recycling facility, a 

thorough study taking into account more economic criteria would be advisable before applying it in a real 

situation. 

In this study, uncertainty analysis has been developed, and it can be observed that testing the results with 

uncertainties of more than 25%, the optimal location of the recycling facility obtained could be questioned 

in Area I: Santander area. In other areas, the robustness applied is higher, the final decision being not 

influenced by uncertainty.  

As final conclusion, it could be remarked that it is advisable to perform more than only one MCA method 

in order to check the results. Furthermore, the uncertainty analysis was concluded to be an important 

step to insure the optimal location obtained as a C&DW recycling facility involves a high investment, which 

needs to be assured in the long term. Even when this method could give a good approximation to location 

decision, alternatives defined could be also questioned, as this should be previously defined and for this 

reason, subjectivity is partially included in the final evaluation. But even when definition of alternatives 

should be made with care, not all potentially alternatives should be included (as an example, 102 

municipalities of Cantabria), as criteria values for each one has to be calculated and this could be a time 

consuming and tedious task. This could be solved by applying other decision support tools together with 

MCA, in order to obtain synergic results, but this entails more specific training for the decision making 

technician. This method is user friendly and can give a good solution with less time involved for the final 

solution, and including all the criteria that the decision makers needs to define, even qualitative ones. 
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3.3.3. Development of an Optimization Model (OM)  

The evaluation of energy and environmental implications of the C&DW recycling chain have been widely 

studied [Blengini and Garbarino, (2010); La Marca, (2010), Spoerri et al., (2009)]. Significant negative 

environmental impacts can be generated from indirect activities such as transportation, making it 

necessary to have an adequate location of C&DW management infrastructures. Among the different 

approaches that could be used to locate C&DW management facilities, an optimization model is 

developed in this section. Optimization models have been developed with the aim of treatment facilities 

site selection for different waste streams, the most commonly studied being municipal solid waste (Eiselt 

and Marianov, 2014); Apart from MSW, other waste has been studied, such as the recovery network of 

WEEE (Mar-Ortiz et al., 2011); or location and capacities of WEEE treatment facilities [Dat et al., (2012); 

Ahluwalia and Nema, (2011)], industrial network or location of facilities in general [Del Rosario et al., 

(2014); Vadenbo et al., (2014); Vahdani and Naderi-Beni, (2014)]. In the case of C&DW stream, 

optimization modelling has not been widely used for location purposes, but the study developed by Hiete 

et al., (2011) can be underlined, in which an optimization model to evaluate optimum network 

configuration, taking into account recycling network structure, disposal rates, number of recycling plants, 

and transport is presented.  

The aim of this section is the development of an optimization model to identify the number, location and 

capacity of transfer stations and recycling plants by mathematical modelling, with two steps. In the first 

step a final solution is obtained by taking into account environmental and economic objectives 

minimizing: (i) average transportation distance (ii) total management (installation, operation and landfill) 

costs. And the second step consists of including not only economic and environmental criteria but social 

aspects as well. In the following sections the problem statement and the development of the model are 

included, to finally analyse results obtained for all cases studied. 

3.3.3.1. Problem definition 

The basic elements of the C&DW network are the location of the initial, intermediate and final nodes that 

are present in the haul network (Chatzouridis and Komilis, 2012). The initial nodes are usually the waste 

generation nodes, such as municipalities, cities or villages. The intermediate nodes are the waste transfer 

stations and the recycling facilities (or processing plants), while the final nodes are the landfills and/or the 

market to sell the recycled products.  

Figure 3.40 shows the material flow for the C&DW management network, where s, a and p are the index 

number for the municipalities, transfer stations and processing plants and MU, TS and PP are total number 

of locations for municipalities, transfer stations and processing plants respectively. The initial nodes are 

the municipalities which send the C&DW to intermediate nodes: recycling plants or transfer stations by 

small waste collection vehicles. At transfer stations segregation of the waste is carried out, and the 

recyclable part of these segregated wastes is reloaded in semitrailers to be sent to recycling facilities and 

the non-recyclable part is sent to the landfill directly by semitrailers as well. Finally, each recycling plant 

generates two outlet streams: one unusable stream that is sent to an inert landfill and one potentially 

recycled stream that is sent to the market to be sold, in both cases the transport is carried out by 

semitrailers.  
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Figure 3.40. Network of C&DW management considered 

Therefore, the problem of generating a C&DW network can be stated as follows: Given is a set of 

municipalities, with known flow rates of C&DW, and in these municipalities C&DW management 

installations can be located: transfer stations and processing plants to treat the waste. The distance 

among all municipalities is given. The non-recyclable part of the C&DW is sent to the inert landfill located 

at a known place.  

The optimization model developed has been applied to two different extents that can be observed in the 

scheme, with a single objective applied in each run. The first one is based on economic and environmental 

criteria, and the second one, apart from economic and environmental data, social criteria are included.  

 

Figure 3.41. Application scheme of the model to two extents 

In the first evaluation, the relationship between minimizing costs and minimizing average distance is 

studied based on the number of treatment facilities to be located. Apart from this, influences in the final 

solution of including restrictions to locate a recycling facility in each one of the five geographical areas 

proposed in the Sectorial Plan of Cantabria (BOC, 2010a) is assessed, to consequently propose a final 

location based on an economic and environmental point of view. In the second evaluation, the 

stakeholder’s point of view is included, studying links among economic benefits and CO2 emissions, and 

minimizing social criteria with an influence of environmental limits, to suggest a final solution. Finally, 

comparison among results obtained with both approaches is developed, using the same model for both, 

only modifying the objective function, with one objective function studied each time. Firstly, common 

equations of the model are presented, results obtained for each approach are shown in separate sections, 

including objective functions used in each one of the approaches developed.  

Initial nodes Final nodes Intermediate nodes 

Influence of 
social criteria  

Influences of geographical constraints 

Final proposal 

Objective 

Function 

- Minimize costs (Case 1) 

- Minimize average distance (Case 2) 

- Maximize Economic benefits 
- Minimize CO2 emissions 
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Section 3.3.3.4 

Section 3.3.3.5 

Economic and 

environmental 

approach 
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3.3.3.2. Model development 

The model has been formulated in GAMS (GAMS, 2015) as a Mixed-Integer Linear Programming (MILP) 

problem where the binary variable represents the presence or not of recycling plants and transfer station 

at each municipality. GAMS is used as a high-level modelling system for the resolution of the mathematical 

programs.  

As it was explained in the problem statement, the network consists of municipalities (s), where C&DW is 

generated, and where transfer stations (a) and processing plants (p) can be located. The total number of 

municipalities is MU, therefore the total number of transfer stations and processing plants is also MU. 

The equations that describe the model are  

- Mass balance to Municipalities: 

𝑟𝑐𝑑𝑚𝑠 = ∑ 𝑟𝑚𝑝𝑠,𝑝𝑝 + ∑ 𝑟𝑚𝑎𝑠,𝑎𝑎                                                 ∀𝑠 ∈ 𝑀𝑈                              (Eq. 1) 

where rmps,p is the C&DW sent from the municipality to the processing plant (ton/year), rmas,a is the 

C&DW sent from the municipality to the transfer station (ton/year) and rcdms is the total amount of 

C&DW generated by the municipalities (ton/year). 

- Mass balance to Transfer stations: 

𝑟𝑎𝑖𝑛𝑎 = ∑ 𝑟𝑚𝑎𝑠,𝑎𝑎                                                                          ∀𝑎  ∈ 𝑀𝑈                   (Eq. 2) 

𝑟𝑎𝑜𝑢𝑡𝑎 = 𝑟𝑎𝑖𝑛𝑎 ∗ 𝑑𝑠𝑐𝑠                                                                  ∀𝑎  ∈ 𝑀𝑈                  (Eq. 3) 

𝑟𝑎𝑣𝑐𝑎 = 𝑟𝑎𝑖𝑛𝑎 ∗  1 − 𝑑𝑠𝑐𝑠                                                          ∀𝑎  ∈ 𝑀𝑈                 (Eq. 4) 

𝑟𝑎𝑜𝑢𝑡𝑎 = ∑ 𝑟𝑎𝑝𝑎,𝑝𝑝                                                                         ∀𝑎  ∈ 𝑀𝑈                  (Eq. 5) 

𝑐𝑝𝑝𝑎 = 𝑟𝑎𝑖𝑛𝑎 ∗ 𝑑𝑐𝑠𝑒𝑔                                                                    ∀𝑎 ∈ 𝑀𝑈                   (Eq. 6) 

where raina is the total inlet C&DW at each transfer station (ton/year), raouta is the C&DW leaving each 

transfer station to be sent to processing plants (ton/year), ravca is the C&DW leaving each transfer station 

to the inert landfill, rapa,p is the C&DW to be sent from a transfer station to any of the processing plant 

(ton/year) and cppa is the capacity of the transfer station (ton/year). Finally, there are two parameters 

involved in equation 2-6 that need to be fixed by the user: dscs is the segregation coefficient at the 

transfer station and dcseg is the security coefficient for the capacity of the transfer station. 

- Mass balance to Processing plants: 

𝑟𝑝𝑝 = ∑ 𝑟𝑚𝑝𝑠,𝑝𝑠 + ∑ 𝑟𝑎𝑝𝑎,𝑝𝑎                                                        ∀𝑝 ∈ 𝑀𝑈                  (Eq. 7) 

𝑟𝑝𝑣𝑐𝑝 = ∑ 𝑟𝑚𝑝𝑠,𝑝𝑠 ∗ 𝑑𝑝𝑣𝑐 + ∑ 𝑟𝑎𝑝𝑎,𝑝𝑎  ∗ 𝑑𝑝𝑎𝑐                      ∀𝑝 ∈ 𝑀𝑈                   (Eq. 8)  

𝑐𝑝𝑝𝑝 = 𝑟𝑝𝑝   ∗ 𝑑𝑐𝑠𝑒𝑔                                                                      ∀𝑝 ∈ 𝑀𝑈                 (Eq. 9) 

where rpp is the quantity of C&DW processed at each processing plant (p), rpvcp is the C&DW leaving each 

processing plant to the landfill, cppp is the capacity of the processing plant (ton/year). There are two data 

involved in equation 7-9 that must be fixed by the user: dpvc is the percentage of the C&DW that comes 

from the municipalities to the plant that is sent to the inert landfill since it is non-recyclable and dpac is 

the percentage of the C&DW that, coming to the plant from the transfer station, is sent to the inert landfill 

since it is non-recyclable. These two coefficients are different since the waste coming from a transfer 

station has been classified in this installation and is more segregated. Finally, dcseg is the security 

coefficient for the capacity of the processing plant. 
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- Mass balance to Inert landfill: 

𝑟𝑣𝑐 = ∑ 𝑟𝑝𝑣𝑐𝑝  𝑝 + ∑ 𝑟𝑎𝑣𝑐𝑎𝑎                                                                                                  (Eq. 10) 

where rvc is the total quantity that comes from the transfer station and plants to the landfill (ton/year). 

Once the mass balance is assessed, economic criteria is modelled, including: transport costs, derived from 

waste transport among nodes; treatment costs, related to the management costs; and investment costs 

of facilities, called installation costs. Transport costs include transport among all the nodes defined with 

exception of transport from plant to market, as this latter is not possible to be located, and for this reason 

cannot be calculated. 

- Transport costs 

𝑐𝑠𝑡𝑟 = ∑ 𝑑𝑡𝑟𝑝 ∗ 𝑑𝑖𝑠𝑠,𝑎 ∗ 𝑟𝑚𝑎𝑠,𝑎𝑠,𝑎 + ∑ 𝑑𝑡𝑟𝑝 ∗ 𝑑𝑖𝑠𝑠,𝑝 ∗ 𝑟𝑚𝑝𝑠,𝑝𝑠,𝑝 + ∑ 𝑑𝑡𝑟𝑔 ∗ 𝑑𝑖𝑠𝑎,𝑝 ∗ 𝑟𝑎𝑝𝑎,𝑝𝑎,𝑝 +

∑ 𝑑𝑡𝑟𝑔 ∗ 𝑑𝑣𝑐𝑝 ∗ 𝑟𝑝𝑣𝑐𝑝𝑝 + ∑ 𝑑𝑡𝑟𝑔 ∗ 𝑑𝑣𝑐𝑎 ∗ 𝑟𝑎𝑣𝑐𝑎𝑎                        (Eq. 11) 

where cstr is the transport cost of the C&DW (€/year). The parameters that must be fixed by the user and 

are used at equation 11 are: diss,a is the distance (km) between the municipality and the transfer station, 

diss,p is the distance (km) between the municipality and the processing plant, disa,p is the distance (km) 

between the transfer station and the processing plant, dvcp is the distance (km) between the processing 

plant and landfill, dvca is the distance (km) between the transfer station and landfill, dtrp is the transport 

cost of a two axes lorry (€/km ton) and dtrg is the transport cost of a three axes lorry (€/km ton). 

- Treatment costs 

𝑐𝑠𝑚 = ∑ 𝑟𝑝𝑝𝑝 ∗ 𝑐𝑚𝑝 + ∑ 𝑟𝑎𝑖𝑛𝑎𝑎 ∗ 𝑐𝑚𝑎                                                                        (Eq. 12) 

Where csm is the treatment cost of the C&DW (€/year), and the parameters given by the user are: cmp 

and cma; being the management costs per ton of waste treated at a processing plant or transfer station 

respectively (€/ton).  

-Installation cost 

𝑐𝑠𝑖𝑎𝑎 = 𝑑𝑖𝑎𝑓 ∗ 𝑦𝑎 + 𝑑𝑖𝑎𝑣 ∗ 𝑐𝑝𝑎𝑎                                  ∀𝑎   ∈ 𝑀𝑈                                       (Eq. 13) 

𝑐𝑠𝑖𝑝𝑝 = 𝑑𝑖𝑝𝑓 ∗ 𝑦𝑝 + 𝑑𝑖𝑝𝑣 ∗ 𝑐𝑝𝑝𝑝                                  ∀𝑝  ∈ 𝑀𝑈                                        (Eq. 14) 

Where csiaa is the installation cost of the transfer station (€) and csipp is the installation cost of the 

processing plant (€) and ya and yp are the binary variables used in the equations which represent the 

presence or not of a transfer station and processing plant in the municipality respectively. Finally, diaf and 

dipf are the fixed installation costs for the transfer station and processing plant respectively (€) and diav 

and dipv are the variable installation costs for the transfer station and processing plant respectively 

(€/ton). These parameters must be provided by the user. 

𝑐𝑠𝑖𝑎𝑎𝑎 = 𝑐𝑠𝑖𝑎𝑎   ∗ 𝑎𝑛𝑐𝑜𝑒𝑓                                       ∀𝑎 ∈ 𝑀𝑈                                                   (Eq. 15) 

𝑐𝑠𝑖𝑎𝑝𝑝 = 𝑐𝑠𝑖𝑝𝑝  ∗ 𝑎𝑛𝑐𝑜𝑒𝑓                                        ∀𝑝  ∈ 𝑀𝑈                                                  (Eq. 16) 

where csiaaa and csiapp are the annualized installation costs of the transfer station and processing plant 

(€/year), and ancoef is the annualized coefficient. 
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3.3.3.3. Model parameters 

In this work, it is considered that a average value of 350,000 tons of separated C&DW were produced in 

Cantabria from 2003-2010 and that each municipality generates wastes according to the population 

percentage. It was also assumed that around 75% of the total waste can be recycled, with the total 

quantity of recyclable C&DW considered in this study 265,000 ton/year. 

In this case study, 51 municipalities that generate a 93% of the total C&DW generated in Cantabria are 

considered, with the inert landfill located in Castañeda (Figure 3.42). The first 44 municipalities represent 

91.8% of the total C&DW estimated and the other 7 municipalities have been selected since these 

municipalities are located in the mountainous areas of Cantabria and represent 1.8% of the total C&DW.  

 

 

Figure 3.42. Municipalities included in this study 

Table 3.16 shows the values of parameters that are introduced to solve the model for this case study. The 

values of the distances between municipalities have been obtained with a known route planner (Michelin, 

2015). It is important to observe in Table 3.16 that for the installation costs of the processing plants, the 

value of the parameters varies depending on capacity of the installation (dipf1, dipf2, dipf3, dipv1, dipv2, 

dipv3) and, however, for the installation costs of the transfer station, the value of the parameters do not 

depend on the capacity of the installation (diaf, diav). Other data for the social approach such as Type of 
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road network, Vacant land, Industrialization ratio, Unemployed population, Affected population, Level of 

tourism activity or Protected land are obtained from statistical institute of Cantabria (ICANE, 2015). 

Parameters established for this model (Table 3.16) can be easily modified in order to analyze the influence 

of this data in the final solution or to select the location of a recycling facility in another region.  

 

Table 3.16. Parameters to solve the model in Cantabria Region 

Common Parameter Value 

Operation parameter  

Percentage of waste segregated at TS: dscs 88 % 

Percentage of waste from PP to landfill: dpvc 20 % 

Percentage of waste from TS to landfill: davc 8 % 

Security coef. for the capacity of TS and PP: dcseg 15 % 

Cost parameter  

Transport parameter  

Three axes lorry: dtrg 0.075 €/km 

Two axes lorry: dtrp 0.112 €/km 

Operational cost  

Cost of sent waste to PP: cmp 5€/t 

Cost of sent waste to TS: cma 5€/t 

Installation cost parameters  

Transfer station  

diaf 0.17 mill € 

diav 3 €/t 

Processing plant 

Capacity Parameter Value Parameter Value 

If 50,000-100,000 ton/year then dipf1 0.89 mill €/year dipv1 13.12 €/ year ton 

If 100,000-200,000 ton/year then dipf2 1.0 mill €/year dipv2 10.66 €/ year ton 

If 200,000-300,000 ton/year then dipf3 1.0 mill €/year dipv3 9.10 €/ year ton 

Fees   

Landfill fee: vc 15.54 €/t 

Price in the market  

Recyclable stream from PP: tipping 18 €/t 

Recyclable stream from TS: tipping 18 €/t 

Environmental parameter  

CO2 emissions three axes lorry: COtrg 0.025 Kg CO2/tkm 

CO2 emissions two axes lorry: COtrp 0.082 Kg CO2/tkm 

 
 

3.3.3.4. Results obtained in the economic and environmental approach 

In this part, only economic and environmental criteria are included in the model, in order to evaluate 

feasible locations for C&DW recycling facilities. Economic criteria include installation costs, transport 

costs, landfill costs and operational costs, on the other hand, environmental criteria is included by means 

of average distance covered by ton of C&DW, as more distance is covered, more impact is produced on 

the environment. The two objective functions (Equations 17 and 18) addressed the problem under two 

objective functions: i) case 1: minimization of cost (€/year) and ii) case 2: minimization of the average 

distance covered by each ton of C&DW (km). 
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Objective Function (O.F.) in case 1 – Minimization of cost: 

𝑐𝑠𝑡𝑜𝑡 = 𝑐𝑠𝑡𝑟 + 𝑐𝑠𝑚 + ∑ 𝑐𝑠𝑖𝑎𝑎𝑎𝑎 + ∑ 𝑐𝑠𝑖𝑎𝑝𝑝𝑝                                            (Eq. 17) 

Objective Function (O.F.) in case 2 – Minimization of average distance: 

𝑚𝑑 = (
∑ 𝑑𝑖𝑠𝑠,𝑎 ∗ 𝑟𝑚𝑎𝑠,𝑎𝑠,𝑎 + ∑ 𝑑𝑖𝑠𝑠,𝑝 ∗ 𝑟𝑚𝑝𝑠,𝑝𝑠,𝑝 +

∑ 𝑑𝑖𝑠𝑎,𝑝 ∗ 𝑟𝑎𝑝𝑎,𝑝𝑎,𝑝 + ∑ 𝑑𝑣𝑐𝑝 ∗ 𝑟𝑝𝑣𝑐𝑝𝑝 + ∑ 𝑑𝑣𝑐𝑎 ∗ 𝑟𝑎𝑣𝑐𝑎𝑎      
) 𝑟𝑐𝑑⁄                     (Eq. 18) 

Where cstot is the total cost of the management of C&DW (€/year), md is the average distance that each 

ton of C&DW covers from the municipality where it is generated to the final destination (km) and rcd is 

the total C&DW generated by the 51 municipalities. The upper limit of the total number of processing 

plant is PP value and the upper limit of the total number of transfer station is TS value.  

GAMS is used as a high-level modeling system for the resolution of the mathematical programming and 

optimization of the values and the general purpose global optimization solver BARON is used for solving 

the examples in order to obtain global optimality. BARON implements deterministic global optimization 

algorithms of the branch-and-bound type that are guaranteed to provide global optima under fairly 

general assumptions (GAMS, 2015). In all the cases the tolerance selected for optimization was 0.01. 

The distribution of the C&DW among the municipalities and the facilities have been determined in the 

two cases studied, minimization of costs and minimization of average distance. First, in Table 3.17 the 

results when total cost is the objective function to be minimized are included and in Figure 3.43 the 

optimal locations of these facilities are represented in a map. 

Table 3.17. Location and capacity of C&DW treatment facilities at minimum total cost (Case 1) 

O.F.: Minimum total cost 3.52 mill €/year 

Costs (mill €/year) 
Process plant location and 

capacity (ton/year) 
Transfer station location and 

capacity (ton/year) 

Transport cost  

Operational cost  

Installation cost  

Landfill cost 

0.58 

1.23 

0.95 

0.76 

 

3- Camargo 

 

 

275,000 

 

2- Torrelavega 

 

78,000 

 

Minimum average distance of each ton of waste 24.10 km 

It is observed in Table 3.17 that the C&DW management option with lowest total cost is to install one high 

capacity processing plant at municipality 3-Camargo and a medium capacity transfer station at 2- 

Torrelavega. The transport cost represents 16.5% of the total cost, installation cost represents 27% and 

the average distance covered by C&DW waste is 24.10 km. 

During the process of C&DW recycling, significant negative environmental impacts are generated from 

indirect activities, such as transportation. For this reason, minimization of average transport distance per 

ton of C&DW transported is included as an environmental criteria, which is the second case and the 

objective function can be observed in (eq 18). Table 3.18 shows the results of minimizing the transport 

impact and Figure 3.43 indicates the optimal locations of these facilities in a map of Cantabria. A maximum 

of 5 locations for transfer station and 5 for processing plant are considered to avoid an excessive number 

of facilities. 
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Table 3.18. Location and capacity of C&DW treatment facilities when transport distance is minimized (Case 2) 

O.F.: Minimum average distance of each waste ton 14.77 km 

Costs (mill €/year) 
Process plant location and 

capacity (ton/year) 
Transfer station location and 

capacity (ton/year) 

Transport cost  

Operational cost  

Installation cost  

Landfill cost  

 

0.32 

1.23 

2.00 

0.76 

1- Santander 

2- Torrelavega 

3- Camargo 

28- Cicero  

98,000 

80,000 

50,000 

50,000 

 

5- Piélagos         

9- Los Corrales         

16- SM. Cayón            

17- M. Cudeyo            

29- Entrambasaguas    

12,000 

10,000 

 5,000 

4,000 

3,500 

Total cost 4.34  mill €/year 

 

It can be observed in Table 3.18 that 14.77 km is the minimum average distance that a ton of C&DW must 

be transported. The results obtained are: 4 medium-low capacity processing plants and 5 low capacity 

transfer stations.  

In Figure 3.43 results obtained with both approaches are represented in a map, and in both cases, facilities 

are located mainly around location 1- Santander and 2- Torrelavega and there are not facilities in the less 

populated areas, southern and western areas. The option of C&DW management with lowest total cost is 

to install only two facilities; one high capacity processing plant, and a medium capacity transfer station 

(case 1. in Figure 3.43). The results of the approach that minimizes the transport impact shows that the 

best option is 4 medium-low capacity processing plants and 5 low capacity transfer stations (case 2. in 

Figure 3.43). 

It is important to observe that even when the number of total installations for case 2-minimum transport 

distance is nine (Table 3.18) versus the other case (case 1- minimum cost) in which two are obtained as a 

result (Table 3.17), the total cost of the C&DW management is 22% higher. However, in relation to the 

average distance the value when distance is minimized (Table 3.18) is nearly the half of the average 

distance when total cost is minimized (Table 3.17). Besides, between both options there is a big difference 

in results obtained of transport costs and installation costs, with nearly half in one option than in the 

other. 
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Case 1) Minimum total costs

  

 
Case 2) Minimum average transport distance 

 

Figure 3.43. Location of C&DW processing plants and transfer stations: Case 1) minimum total costs; Case 2) 

minimum average transport distance 
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From Table 3.17 and Table 3.18, it is clearly observed that the two objective functions proposed in this 

work are opposites since a decrease in the total cost implies an increase in the average distance and a 

decrease in the average distance implies an increase of total costs. This opposite behaviour is due mainly 

to the fact that when a higher number of installations are considered, the investment cost is higher but 

the transported average distance of each ton is lower. However, for a lower number of installations, the 

cost of investment decreases but the average distance increases. In order to evaluate this situation, in 

Figure 3.44 the results obtained when considering different maximum number of locations are 

represented, and it is clearly observed that average distance increases when total cost decreases. It is also 

important to observe that the lowest average distance is 14.65 km, and this value does not decrease even 

if a high number of locations are allowed. On the other hand, the value of 3.52 mill €/year is the minimum 

value under all circumstances. 

 

 

Figure 3.44. Total cost versus average distance for different number of total installations 

 

Both objectives are important and usually the final result must be a compromise solution between these 

two opposite options: cost and environment. From Figure 3.44 it is observed that the average distance 

decreases very slowly between 16.17 and 14.65 km however between these distances the total cost 

increases very quickly. It seems that this compromise solution mentioned before is between the red points 

where both objective functions are balanced. The red point A (16.17 km, 3.90 mill €/year) represents a 

case where three processing plants and no transfer station are considered. The red point B (18.47 km, 

3.77 mill €/year) represents a case with two processing plants and three transfer stations. 

 

 Influences of geographical constraints 

In the Cantabria Sectorial Plan on Waste 2010 (BOC, 2010a) it was proposed to divide Cantabria into five 

administrative areas, in each one a treatment facility should be located. These geographical constraints 

can be also included in this model, with only one facility allowed to be located in each area, by including 

six new constraints in the model (equations 19-24). Equation 19 attaches a new binary variable (yt) that 

represents the presence or not of a facility (PP or TS) in the municipality. Eq 20-24 describe the possibility 

of locating one facility at any of the municipalities included in the corresponding area. 

Average distance (Km) 
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𝑦𝑝𝑝+𝑦𝑡𝑎=𝑦𝑡𝑠                                                                                                                                              (Eq. 19) 

Area I 

𝑦𝑡 "1" + 𝑦𝑡 "3" + 𝑦𝑡 "5" + 𝑦𝑡 "11" + 𝑦𝑡 "17" + 𝑦𝑡 "18" + 𝑦𝑡 "20" + 𝑦𝑡 "27" + 𝑦𝑡 "35" +

𝑦𝑡 "41" = 1                                                                                                   

(Eq. 20) 

Area II 

 𝑦𝑡 "2" + 𝑦𝑡 "9" + 𝑦𝑡 "12" + 𝑦𝑡 "13" + 𝑦𝑡 "15" + 𝑦𝑡 "16" + 𝑦𝑡 "21" + 𝑦𝑡 "22" + 𝑦𝑡 "24" +

𝑦𝑡 "25" + 𝑦𝑡 "31" + 𝑦𝑡 "32" + 𝑦𝑡 "39" + 𝑦𝑡 "42" + 𝑦𝑡 "43" = 1   

(Eq. 21) 

Area III 

𝑦𝑡 "4" + 𝑦𝑡 "7" + 𝑦𝑡 "8" + 𝑦𝑡 "14" + 𝑦𝑡 "26" + 𝑦𝑡 "28" + 𝑦𝑡 "29" + 𝑦𝑡 "36"      +

𝑦𝑡 "37" + 𝑦𝑡 "38" + 𝑦𝑡 "46" = 1                                                                                                   

(Eq. 22) 

Area IV 

 𝑦𝑡 "10" + 𝑦𝑡 "23" + 𝑦𝑡 "44" + 𝑦𝑡 "49" = 1                                                                         

(Eq. 23) 

Area V 

In this area three sub-cases are proposed; the first one consists of evaluating all the alternatives proposed 

in area V (eq 24a). But, taking into account that Liébana county, with only 1% of the population and 

therefore with approximately 2,600 ton of C&DW generated per year, is the most far away county from 

Santander (Area I), and that the transport access to this county is not simple since a gorge of 30 km with 

a narrow road and with multiple bends to be covered, the second sub-case is proposed. In this case an 

equation that establish to locate, in the Area V, one installation in Liébana County (eq 24b) is included in 

the model. This approach is made in order to take into account the difficulties of transport in Liébana 

County, and the alternatives evaluated in that area are reduced. Finally, a little step towards an adequate 

C&DW management should be to avoid the transport of C&DW from Liébana to any processing plant, and 

this is evaluated by proposing a mobile recycling plant for this area, that treats the waste in the 

municipalities of area V. 

Sub-case A: All alternatives are evaluated: 

 𝑦𝑡 "19" + 𝑦𝑡 "30" + 𝑦𝑡 "34" + 𝑦𝑡 "45" + 𝑦𝑡 "47" + 𝑦𝑡 "48" + 𝑦𝑡 "50" + 𝑦𝑡 "51" = 1 

          (Eq. 24a) 

Sub-case B: Limitation to locate one facility in Liébana County: 

𝑦𝑡 "45" + 𝑦𝑡 "48" + 𝑦𝑡 "50" + 𝑦𝑡 "51" = 1                                                                  (Eq. 24b) 

Sub-case C: No equations are needed, as mobile recycling facility is proposed for area V. 

The results obtained when the administrative constraints are included in the mathematical model to 

minimize the total cost are included in Table 3.19: Case A (3.61 mill €/year); one high capacity recycling 

plant is proposed in Area I and four medium or low capacity transfer stations in the other areas are 

considered. In this case, the total cost is only 3% higher than in the previous approach without 

administrative constraints (Table 3.17), since the new low/medium capacity transfer station increases the 
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installation costs but slightly decreases the transport cost. The average distance (24.17 km) nearly 

maintains the same value with or without administrative constraints. 

When the average distance is the objective function, the results obtained can be consulted in Table 3.19: 

Case A (16.17 km), with three processing plants in areas I, II and III and two transfer stations in areas IV 

and V. It is also observed that the average distance is 9% higher than in the case without administrative 

constraints (Table 3.18: 14.77 km) and the transport cost also increases around 8%. A lower number of 

facilities is obtained as a result of inclusion of administrative constraints, four facilities less, and therefore 

the installation cost is 15% lower and total cost (3.97 mill €/year) is also quite a lot lower than without 

area constraints. 

Table 3.19. Location of C&DW processing plants and transfer station in Cantabria at minimum total costs and 

minimum transport distance when administrative constraints are included 

Objective function 
Optimum value of the variable for 

the Objective Function 

Fixed facility in 
Area V (8 alt.) 

Minimum total cost (mill €/year) 9 Average distance (km) 24.17 

Minimum average distance (km) 16.17 Total costs (mill €/ year) 3.97 

Fixed facility in 
Liébana County (4 alt.) 

Minimum total cost (mill €/year) 3.62 Average distance (km) 24.36 

Minimum average distance (km) 16.26 Total costs (mill €/year) 3.92 

Mobile recycling facility 
Minimum total cost (mill €/year) 3.57 Average distance (km) 23.66 

Minimum average distance (km) 15.68 Total costs (mill €/year) 3.92 

 

Comparison of the results obtained for the two objective functions in the case that all the alternatives are 

included (Eq 24a) shows that although the same number of installations is considered, a different number 

of processing plants and transfer stations with different locations and with different capacities are 

obtained. It is also observed that there is only 10% difference between both options for total cost but 

nearly 35% difference for average distance. Furthermore, the results obtained when average distance is 

minimized are quite similar to the red point A in Figure 3.44. 

Area V includes Liébana County and when the objective function is minimizing total cost, the optimal 

result indicates that in area V a transfer station must be located in municipality 19-San Vicente de la 

Barquera. However, when the objective function is to minimize average distance, the optimal results 

indicate that in area V a transfer station must be located in Potes which is the main village in Liébana 

County.  

Taking into account the difficulties of transport in Liébana County, sub-case B is also analyzed, and consists 

of including in the model an equation that establish to locate in Area V one installation in Liébana County. 

The results of this B option can be consulted in Table 3.19 and it is observed that there is very little 

difference between option A and option B. Therefore, it can be concluded that the installation of the 

transfer station in Liébana does not increase the total cost or the average distance substantially.  

The third option is to include a mobile recycling plant that can be moved around area V, this case being 

included in Table 3.19 as sub-case C. For both objective functions (case 1-minimum total cost and case 2-

minimum average distance) the costs are little higher than in option A and B due to the operational costs 

of mobile installation being considered slightly higher, but the average distance decreases around 5%. 

Taking into account that the C&DW from Liébana County represents 1% of the total quantity generated 

of this type of waste in the region, the decrease of 5% in the average distance indicates that the solution 

could be considered as an adequate solution. 
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 Final proposal 

From the results obtained, it looks clear that any option from Table 3.19, when transport distance is 

minimized, is quite close to the red point A in Figure 3.44 and, at the same time, allocates one facility in 

the five different areas of Cantabria as Sectorial Plan 2010 proposed. Among the three options of Table 

3.19, option C is selected as explained previously, and information regarding this final proposal is included 

in Table 3.20 and Figure 3.45. Table 3.20 indicates the location and capacity of the facilities: either 

processing plant or transfer station and the costs of this option.  

Table 3.20. Final proposal for the location of the C&DW processing plants and transfer stations in Cantabria  

Average distance 
Total Cost 

15.68 km 
3.92 mill €/year 

Costs (mill €/year) 
Process plant location and 

capacity (ton/year) 
Transfer station location and 

capacity (ton/year) 
Transport cost  
Operational cost  
Installation cost  
Landfill cost 

0.38 
1.24 
1.54 
0.76 

1- Santander          
2- Torrelavega 
28-Cicero    
 

135,000 
 96,000 
 50,000           

 

10- Reinosa 
44- Potes 

9,600 
2,750 

 

Figure 3.45 shows the management network of C&DW among the facilities, indicating the destination of 

each waste generated in each municipality by colours. It is observed that in some cases, the waste 

generated in a municipality is treated in a different area. It can be considered that the obtained results 

are good since there is a facility in all the administrative areas, and there is a balance between average 

distance and total costs, meaning the proposal of the Sectorial Plan of Cantabria that emphasized the 

need for a network of C&DW treatment facilities dense enough to achieve the recycling target proposed 

and to decrease transportation costs is accomplished.  

 

Figure 3.45. Optimal location of the C&DW processing plants and transfer stations in Cantabria 

, 
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3.3.3.5. Results obtained based on influence of social criteria  

All types of solid wastes are dealt with by one or more measures and technical solutions while achieving 

economic optimization, environmental gains and social acceptability. The decision criteria includes local 

and global environmental aspects, economic aspects of the waste management strategy, impacts of the 

strategy on the quality of life of the local population, and consequences on employment in the local area 

(Roussat et al., 2009). In this section, social criteria is included as environmental and social aspects are 

increasingly important and their adequate synergy with economic considerations is a cornerstone to 

succeed in any constructive work or procedure. This will be done by taking into account the point of view 

of stakeholders involved in C&DW management, and can be consulted in Table 3.21, in which the 

considered aspects and criteria studied in this work are also included. All stakeholders share common 

responsibility and therefore adequate information is a pre-requisite for its effectiveness and co-operation 

is the key. In this study, 14 criteria are considered, including environmental, social criteria and economic 

criteria, but some can be included in two categories, as for example employment that is considered as 

social and economic criteria. In the decision process, a partnership approach should be adopted to involve 

all stakeholders.  

Table 3.21. Stakeholder groups, the considered aspects and criteria studied 

Type 
Stakeholder 

Groups 
Aspects Criteria 

Economic 

Producers Management cost 
Transport costs (€/year) 

Typing cost (€/year) 

Recyclers Profitability of new facilities 
Incomes (€/year) 

Cost (€/year) 

Social 

Recyclers 

Competiveness of the facility Distance from inert landfill (km) 

Accessibility Type of road network 

Availability of land Vacant land (%) 

Society 

Social acceptability Industrialization ratio 

Local acceptability of municipalities 

Unemployed population (%) 

Affected population (inhab/km2) 

Level of tourism activity (Nº lodging 
places/km2) 

System disturbance Protected land (%) 

Environmental 
Regional 
government 

Emission due to waste transport CO2 emission (Ton/year) 

Landfill space savings 
Volume of the recycled aggregates 
produced, (m3/year) 

 

Under the studied conditions, it can be assumed that facility locations or the presence or not of transfer 

stations does not influence the volume of recycled aggregates produced, and therefore, landfill saving 

space is not included as a criteria. Additional equations included in this approach divided by economic, 

environmental and social criteria are presented. 

- Economic criteria  

𝑐𝑠𝑡𝑜𝑡𝑣 = 𝑐𝑠𝑡𝑟 + 𝑐𝑠𝑚 + 𝐼𝑛𝑠𝑡. 𝐶𝑜𝑠𝑡 + 𝑐𝑣𝑐                                                                                        (Eq. 25) 

𝐼𝑛𝑠𝑡. 𝐶𝑜𝑠𝑡 = ∑ 𝑐𝑠𝑖𝑎𝑎𝑎𝑎 + ∑ 𝑐𝑠𝑖𝑎𝑝𝑝𝑝                                                                                                                (Eq. 26) 

𝑐𝑣𝑐 = 𝑟𝑣𝑐 ∗ 𝑣𝑐                                                                                                                                  (Eq. 27) 

𝑅𝐵 = 𝐼𝑛. 𝐹𝑒𝑒 − [𝐼𝑛𝑠𝑡. 𝐶𝑜𝑠𝑡. +𝑐𝑠𝑚 + 𝑐𝑣𝑐 + ∑ 𝑑𝑖𝑠𝑎,𝑝 ∗ 𝑟𝑎𝑝𝑎,𝑝𝑎,𝑝 ∗ 𝑑𝑡𝑟𝑔 + ∑ 𝑑𝑡𝑟𝑔 ∗ 𝑑𝑣𝑐𝑝 ∗ 𝑟𝑝𝑣𝑐𝑝𝑝 ]               (Eq. 28) 

𝐼𝑛. 𝐹𝑒𝑒 = ∑ 𝑟𝑝𝑝𝑝 ×   𝑡𝑦𝑝𝑝𝑖𝑛𝑔                                                                                                                           (Eq. 29) 
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Equation 25 is similar to equation 18, but cstotv includes cost of landfill fee charges, for this reason a new 

addend is included, cvc, that is the landfill cost. Cvc is calculated with the total quantity entering landfill, 

defined by rvc in (Eq 10), and vc that is the landfill fee. Inst.cost is the total cost of treatment facility 

installations, calculated by the addition of annualized cost of transfer stations and processing plant 

installation. RB is the recycler benefit, calculated as profit less costs that recyclers assume. Profit is 

represented by In. Fee, defined as money earned with the waste entering processing plant, calculated in 

(Eq. 29) as total quantity of waste entering processing plants multiplied by processing plant fee, called 

typing. The cost assumed by the recycler is calculated including installation costs (Inst.Cost), treatment 

costs (csm), landfill costs (cvc) and transport costs from transfer station to processing plant and from 

processing plant to landfill. 

- Social criteria 

Social criteria can be divided in two, based on stakeholders involved, such as recyclers and society, the 

first one is divided into three criteria and the second in five. In the case of recyclers, vacant land by 

municipality, type of road network, and distance to landfill are the sub criteria defined, all of them must 

be fixed by the user for all the municipalities. 

𝑆𝑜𝑐. 𝑉𝑎𝑙 =   𝐷𝐼𝑁𝑚𝑢.

𝑚𝑢

+  𝑇𝑅𝑁𝑚𝑢.

𝑚𝑢

+  𝑉𝐿𝑁𝑚𝑢.

𝑚𝑢

+  𝐼𝑅𝑁𝑚𝑢.

𝑚𝑢

+  𝑈𝑃𝑁𝑚𝑢.

𝑚𝑢

−  𝐴𝑃𝑁𝑚𝑢 −  𝑇𝐴𝑁𝑚𝑢.

𝑚𝑢𝑚𝑢

−  𝑃𝐿𝑁𝑚𝑢.

𝑚𝑢

 ∗ 𝑦𝑚𝑢 +  𝐶𝑃𝑁𝑚𝑢.

𝑚𝑢

 

                          (Eq. 30) 

Where DIN is the distance of municipalities from landfill, TRN is the type of road network, VLN is the 

vacant land, IRN is the industrialization ratio, UPN is the unemployed population, APN is the affected 

population, TAN is the level of tourism activity, PLN is the protected land, and finally CPN is the capacity 

of the plant, all these variables being previously normalized. 

- Environmental criteria 

CO2emis = [ 𝑑𝑖𝑠𝑠,𝑎 ∗ 𝑟𝑚𝑎𝑠,𝑎

𝑠,𝑎

+  𝑑𝑖𝑠𝑠,𝑝 ∗ 𝑟𝑚𝑝𝑠,𝑝

𝑠,𝑝

] ∗ 𝑐𝑜𝑡𝑟𝑝

+ [ 𝑑𝑖𝑠𝑎,𝑝 ∗ 𝑟𝑎𝑝𝑎,𝑝

𝑎,𝑝

+  𝑑𝑣𝑐𝑝 ∗ 𝑟𝑝𝑣𝑐𝑝
𝑝

+  𝑑𝑣𝑐𝑎 ∗ 𝑟𝑎𝑣𝑐𝑎
𝑎

] ∗ 𝑐𝑜𝑡𝑟𝑔           

           

          (Eq. 31) 

CO2emis is defined as total emissions due to waste transport and it is calculated based on total distance 

covered by the waste, and quantity of waste transported, multiplied by a coefficient that estimates 

emissions of small waste collection vehicles (cotrp) and Semitrailers (cotrg).    

Firstly, the relationship between benefits and CO2 emissions is evaluated, along with the number of 

facilities to be located. Figure 3.46 shows the results obtained when economic and environmental 

objectives are considered for a different total number of facilities. In the figure, two different parts can 

be observed: i) CO2 emission keeps constant and the benefits increases, ii) the CO2 emission and the 

benefits increase. The square and circle points represent situations where the environmental and 

economic aspects are balanced. Circle points represent a total number of 4 locations (PP and/or TS) and 

square points 3 total locations (PP and/or TS). The Not in My Back Yard (NIMBY) syndrome pressures for 
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the effectiveness of any waste management network and, in general, alternatives with equal recycling 

objectives cause more social disturbance when more facilities were located. Therefore, in this work, the 

two options with a lower number of facilities (square points) are considered in the next step where the 

social criteria will be the objective function (Banias et al., 2010). 

 

 

Figure 3.46. Relation between the economic benefits and CO2 emission when different total number of locations are 

considered 

 

Table 3.22 shows the results of the two options (square points in Figure 2) when the maximization of the 

social aspect is the objective function. Option 1 locates 2 PP and 1 TS and option 2 locates 3 PP and no TS. 

For both options two cases are considered: without environmental upper limits and with environmental 

upper limits. In the first case, in both options the locations of the facilities are: Torrelavega (2), Camargo 

(3) and Piélagos (5). However in these options, the CO2 emission (330 ton/year) is much higher than the 

values of square points in Figure 3.46 (224-269 ton/year). Therefore, a second case is considered: the 

upper limit in the emission of CO2 of 10% higher than the value in Figure 3.46. The results appear in the 

last column of Table 3.22. 
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Table 3.22. Optimal values of the social, environmental and economic variables and location of C&DW facilities 

when social criteria is the objective function 

Objective function: maximization of the social criteria 

 Case I 
Without environmental limits 

Case II 
With environmental limits 

Option Variable Op. value Variable Op. value 

1 
(2 PP and 1 TS) 

Social criteria 
CO2 emissions 
Economic ben. 

0.43 units 
330 tonCO2/year 
8.97 105  

Social criteria 
CO2 emissions 
Economic ben. 

0.345 units 
293 tonCO2/year 
9.34 105 

 Locations 2, 3, 5 Locations 2, 3, 14 

2 
(3 PP) 

Social criteria 
CO2 emissions 
Economic ben. 

0.378 units 
369 tonCO2/year 
1.07 106 

Social criteria 
CO2 emissions 
Economic ben. 

0.297 units 
248 tonCO2/year 
8.87 105 

 Locations 2, 3, 5 Locations 1, 2, 14 

 

Option 1 is selected as the final proposal when environmental limits are applied, due to the higher value 

of the social objective function (two recycling plants: Torrelavega (2), Camargo (3) and 1 transfer station: 

Colindres (14). Figure 3.47 shows the final distribution network of the C&DW in Cantabria; the three 

different colours of the municipalities represent where each municipality sends its own C&DW.  

 

 

Figure 3.47. Location of the facilities and optimal distribution network of C&DW in Cantabria using social aspects as 

objective function 
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3.3.3.6. Conclusions on model application 

The selection of an appropriate recycling facility location for C&DW is a difficult issue, and the decision 

affects not only long-term profits and costs but the long-term environmental impact as well. In this work, 

waste management facility locations for the northern Spanish region of Cantabria were analysed using a 

mathematical model formulated as a MILP problem where the binary variable represents the presence or 

not of processing plants and transfer stations at each municipality. GAMS is used as a high-level modelling 

system for resolution of the mathematical programming. The network of recycling facilities for Cantabria 

and the distribution network among facilities and municipalities is obtained. Two different approaches 

are proposed, firstly economic and environmental criteria, and secondly, the inclusion of social criteria is 

proposed, in order to evaluate the influence of the latter in the results. 

For the first approach, two different objective functions based on economical (minimum total costs) and 

environmental (minimum average distance) criteria with and without administrative constraints proposed 

by the Regional Government have been implemented. The results show that locations of the processing 

plants and transfer stations are highly dependent on the objective function and on the administrative 

constraints. The total cost of the C&DW management varies from the lowest total cost option (3.52 mill 

€/y) and the highest total cost option (4.34 mill €/y). When average transport distance is considered as 

the objective function, the optimal values vary from 14.77 to 24.10 km. The final proposal of C&DW in 

Cantabria includes 3 processing plants in the most populated areas: Santander (1), Torrelavega (2) and 

Barcena de Cicero (28) and 2 transfer stations in the lowest populated areas: Reinosa (10) and Potes (45). 

The model presented in this paper was modified in the second approach in order to select facility locations 

including the point of view of stakeholders. The introduction of the social criteria is not common in the 

study of the locations of facilities, however, public opposition is becoming the main reason for canceling 

a technically suitable solid waste disposal project that is selected with consideration to all relevant criteria. 

This phenomenon is a reflection of the NIMBY syndrome and turns out to be a big challenge for decision 

makers. This paper takes into account these social factors in order to provide an adequate location of the 

facilities. The relationship between benefits and CO2 emissions is evaluated, based on different numbers 

of treatment facilities proposed. From this study two different tendencies have been found, i) CO2 

emission keeps constant and the benefits increases, ii) the CO2 emission and the benefits increases. The 

results obtained showed an optimum number among 4 recycling facilities (PP and/or TS) or 3 recycling 

facilities (PP and/or TS). The Not in My Back Yard (NIMBY) syndrome pressures for the effectiveness of 

any waste management network and, in general, alternatives with equal recycling objective cause more 

social disturbance when more facilities were located. The inclusion of the social aspect of the region in 

the objective function modifies the locations of the recycling facilities, the capacity of facilities and the 

distribution network of the C&DW between the municipalities and the recycling facilities (recycling plants 

and transfer stations) in the region are also determined, obtaining two recycling plants: Torrelavega (2), 

Camargo (3) and 1 transfer station: Colindres (14) 
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3.3.4. Global conclusions on the application of decision support tools in the location problem 

Three different decision support tools are applied in order to evaluate the location of recycling facilities 

and transfer stations in Cantabria: Geographic Information System (GIS), Multicriteria Analysis (MCA) and 

Optimization Models (OM). In this section, a brief comparison of results and applicability of these tools is 

included, with the results obtained shown in Figure 3.48.  

The first conclusion that can be drawn from GIS application is that this tool is not able to give by itself a 

specific solution for locations, obtaining a varied number of potential locations in each area defined. But, 

it should be noted that red areas obtained are those more adequate for locations, and therefore, some 

alternatives can be defined. In this case, there is no need to select alternatives, as all the territory is 

included, and viability of locating an industrial facility is evaluated by using spatial criteria. Apart from this, 

each result obtained is a specific georeferenced result, this characteristic being a strength compared with 

the others tools applied. By applying this tool, the preferred locations are located in Area I and Area II, If 

only the best locations are assessed (red areas). Obtaining, in Area I four potential locations: Piélagos, 

Villaescusa, Penagos, Marina de Cudeyo; and in Area II two locations: Reocín and Torrelavega. In these 

results the distance to landfill, the waste transport or the quantity of waste generated in each area are 

not included in the evaluation, which can help to select the preferred location. 

In the MCA application, alternatives in each area are previously selected, and for this reason results 

obtained can be open to criticism, as not all the potential locations are studied. But the results obtained 

are specific locations in each area, and include aspects as varied as social, economic or environmental 

issues like CO2 emissions due to transport, or waste entering into the recycling facility. Apart from this, 

criteria selection, weights assignment and selection of the method can influence the final result, obtaining 

a compromise solution, not an optimal one. In order to avoid subjectivity in weights allocation, sensitivity 

and uncertainty analysis were applied, and the results obtained are robust. This tool located three 

recycling facilities in IF: Santander, IIG: Torrelavega and IIIB: Barcena de Cicero, and two transfer stations 

in IVA: Campoo de Enmedio and VB: Val de San Vicente. Discerning among location of recycling facilities 

or transfer stations is made by assuring that enough waste enters the recycling facility, and distance to 

landfill is included in the evaluation. When this study was developed, the landfill was located in El Mazo, 

Torrelavega. 

Finally, an optimization model was developed, in which environmental and economic criteria were 

included. Two different approaches were developed, an economic-environmental one, assessing 

minimum total costs and average distance covered; and a social one, including the stakeholder’s point of 

view. It can be observed that taking into account the economic –environmental approach, three locations 

are selected for recycling facilities, being Santander, Torrelavega and Barcena de Cicero; and two transfer 

stations in Potes and Reinosa. In the second approach, the results obtained two recycling facilities located 

in Camargo and Torrelavega and one transfer station in Colindres. In this study, the landfill was located in 

Castañeda, due to the closure of El Mazo landfill. 

From all these results, it can be observed that a priori Santander, Barcena de Cicero and Torrelavega are 

obtained in MCA and OM as good locations, but GIS is not able to find a “good” location in these 

municipalities, but a “regular” ones. In these approaches the generation of C&DW is included, with 

Santander and Torrelavega as the most populated in Cantabria, and for this reason, with more generation. 

In fact, Torrelavega is obtained as the best solution in the two approaches applied in OM, but Santander 

is changed for Camargo if the social aspect is included. In the southern area location are Reinosa or 

Campoo de Enmedio are obtained; being quite near each other. But in the case of the western area, great 

differences are found, results are Potes or Val de San Vicente, taking into account that in GIS application 

Potes is not even an option. 
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Figure 3.48. Results comparison among decision support tools applied: A) Geographic Information System (GIS); B) Multicriteria Analysis (MCA), and C) Optimization Model (OM)

C) Optimization model (Section 3.3.3.) A) Geographic Information System (Section 3.3.1.) 

B) Multicriteria Analysis (Section 3.3.2.) 
Social influence 

Economic-environmental approach 
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3.4. ASSESSMENT OF C&DW RECYCLING FACILITIES PERFORMANCE 

Construction and Demolition Waste (C&DW) consists of numerous materials, including but not limited to 

concrete, bricks, gypsum, wood, glass, metals and plastic, all valuable resources for the economy. 

Traditional management of this waste at the construction or demolition site can lead to a high mixture of 

those materials, entailing a subsequent more complicated separation of resources contained. C&DW 

recycling plants operating with limited overall capacity and simple separation technology treating highly 

mixed waste can lead to an output material with not good enough quality for high grade applications that 

involves not only loss of resources, but jeopardize economic feasibility of the plant itself as well. As it was 

underlined by Juul et al., (2013), strategic and operational decisions in waste management, in particular 

with respect to investments in new treatment facilities, are needed due to a number of factors, including 

continuously increasing amounts of waste, political demands for efficient utilization of waste resources, 

and the decommissioning of existing waste treatment facilities. As it was emphasized by Dahlbo et al., 

(2015), analysing the environmental performance of a system from different perspectives before decision-

making is necessary, as regional differences in operations and waste composition may support arguments 

for differing recycling targets in different regions. 

In the review developed by Ibañez-Forés et al., (2014) it was concluded that the starting information for 

assessment of technologies used by different authors is based mainly on: 1) primary data extracted 

directly from the source; 2) secondary data from literature or from public and/or commercial databases; 

3) analogies, predictions or simulations using information from other similar processes or products; or 4) 

it is based directly on the intrinsic knowledge and opinions of experts on the subject. Primary data 

extracted from the source can be considered as the best option, but it is not always possible to develop a 

field study. In this case a mass balance approach is considered by Allesch and Brunner (2014) as one of 

the crucial aspects to be included in this type of evaluation, apart from a goal oriented evaluation of the 

results of the mass balance and a transparent and reproducible presentation of the methodology, data 

and results. 

The processes of technology assessment and selection are mostly multidimensional problems with 

different preferences, requirements or demands for each of their dimensions. The choice of the 

methodology to be applied in the evaluation of the best technological alternative is a difficult decision, 

since it depends almost exclusively on the particular characteristics of each problem. As Ibañez-Forés et 

al., (2014) emphasized, many researchers do not weight their criteria and therefore base the selection of 

the best alternative on direct comparison between indicators. But when a large number of criteria is 

considered, MCA methods were identified as the most applied methods (Herva and Roca, 2013a). As it 

was underlined by Karmperis, (2013) there are multiple conflicting criteria that can be formally 

incorporated into the management planning process. Hence, to include all these aspects in the evaluation, 

these processes often require the application of MCA methodologies so as to be able to identify the best 

option (Bréchet and Tulkens, 2009). MCA models are flexible, as there are alternative categories of 

evaluation criteria that can be used, such as economic, environmental and technical criteria. In fact, 

Laforest, (2014) underlined that because of the quantity of quantitative and qualitative data needed for 

a technological assessment (economical, technical, environmental and social criteria), the use of a multi-

criteria decision analysis (MCA) is required. 

It is clear that the most critical aspect in a MCA model is the selection of evaluation criteria by the decision-

makers. As according to the flexibility of the MCA framework, MCA models can be very simplistic if all 

aspects of the problem are not considered and on the contrary can be complicated when too many 

aspects are included (Karmperis, 2013). Some studies have been developed that select criteria to improve 

sustainability in industrial systems (Ibañez-Forés et al., 2014), being mainly focused on technical issues, 
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economic and environmental aspects and very little has been found that includes social criteria. In fact, 

the growth in social and environmental awareness that has taken place over the last few decades and the 

increased incorporation of green technologies, emission abatement technologies should be noted, among 

others measures, in industry. According to Ibañez-Forés et al., (2014), this has together led a number of 

authors to readjust the traditionally more commonly used techno-economic criteria. This has usually been 

accomplished by adding other criteria that are mainly related to the environment, although some are also 

linked with social or political aspects in order to cover crucial aspects of sustainable development 

(Azapagic and Perdan, 2000).  

Some studies can be found that apply MCA to rank waste management technologies using methods for 

assessing their BATNEEC (Best Available Techniques Not Entailing Excessive Costs) and technological 

quality (Generowicz et al., 2011). In fact, Dahlbo et al. (2015) proposed a procedure for selecting BAT for 

a C&DW management system derived from the general installation-level BAT assessment (EC, 2012). In 

this procedure, inclusion of user requirements for the system outputs (technical, environmental, quality, 

market); examination of the conditions under which the required performance is achieved (costs, cross-

media effects of emissions), and the main driving forces involved in the implementation of these 

techniques and measures are included. Apart from this, MCA has also been applied to evaluate the 

performance of existing recycling facilities and the development of technical and financial feasibility 

studies for new projects (Gomes et al., 2008) or the recycling plant schemes comparison between the 

current and a new concrete recycling method (Tam, 2008a). 

In order to evaluate the potential of different materials contained in C&DW to be recovered for recycling, 

a conceptual framework is developed in this work in which the performance of two recycling facilities with 

different technological levels is evaluated. In order to elaborate an impartial and comprehensive 

evaluation, the inclusion of a mass balance approach based on rigid input-output analysis of the entire 

system is proposed. But it should be noted that the recycling facility is intended to be a material processing 

industry, not a storehouse for the rejected materials from other processes, and so a steady flow of input 

and output material is inherent to its operation. In line with this, it was also analysed whether the target 

of 70% recycling of C&DW by 2020 can be achieved with the current management practices but taking 

into consideration changes in the composition of waste. This evaluation is analysed through MCA, as being 

considered a tool to find the best solutions in this field (Gomes et al., 2008), and allows the inclusion of 

not only economic and technical aspects in the evaluation, but environmental and social issues as well. In 

addition, a sensitivity and uncertainty analysis are included in order to evaluate the robustness of the 

results obtained.  

Section 3.4.1 contains the problem definition, including scenarios of input, performance of the 

equipment, a flow diagram of each recycling plant studied to finally calculate the mass flow analysis of 

each one. In section 3.4.2 the alternatives included in this evaluation are defined, and in section 3.4.3 the 

evaluation criteria, and their values for each alternative are defined, obtaining the impact matrix needed 

prior to apply a MCA method. Finally, in Section 3.4.4 more relevant results are shown, and discussion of 

the results and the robustness analysis are included. 
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3.4.1. Problem definition 

C&DW consists of different streams, being classified by their composition as segregated or mixed. But not 

all streams are destined to a recycling facility, some streams being sold directly to waste managers, 

depending on the value of materials and processing needs. In Table 3.23 the potential management at 

source of each stream assumed in this study can be observed. 

Table 3.23. C&DW management at source by waste stream 

 EWC DESCRIPTION DESTINATION 

SEGREGATED 

17 01 01 Concrete Recycling plant 

17 01 01 Reinforced Concrete Recycling plant 

17 01 02 Bricks Recycling plant 

17 01 03 Tiles and ceramics Recycling plant 

17 02 01 Wood Recycling plant 

17 02 02 Glass Waste manager 

17 02 03 Plastic Recycling plant 

17 03 02 Bituminous Recycling plant 

17 04 01 Copper, bronze, brass Waste manager 

17 04 02 Aluminium Waste manager 

17 04 03 Lead Waste manager 

17 04 04 Zinc Waste manager 

17 04 05 Iron and steel Waste manager 

17 04 06 Tin Waste manager 

17 04 11 Cables Waste manager 

17 05 04 Stones and soil Recycling plant 

17 08 02  Gypsum-based  Recycling plant 

17 06 04 Insulation  Recycling plant 

MIXED  

17 01 07 Mixed Petrous Recycling plant 

17 04 07 Mixed metals Waste manager 

17 09 04 Mixed C&DW Recycling plant 

 

Basically, metal and glass fractions are sold directly due to their high value and the economic benefits 

associated in the case of metals, and for their recycling potential. In a C&DW recycling facility some 

streams are destined to produce recycled aggregates, and other materials, such as wood or plastic, are 

segregated by type, stored and finally sold to other waste managers to be recycled. 

C&DW recycling facilities are able to treat waste regardless of its composition, but more classification 

steps are needed if waste arrives as mixed C&DW. In order to evaluate the performance of two different 

schemes of recycling facilities, different scenarios with different C&DW composition input are studied. 

Scenario 1 is defined taking into account the current management of this waste stream at source that 

leads to a highly mixed waste, as only the most valuable streams are segregated. And scenario 2, a 

hypothetical situation in which C&DW legislation is taken into account where segregation at source is 

encouraged. In each one of the main scenarios, two sub-scenarios are defined, in which the waste is more 

or less mixed with similar waste (being part of mixed petrous or mixed C&DW), giving as a result four 

different scenarios as inputs to the plant, with different waste composition. More information about how 

these scenarios are defined and developed can be found in chapter 3.1.3 of the present thesis. 

In this study, input to the plant is established based on waste generation by municipalities located in the 

area with more generation in Cantabria, as it is Area I (Chapter 2.3.), assuming that all the waste generated 

is treated in the same area. In this study, C&DW generated is destined to a recycling plant or to a waste 

manager. Generation figures at local level are calculated based on scenario development procedure 

presented in chapter 3.1.3 of this thesis, where a value of 100,000 tonnes for Cantabria was estimated, 
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with approximately 50,000 tonnes generated in Area I. Waste quantities generated in each scenario are 

included in Table 3.24. 

 

Table 3.24. C&DW generation by scenarios for the Area I: Santander 

AREA I 
Scenario 1 Scenario 2 

1A 1B 2A 2B 

SEGREGATED 

17 01 01 
Concrete 525.27 612.82 2,976.54 3,472.63 

Reinforced Concrete 380.63 285.47 2,156.91 1,617.69 

17 01 02 Bricks 2,757.68 2,757.68 15,626.84 15,626.84 

17 01 03 Tiles and ceramics 1,181.86 1,181.86 6,697.22 6,697.22 

17 02 01 Wood 291.82 291.82 1,653.63 1,653.63 

17 02 02 Glass 36.48 36.48 206.70 206.70 

17 02 03 Plastic 109.43 109.43 620.11 620.11 

17 03 02 Bituminous 1,702.27 1,702.27 1,702.27 1,702.27 

17 04 01 Copper, bronze, brass 0.12 0.12 0.67 0.67 

17 04 02 Aluminium 0.12 0.12 0.67 0.67 

17 04 03 Lead 3.81 3.81 21.60 21.60 

17 04 04 Zinc 0.12 0.12 0.67 0.67 

17 04 05 Iron and steel 144.64 152.25 819.63 86.77 

17 04 06 Tin 3.01 3.01 17.05 17.05 

17 04 11 Cables 0.12 0.12 0.67 0.67 

17 05 04 Stones and soil 1,702.27 1,702.27 1,702.27 1,702.27 

17 08 02 Gypsum-based 14.59 14.59 82.68 82.68 

17 06 04 Insulation 510.68 510.68 2,893.86 2,893.86 

MIXED 

17 09 04 Mixed C&DW 14,562.69 32,982.27 5,333.57 9,905.85 

17 01 07 Mixed Petrous 24,106.01 6,017.87 6,016.35 1,502.57 

17 04 07 Mixed metals 602.68 271.23 106.35 47.86 

TOTAL RECYCLING PLANT 47,845.21 48,169.04 47,462.27 47,477.62 

TOTAL WASTE MANAGER 791.09 467.26 1,174.03 1,158.68 

TOTAL 48,636.30 48,636.30 48,636.30 48,636.30 

 

For all the scenarios developed, input of the recycling plant is approximately 50,000 tonnes. A minimum 

security factor of 15% has been included, obtaining an overall capacity for the plant located in this area 

of 60,000 ton/year.  

 

3.4.1.1. C&DW Recycling facilities: Installed equipment and process diagram  

The technology included in a C&DW recycling facility is an important issue because using inadequate 

equipment to treat some waste streams will produce foreseeable damage to this equipment. As a typical 

example, this could happen in a crushing unit not designed to crush hard materials, used for crushing 

reinforced concrete, which have steel bars. Apart from this, some materials contained in mixed C&DW 

give bad properties to recycled aggregates, as for example gypsum, and therefore a proper classification 

should be carried out. This classification can be made with different processes, and this depends on the 

installed equipment in a C&DW recycling facility and its process diagram. In this work, two types of C&DW 

recycling facility are studied, called Type I and Type III, with different installed equipment. First, this 

equipment and its performance will be defined, to include the process diagram of each recycling facility 

and finally show the results obtained from the mass balance approach for each scenario of input. 
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First of all, it should be noted that equipment for C&DW treatment facilities can be classified into three 

groups based on its main purpose: Storage, Classification and Crushing. A usual purpose is store that can 

be used for an intermediate storage of material in the process, and to storage contraries separated from 

the main stream and products obtained. In the classification purpose, three different processes can be 

used, the first one is manual sorting, which consists of separation of large materials by workers using a 

grab cane or in a hand sorting cabinet. The second one is sieving, that consists of using different types of 

screens to classify materials by particle size. The last type of a classification process is mechanical sorting, 

that is intended to divert contraries from the main stream based on different properties of the materials, 

such as magnetic properties or density. And finally, crushing is applied to reduce particle size, in order to 

obtain recycled aggregates with a specific particle size distribution. In Table 3.25 each process, functional 

purpose and equipment installed in each type of C&DW recycling facility can be observed. 

Table 3.25. Equipment used in each recycling plant and its main function 

Purpose Functional  purpose Equipment TYPE I TYPE III 

Storage  
Intermediate storage  Hopper YES YES 

Storage of material Container YES YES 

Classification 

Manual 
sorting 

Classification of large 
materials 

Grab cane YES YES 

Hand sorting cabinet YES YES 

Sieving Classification by size 
Rotating screen YES NO 

Vibrating screen  YES YES 

Mechanical 
sorting 

Classification by properties 

Over band magnet YES YES 

Eddy current NO YES 

Air sifter YES YES 

Spiral NO YES 

Wet jig NO YES 

Crushing  Reducing particle size 
Jaw crusher YES NO 

Impact crusher NO YES 

 

As can be observed in Table 3.25, some equipment is used in both types of recycling facilities, as this is 

the case of storage equipment. This is defined as a hopper, in the case of intermediate storage in the 

process, or container, in the case of final storage of products or contraries. 

In the case of classification, the first process is manual sorting, that can be made by a grab cane or in a 

hand sorting cabinet. The grab cane is often used at the discharge area as a first classification, and only 

very large materials are separated from the main stream, such as contraries or materials that have to be 

treated separately. It is considered that 100% of the very large materials are separated in this process. 

The second manual sorting is made in a hand sorting cabinet, which classifies large materials based on the 

visual perception of employees, focused on separate certain contraries. Coelho and De Brito, (2013a) 

estimate that using this manual sorting, 30% in weight could be separated of metals, paper and cardboard, 

plastics and wood. As this is dependent on visual perception of the personnel working there, it is thought 

that this percentage is only valid for the bigger fraction of waste, with the smaller particle size materials 

not noticeable by employees.  

The second process used for classification is sieving, based on separation by size, and a perfect separation 

is considered. This equipment can be summarized in two: a rotating screen and a vibrating screen. A 

rotating screen is a perforated, rotating drum set at an angle to allow for gravity feed and discharge. The 

rotation creates a tumbling that separates out smaller-sized objects that fall through the perforations. 

Larger objects work their way through the drum to exit at the downstream end. A rotating screen of 

different lengths and with varying perforation sizes can be set in a series for staged screening (Pinellas 

County, 2009). Rotating screens are able to separate materials with a particle size lower than 4 mm, in 

two specific batches, one considered Fines, with a particle size between 0.063 and 4 mm, and the other 
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called All-in-one, with a size lower than 4 mm. The vibrating screen consists of a series of tapered levels 

which are angled down, shaking vigorously, simultaneously sieving out the fines and moving the stream 

down the slope. Both waste fractions are metered evenly onto onward belts facilitating further 

segregation manually or automatically (Eatherley and Slater, 2009).  

The last classification method is mechanical sorting, used to divert materials not usually found in natural 

aggregates, and this separation is based on different properties of the contraries. One of the most widely 

known methods is magnetic separation, that is carried out by an over band magnet that is placed 

crosswise or lengthwise above the conveyor tape at a fixed working distance. From flowing material, iron 

objects are captured by the magnetic power and when the iron objects leave the area of the magnetic 

field they automatically drop into appropriate containers. Some authors estimated 100% recovery of 

ferrous metals, as it is the case of Dahlbo et al., (2015). But this percentage can be considered ambitious, 

as performance of the equipment is not always perfect and can be influenced by other aspects, such as 

material size and power of the equipment. Taking this into account, over band magnet is considered to 

divert 70% of ferrous materials from the main stream, as it was estimated by Coelho and De Brito, (2013a). 

Other equipment used to separate metals is called Eddy current, and consists of the use of a magnetic 

rotor with alternating polarity, spinning rapidly inside a non-metallic drum driven by a conveyor belt. An 

alternating magnetic field creates eddy currents in the non-ferrous metal particles repelling the material 

away from the conveyor. While other materials drop off at the end of the conveyor, the non-ferrous 

metals are propelled forward over a splitter for separation. The same performance of over band magnet 

is estimated, considered able to separate 70% of non-ferrous metals from the waste stream (Coelho and 

De Brito, 2013a).  

The last property used to classify materials is density. Three different types of equipment are used, divided 

into dry separation, such as Air sifters, or wet separation, such as Spirals or Wet jigs. Air sifters operate 

only with the >4 mm grain size flow and in absolutely dry conditions, using ventilators that blow air 

through the waste flow in order to extract low density materials such as paper and cardboard, plastics 

and wood. A separation rate of 100% is assumed in Coelho and De Brito, (2013a) for this equipment, as it 

is thought that this will separate the rest of small contraries that could not be separated by hand. A 

separation of 80% is considered for paper and cardboard, plastics and wood particles, as this type of waste 

can be captured by stones and not easily classified with this method.  

In wet classification by density, Spirals are used in a recycling plant of type III to separate contraries from 

fines fraction. Separation is made if the density is less than 2,000 ton/m3, with a rate of separation of 90%, 

obtaining two different streams: sludge in one stream and fines and all-in-one in the other.  

The last equipment used for classification is a wet jig, to separate materials by density in the coarse 

fraction of type III recycling plants. This equipment is used two times, the first time is used to separate 

bricks from concrete, which is an easier separation due to the difference in densities, obtaining a 

separation rate near 99,4% of concrete in the output (Weighon, 2004). And the second one is to separate 

gypsum from the stream of concrete and gypsum, in which special conditions are necessary to carry out 

this separation, obtaining a product with only 27,4% of gypsum from the input (Schnellert and Mueller, 

2010).  

Finally, equipment is used to reduce particle size, with two types of crushers considered: jaw crushers and 

Impact crushers. In the first one, the jaws compress the concrete between a stationary and moveable 

plate. In C&DW applications, jaw crushers are the most commonly used, mainly due to their easy 

operation, low maintenance and large input openings. And the second one, Impact Crushers, are based 

on impactors that have a spinning rotor with bars or hammers that fling the concrete into a solid plate, 

several plates, or rods. Based on data from Coelho and De Brito (2013a), and the real data from C&DW 
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recycling facilities consulted, particle size distribution obtained in these recycling plants consists of 43% 

of coarse aggregates and 57% of fines fraction, with the all-in-one fraction included in the latter. In order 

to distinguish between fines and all-in-one, data from the study developed by Dosho, (2007) is used, in 

which the fine fraction is formed by 60% fines and 40% all-in-one. Taking this into account, the particle-

size distribution applied in this study for the petrous materials included in recycled aggregates obtained 

can be observed in Table 3.26.  

Table 3.26. Particle-size distribution of recycled aggregates from different materials 

EWC Waste Particle size % 

17 01 01 Concrete 
Coarse > 4 mm 43 

 0.063 < Fines < 4 
mm 

34.2 

All in one < 2 mm 22.8 

17 01 02 Bricks 
Coarse > 4 mm 43 

 0.063 < Fines < 4 
mm 

34.2 

All in one < 2 mm 22.8 

17 01 03 Tiles and ceramics 
Coarse > 4 mm 43 

 0.063 < Fines < 4 
mm 

34.2 

All in one < 2 mm 22.8 

Sand, gravel and other aggregates 
Coarse > 4 mm 40 

 0.063 < Fines < 4 
mm 

20 

All in one < 2 mm 40 

17 05 04 Stones and soil 
Coarse > 4 mm 75 

 0.063 < Fines < 4 
mm 

20 

All in one < 2 mm 5 

17 03 02 Bituminous 
Coarse > 4 mm 50 

 0.063 < Fines < 4 
mm 

30 

All in one < 2 mm 20 

 

This is a broad approximation, due to the fact that some materials are more fragile than others, which 

means that a higher fraction of fines could be obtained. Recycled aggregates are constituted by more than 

one material, usually being constituted by some materials not included in natural aggregates, such as 

plastics or metals, affecting the quality of the recycled aggregates obtained. Contraries are supposed to 

constitute a lower part from the total, for this reason particle size distribution of the recycled aggregates 

obtained is supposed to be equal to the particle size distribution obtained with the petrous materials 

included in Table 3.26.  

In this work it is considered that, even when installed equipment is different for each type of recycling 

facility, the treatment for some streams is common for both types, as some materials give bad properties 

to recycled aggregates, not being introduced in the process and treated separately. In Table 3.27 

treatment by stream, manual or introduced into the process, for each recycling plant can be observed. 

In Table 3.27 it can be seen that segregated waste is commonly stored in containers or manually treated 

with the exception of concrete, bricks, tiles and ceramics, which are treated in the recycling plant for 

crushing, as they are the main components of recycled aggregates. Some materials obtained from manual 

treatment, as is the case of concrete obtained from treating reinforced concrete manually in recycling 

facility type I, are reintroduced to the recycling process. Other materials such as stones and soil and 

bituminous mixtures, are avoided in the process, as they give bad properties to the recycled aggregates. 

From the mixed fraction, mixed C&DW needs a further classification, and mixed petrous needs a crushing 

step, finally obtaining recycled aggregates and a separate collection of other materials.  
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Table 3.27. Treatment by stream in the C&DW Recycling Facilities 

Streams Facility Treatment 

Segregated 
waste 

17 01 01 Concrete Both Process Crushing to an adequate particle size 

17 01 01 
Reinforced 
concrete 

Type I Manual 
It is assumed that a 30% could be manually 
recovered as concrete and steel 

Type III Process 
Could be recovered as concrete and steel, crushed 
with specific equipment 

17 01 02 Bricks Both Process Crushing to an adequate particle size 

17 01 03 
Tiles and 
ceramics 

Both Process Crushing to an adequate particle size 

17 02 01 Wood Both Stored Stored, no treatment applied 

17 02 03 Plastic Both Manual PVC is separated from the rest of the plastic 

17 03 02 Bituminous Both Stored Stored, no treatment applied 

17 05 04 
Stones and 

soil 
Both Stored 

Contains high quantity of organic matter that give 
bad properties to the recycled aggregates 
Stored, no treatment applied 

17 08 02 

Gypsum-
based 

construction 
materials 

Type I Manual 
This recycling plant cannot separate gypsum, being 
necessary separate it previously 

Type III Process 
Give bad properties to recycled aggregates, 
separated in wet classification 

17 06 04 Insulation Both Stored Unwanted materials, avoided in recycled aggregates 

Mixed 
waste 

17 09 04 Mixed C&DW Both Process 
Classification and separation of inappropriate 
materials, and crushing of petrous fraction 

17 01 07 Mixed Petrous Both Process Crushing to an adequate particle size 

 

The types or levels of C&DW recycling facilities that can be defined have different technologies and 

installed equipment, and in many European Member States different mixes of two or three of the levels 

are employed (Symonds Group Ltd. and ARGUS, 1999). Installed equipment for each type of C&DW 

recycling facility is not established, nor is a process diagram defined for each one. For this reason, different 

authors suggest different diagram processes and different installed equipment [Coelho and De Brito, 

(2013a); Mercante et al., (2012); Montero, (2010); Weighon, (2004)], and even relevant differences can 

be found in companies already operating. The choice of the best techniques and the process diagram is 

challenging and depends on technical, legal and economic aspects. In this study, two different schemes 

have been proposed as Type I and Type III recycling facilities, and are described in the following sections. 

- Type I recycling plant 

In this case, type I recycling plant is based on real recycling facilities currently operating in Cantabria 

(CIMAS, 2010), in Figure 3.49 the diagram flow of this recycling facility can be observed. This facility is 

defined as a low technological facility, with installed equipment similar to mobile plants. In C&DW 

recycling facility type I, the crushing unit (jaw crusher) is only used for large materials. In fact, the presence 

of large amounts of iron inside the panels in reinforced concrete makes the use of this machinery 

impractical for crushing, as the rubber conveyors might easily be damaged. For this reason, this recycling 

plant treats reinforced concrete manually, so it is not possible to recover all the materials contained in it 

(steel and concrete).  
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Figure 3.49. Flow diagram of Type I C&DW recycling plant 

 

A first classification is made at the discharge area, diverting contraries, large materials and reinforced 

concrete. Large materials are destined to crushing, and once the size is adequate, they are joined to the 

rest of the input. After that, a magnetic separation is applied to recover ferrous metals, and the separation 

of fines and all-in-one is developed by a rotating screen. In the coarse fraction, more classification steps 

are applied in order to divert low density materials, using an air sifter and a hand sorting cabinet. 

It should be noted that in this recycling facility all the waste entering the plant is treated without batches, 

mixed and segregated waste together, obtaining mixed ceramic aggregates with low quality. Taking into 

account the installed equipment and its performance previously defined, a mass balance approach is 

applied for the scenarios defined, in order to obtain the output of this recycling facility and its 

composition, the main results can be observed in Figure 3.50. 
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Figure 3.50. Mass balance for Type I C&DW recycling facility by scenarios defined 

 

SCENARIO 1 SCENARIO 2 

1A 

1B 2B 

2A 

Plastic (Film, PVC, other)  
529 Ton 

TYPE I 
RECYCLING 

PLANT 

Low density 
materials 
2,505 Ton 

Other waste 
1,636 Ton 

Mixed Petrous 

24,106 Ton 

Mixed C&DW 

14,563 Ton 

Segregated  
Petrous 

8,250 Ton 

Segregated  
No- Petrous 

927 Ton 

Gypsum 
49 Ton 

Wood/Timber pallet  
1,631 Ton 

Paper/cardboard 
270 Ton 
Recycled 

aggregates 
35,400 Ton 

Metals 
276 Ton 

Reinforced 
concrete blocks 

1.776 Ton 

Bituminous 
2,009 Ton 

Stones and soil 
1,702 Ton 

Glass 
62 Ton 

Mixed Petrous 
6,106 Ton 

TYPE I 
RECYCLING 

PLANT 

Low density 
materials 
994 Ton 

Other waste 
3,093 Ton 

Mixed C&DW 
5,334 Ton 

Segregated  
Petrous 

30,862 Ton 

Segregated  
No- Petrous 
5,250 Ton 

Gypsum 
89 Ton 

Wood/Timber pallet  
2,307 Ton 

Paper/cardboard 
270 Ton 
Recycled 

aggregates 
34,301 Ton 

Metals 
99 Ton 

Plastic (Film, PVC, other)  
813 Ton 

Reinforced 
concrete blocks 

1,776 Ton 

Bituminous 
2,009 Ton 

Stones and soil 
1,702 Ton 

Glass 
11 Ton 

Plastic (Film, PVC, other)  
506 Ton 

TYPE I 
RECYCLING 

PLANT 

Low density 
materials 
2,505 Ton 

Other waste 
1,636 Ton 

Mixed Petrous 
6,018 Ton 

Mixed C&DW 
32,982 Ton 

Segregated  
Petrous 

8,242 Ton 

Segregated  
No- Petrous 

927 Ton 

Gypsum 
49 Ton 

Wood/Timber pallet  
1,631 Ton 

Paper/cardboard 
270 Ton 
Recycled 

aggregates 
35,870 Ton 

Metals 
574 Ton 

Reinforced 
concrete blocks 

1,332 Ton 

Bituminous 
2,009 Ton 

Stones and soil 
1,702 Ton 

Glass 
84 Ton 

Plastic (Film, PVC, other)  
813 Ton 

TYPE I 
RECYCLING 

PLANT 

Low density 
materials 
994 Ton 

Other waste 
3,093 Ton 

Mixed Petrous 
1,503 Ton 

Mixed C&DW 
9,906 Ton 

Segregated  
Petrous 

30,819 Ton 

Segregated  
No- Petrous 
5,250 Ton 

Gypsum 
89 Ton 

Wood/Timber pallet  
2,307 Ton 

Paper/cardboard 
270 Ton 
Recycled 

aggregates 
35,400 Ton 

Metals 
139 Ton 

Reinforced 
concrete blocks 

1,332 Ton 

Bituminous 
2,009 Ton 

Stones and soil 
1,702 Ton 

Glass 
11 Ton 
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- Type III Recycling plant 

This recycling plant has advanced installed equipment, being focused on diverting contraries and 

obtaining high quality aggregates. Type III recycling plant process proposed in this study can be consulted 

in Figure 3.51, taking as a reference the diagram proposed by Coelho and De Brito, (2013a). 

 

Figure 3.51. Flow diagram of Type III C&DW recycling plant 
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Figure 3.52. Mass balance for Type III C&DW recycling facility by scenarios defined 

SCENARIO 1 SCENARIO 2 

1A 

1B 2B 

2A 

Low density 
materials 
2,095 Ton 

Other waste 
1,761 Ton 

Sludge 
1,680 Ton 

Gypsum and light 
material 
706 Ton 

Plastic (Film, PVC, other)  
623 Ton 

Mixed Petrous 

24,106 Ton 

Mixed C&DW 

14,563 Ton 

Segregated 
Petrous 

8,250 Ton 

Segregated  
No- Petrous 

927 Ton 

Gypsum 
51 Ton 

Wood/Timber pallet  
1,914 Ton 

Paper/cardboard 
333 Ton 

Concrete aggregates 
8,325 Ton 

Metals 
363 Ton 

Fines and all-in-one 
19,104 Ton 

Bituminous 
2,038 Ton 

Stones and soil 
1,702 Ton 

Glass 
62 Ton 

TYPE III 
RECYCLING PLANT 

Ceramic aggregates 
7,086 Ton 

Low density 
materials 
812 Ton 

Other waste 
3,114 Ton 

Sludge 
852 Ton 

Gypsum and light 
material 
193 Ton 

Plastic (Film, PVC, other)  
856 Ton 

Mixed Petrous 
6,106 Ton 

Mixed C&DW 
5,334 Ton 

Segregated 
Petrous 

30,862 Ton 

Segregated  
No- Petrous 
5,250 Ton 

Gypsum 
89 Ton 

Wood/Timber pallet  
2,451 Ton 

Paper/cardboard 
333 Ton 

Concrete aggregates 
4,351 Ton 

Metals 
186 Ton 

Fines and all-in-one 
19,348 Ton 

Bituminous 
2,038 Ton 

Stones and soil 
1,702 Ton 

Glass 
11 Ton 

TYPE III 
RECYCLING PLANT Ceramic aggregates 

11,126 Ton 

Low density 
materials 
2,095 Ton 

Other waste 
1,761 Ton 

Sludge 
3,444 Ton 

Gypsum and light 
material 

1,117 Ton 

Plastic (Film, PVC, other)  
623 Ton 

Mixed Petrous 
6,018 Ton 

Mixed C&DW 
32,982 Ton 

Segregated 
Petrous 

8,242 Ton 

Segregated  
No- Petrous 

927 Ton 

Gypsum 
51 Ton 

Wood/Timber pallet  
1,914 Ton 

Paper/cardboard 
333 Ton 

Concrete aggregates 
3,842 Ton 

Metals 
638 Ton 

Fines and all-in-one 
17,341 Ton 

Bituminous 
2,038 Ton 

Stones and soil 
1,702 Ton 

Glass 
62 Ton 

TYPE III 
RECYCLING PLANT Ceramic aggregates 

11,202 Ton 

Low density 
materials 
812 Ton 

Other waste 
3,114 Ton 

Sludge 
1,830 Ton 

Gypsum and light 
material 
265 Ton 

Plastic (Film, PVC, other)  
856 Ton 

Mixed Petrous 
1,503 Ton 

Mixed C&DW 
9,906 Ton 

Segregated 
Petrous 

30,819 Ton 

Segregated  
No- Petrous 
5,250 Ton 

Gypsum 
89 Ton 

Wood/Timber pallet  
2,451 Ton 

Paper/cardboard 
333 Ton 

Concrete aggregates 
2,964 Ton 

Metals 
204 Ton 

Fines and all-in-one 
18,366 Ton 

Bituminous 
2,038 Ton 

Stones and soil 
1,702 Ton 

Glass 
11 Ton 

TYPE III 
RECYCLING PLANT Ceramic aggregates 

12,442 Ton 
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The process proposed for a type III recycling facility consists of two previous steps for sorting large 

contraries, to finally crush the waste stream before subsequent treatment. Once the stream is crushed, 

more specific classification is used to separate metals, to finally separate this stream in two fractions: fines 

and all-in-one on one side and coarse fraction on the other. On one hand, fines and all-in-one fraction is 

cleaned in spirals in a wet classification in order to produce a high quality product, but generating a sludge 

output that should be properly treated. On the other hand, the coarse fraction is treated with wind sifting 

and two steps of wet classification, in order to remove contraries from the recycled aggregates. In fact, in 

these wet classification steps, the ceramic coarse fraction can be separated from concrete, and finally 

concrete is treated in specific conditions to eliminate gypsum, obtaining two different recycled 

aggregates: concrete and ceramic aggregates. Besides, this type of plant is based on different batches, 

segregated materials being treated separately from mixed ones, obtaining different types and qualities of 

recycled aggregates.  

Taking into account the installed equipment and its performance, a mass balance approach is applied for 

the scenarios defined, in order to obtain the output of this recycling facility and its composition, the main 

results can be observed in Figure 3.52. In this figure it can be observed that more waste streams are 

generated compared with type I recycling facility, such as sludge and gypsum and light material streams 

are produced due to wet classification. But these are produced in order to improve the quality of the 

recycled aggregates produced, giving the chance to use recycled aggregates obtained in upgrade 

applications.  

3.4.2. Definition of Alternatives  

Once the problem is defined, the next step is to propose evaluation alternatives. Given is a set of scenarios 

of input, based on two main situations, a low segregation at source scenario that reflects the current 

situation in Cantabria, and the second one in which segregation at source is encouraged as it is established 

in European legislation. In each one of these scenarios two sub-scenarios are defined to reflect influence 

among waste mixed with similar waste or waste mixed as mixed C&DW. Each scenario of inputs generates 

a different composition of the waste entering the recycling facility, and therefore a different output is 

obtained. This waste can be treated under two different schemes for a C&DW recycling facility, Type I 

defined as a simple scheme with low technology that coincides with current recycling facility processes of 

the region, and type III in which an upgrade is proposed based on high level technology installed in the 

process. Taking all this into account, the potential alternatives that can be proposed are summarized in 

Table 3.28.  

Table 3.28. Potential alternatives to be studied: Scenarios of input vs recycling facilities 

Scenarios of inputs 

Recycling facility 

Type I Type III 

Scenario 1 

Low segregation at source 

Scenario 1A Type I – 1A Type III – 1A 

Scenario 1B Type I – 1B Type III – 1B 

Scenario 2 

High segregation at source 

Scenario 2A Type I – 2A Type III – 2A 

Scenario 2B Type I – 2B Type III – 2B 

 

With all this information three different approaches can be analysed: first of all, all the alternatives 

obtained are studied at the same time in order to evaluate which is the best situation (scenario and 

recycling facility type); secondly, a comparison of scenarios of input for each recycling facility can be 

assessed to evaluate how them perform depending on the input; and finally a comparison among recycling 

facilities in each scenario is applied in order to analyse the best recycling facility for each input.  
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3.4.3. Criteria definition and calculation  

In order to define evaluation criteria, some previous studies that analyse a C&DW recycling facility from 

different points of view are also considered [Coelho and De Brito, (2013b); Srour et al, (2013); Mercante 

et al., (2012); Banias et al, (2010); Zhao W. et al., (2010); Tam, (2008a); Nunes et al., (2007); Huang W.-L. 

et al., (2002)]. But in most of the cases, evaluation is focused on an economic or environmental point of 

view, but technical or social criteria are not commonly included. Some of the most commonly used criteria 

are fixed and operational costs and potential benefits, in the case of economic aspects; and noise, 

emissions to air, water consumption or even impacts obtained from LCA as environmental criteria. Apart 

from this, a review developed by Ibáñez-Forés et al., (2014) of the assessment and selection criteria that 

are most often employed in the field of improving the sustainability of industrial systems is considered as 

a starting point.  

Based on this, taking into account specific characteristics of this waste and its treatment, and in 

conjunction with data obtained from the mass balance approach (waste treated by equipment, outputs 

generated, supplies required, etc.), nineteen criteria were defined and classified by economic, 

environmental, technical and social aspects, summarized in Table 3.29.  

Table 3.29. Criteria used to evaluate alternatives by aspect 

Aspect  Number Criteria Units 

Economic 

Criterion 1 Revenues from input of waste € 

Criterion 2 Fixed costs € 

Criterion 3 Operational and labour costs € 

Criterion 4 Revenues from selling recovered resources € 

Criterion 5 Landfill costs of rejected material € 

Environmental 

Criterion 6 Global Warming Potential (GWP) Teq CO2  

Criterion 7 Acidification Potential (AP) Teq SO2 

Criterion 8 Water consumption m3 

Criterion 9 Land requirement m3 

Criterion 10 Resources recovery % 

Social 

Criterion 11 Noise  Value  

Criterion 12 Neighbourhood annoyance Kg Pm10/ Year 

Criterion 13 Potential impact of atmospheric emissions to human health DALY  

Criterion 14 Number of employees Persons  

Technical 

Criterion 15 Quality of recycled aggregates  Value 

Criterion 16 Potential resources efficiency Euros/Ton 

Criterion 17 Maintenance requirements Euros/hour 

Criterion 18 Average lifetime Years 

Criterion 19 Technical maturity Value 

 

As it can be observed in Table 3.29, the economic criteria cover the equipment and labour costs, and the 

expenses and revenues obtained from management of its outputs streams. The environmental criteria 

cover aspects as important in a recycling facility of this type as water consumption, emissions derived 

from energy supplies, land requirement or resources recovery. The social criteria include noises, air 

emissions causing neighbourhood annoyance and impacts to human health, and potential job creation. 

And finally, the technical criteria included in the evaluation cover aspects such as quality of products, 

resource efficiency, maintenance requirements, estimated lifetime and technical maturity of the 

equipment. Calculation and more information about these evaluation criteria are included in the following 

sections, divided into economic, environmental, social and technical criteria. 
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3.4.3.1. Economic Criteria  

There are five economic criteria defined, involving the revenues from the input of waste into the plant, 

the equipment cost, operational and labour costs, revenues from selling products obtained and landfill 

cost derived from the rejected material. 

 

Criterion 1. Revenues from input of waste (€) 

Price for managing waste entering the recycling plant separated at source is cheaper than mixed waste, 

as it requires less processing steps. Prices applied in this case study are obtained from a survey on recycling 

plants actually settled in Cantabria, and can be observed in Table 3.30. As this criterion is only influenced 

by the characteristics of input waste, there is no difference between Type I and Type III recycling plants in 

the same scenario, but it gives useful information to compare scenarios. Mixed C&DW is considered to 

have a minimum of 10% of mixture with no-petrous fraction, being considered as mixed petrous if this 

percentage is lower. Prices for metals are not included, as these materials are sold directly by the waste 

producer, as previously stated. Value-added tax of 10% is included in the final price, and the final value 

obtained can be consulted in Table 3.30. 

Table 3.30. Criterion 1: Revenues obtained from input of waste by scenario 

Input Streams Price (€/Ton) 
Scenario 1 Scenario 2 

A (€) B (€) A (€) B (€) 

17 01 01 
Concrete 15.54 8,163 8,163 61,674 61,674 

Reinforced Concrete 56.84 21,635 21,635 61,299 61,299 

17 01 02 Bricks 15.54 42,854 42,854 242,841 242,841 

17 01 03 Tiles and ceramics 15.54 18,366 18,366 104,075 104,075 

17 02 01 Wood 31.9 9,309 9,309 52,751 52,751 

17 02 03 
Plastic (no film, no PVC) 43.84 2,543 2,543 14,408 14,408 

Plastic (PVC) 56.84 2,923 2,923 16,566 16,566 

17 03 02 Bituminous materials 15.54 26,453 26,453 26,453 26,453 

17 05 04 Stones and soil 15.54 26,453 26,453 26,453 26,453 

17 08 02  Gypsum-based  56.84 829 829 4,700 4,700 

17 06 04 Insulation materials 43.84 22,388 22,388 126,867 126,867 

17 09 04 Mixed C&DW  56.84 827,743 1,874,958 303,247 563,005 

17 01 07 Mixed Petrous 15.54 374,607 93,652 93,305 23,326 

TOTAL  1,384,268 2,150,527 1,134,640 1,324,419 

 Price with IVA (10%) 1,522,695 2,365,580 1,248,103 1,470,105 

 

 

Criterion 2. Fixed costs (€) 

This criterion consists of an evaluation of the fixed costs derived from equipment used in each recycling 

plant studied. For the sake of simplicity, installation costs are not included. To calculate this criterion, 

installed equipment needed in each recycling plant is identified, and can be observed in Figure 3.53. 
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Figure 3.53. Installed equipment needed in a C&DW recycling facility type I 
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Figure 3.54. Installed equipment needed in a C&DW recycling facility type III 
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Once the type and quantity of equipment needed in each plant is established, an approximated list of 

budget prices for each one is shown in Table 3.31.  

Table 3.31. Criterion 2: Equipment costs by type of recycling plant and total fixed costs 

  Type I Type III  

Equipment 
Approximate 

price (€) 
Nº CC (€) Nº CC (€) References 

Scales 18,082 1 18,082 1 18,082 
Average 

[Casado, (2010); Coelho and De Brito, 
(2013); BINAS, (2014)] 

Excavator 135,000 0 - 1 135,000 Coelho and De Brito, (2013a) 

Grab cane 46,200 0 - 1 46,200 Arregi, (2010) 

High quality grab cane 235,000 1 235,000 0 - 

Casado, (2010) 
Grab cane accessories 110,000 1 110,000 0 - 

Backhoe 53,000 1 53,000 0 - 

Hopper 31,260 1 31,260 1 31,260 

Vibrating screen 47,087 1 47,087 1 47,087 
Average 

[Casado, (2010); Arregi, (2010); Coelho 
and De Brito, (2013a); BINAS, (2014)] 

Jaw crusher 42,755 1 42,763 0 - Theoretical basis (eq. 2.) 

Over band magnet 20,000 1 20,000 1 20,000 Garbarino and Blengini, (2013) 

Rotating screen 112,000 1 112,000 0 - Arregi, (2010) 

Air sifter 34,710 1 34,710 1 34,710 Coelho and De Brito, (2013a) 

Hand sorting cabinet 53,850 1 53,850 1 53,850 

Casado, (2010) 
Conveyor apron 20,000 6 120,000 9 180,000 

Inclined conveyor 24,000 2 48,000 2 48,000 

Container 490 10 4,900 14 6,860 

Impact crusher 140,000 0 - 1 140,000 Arregi, (2010) 

Spiral 17,422 0 - 1 17,422 Coelho and De Brito, (2013a) 

Wet jig 402,500 0 - 1 402,500 Garbarino and Blengini, (2013) 

Eddy current 34,055 0 - 1 34,055 Coelho and De Brito, (2013a) 

TOTAL 29 930,651 37 1,215,026  

 

Large disparities can exist between prices listed and those actually charged to a specific buyer. One of the 

reasons is the potential discount offered by a manufacturer that will depend on such factors as the 

number of units ordered and how well the model is selling at that particular moment (Garbarino and 

Blengini, 2013). Apart from this, prices may change with time or economic conditions, for this reason 

these budget list prices should be considered as an approximation. 

It is often necessary to estimate the cost of a piece of equipment when cost data is not available for the 

particular size or capacity involved, for this reason predictions are made by using the six-tenths factor rule 

presented in equation 1 (Peters et al., 2003): 

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑒𝑞𝑢𝑖𝑝. 𝑎 = 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑞𝑢𝑖𝑝. 𝑏 × (
𝑐𝑎𝑝𝑎𝑐.𝑒𝑞𝑢𝑖𝑝.𝑎

𝑐𝑎𝑝𝑎𝑐.𝑒𝑞𝑢𝑖𝑝.𝑏
)
0.6

     (Eq. 1) 

For the specific case of jaw crushers, a specific equation for design is applied taking into account the 

potential flow treated by the crusher (w) (equation 2).  

𝐶𝑝 $ = 2300 × 𝑤0.89         (Eq. 2) 

Some prices are obtained from old sources, and as prices may have changed considerably with time due 

to changes in economic conditions, some method must be used for updating cost data applicable at a past 

date to costs that are representative of conditions at a later time. This can be done by cost indexes, being 
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defined as an index value for a given time showing the cost at that time relative to a certain base time, as 

can be shown in equation 3 (Peters et al., 2003): 

𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 = 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑐𝑜𝑠𝑡 (
𝑖𝑛𝑑𝑒𝑥 𝑣𝑎𝑙𝑢𝑒 𝑎𝑡 𝑝𝑟𝑒𝑠𝑒𝑛𝑡

𝑖𝑛𝑑𝑒𝑥 𝑣𝑎𝑙𝑢𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑐𝑜𝑠𝑡 𝑤𝑎𝑠 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑
)   (Eq. 3) 

The capital cost was then updated to December 2013 values using Chemical Engineering Plant Cost Index 

(CEPCI) of 567.6 (CEPCI, 2014).  

 

Criterion 3: Operational and labour cost (€) 

This criterion takes into account operational costs, such as maintenance and utilities consumption, and 

labour costs. Final values for this criterion are summarized in Table 3.32. 

Table 3.32. Criterion 3: Operational and labour costs by recycling facility and scenario 

  Type I Type III 

  
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 

Operational 
costs (€) 

Maintenance 47,298 51,143 39,834 43,679 66,219 73,192 54,824 61,798 

Diesel oil 
consumption 

37,202 37,486 30,203 30,259 24,266 24,449 20,535 20,570 

Water 
consumption 

66 67 66 66 19,101 17,092 16,431 15,783 

Energy 
consumption 

19,435 18,478 17,522 16,565 49,234 55,061 38,445 44,271 

Labour costs (€) 145,590 145,590 115,179 115,179 244,483 244,483 201,175 201,175 

Total (€) 249,592 252,765 202,804 205,748 403,303 414,278 331,410 343,597 

 

Maintenance is calculated applying an approximation proposed by (Peters et al., 2003), in which the 

maintenance cost is between 7-11% of capital cost of equipment, including wages and materials. In this 

study, maintenance costs are assumed to be 9% of capital cost for each equipment. Apart from this, it is 

considered that for recycling plants, 1780 working hours per year are established, as extracted from 

collective bargaining agreement in the waste sector in Spain (BOE, 2013). But the equipment is not 

operative full time, as waste input is put in storage till enough waste is accumulated and then introduced 

in the process. In fact, each equipment has different operative time, it depends on different aspects such 

as the characteristics of the waste input, flow diagram of the recycling plant, quantity of waste that should 

be treated by each equipment and its capacity. This is included by the use of operational factors, defined 

as a fraction of unity that represents time that each equipment is operative (Arregi, 2010). For example, 

a Jaw crusher is used in type I recycling facility only to crush the larger fraction, and for this reason has a 

small operational factor. But this is not the case of an impact crusher, that is used in recycling facility type 

III to crush all the waste stream and for this reason it has a higher operational factor. Another example 

could be the wet jig that is considered as expensive equipment, and for this reason only one piece of 

equipment is used for the two steps included in the flow diagram in recycling facility type III, having as a 

result a high operational factor. Differences among scenarios are also included, taking into account that 

in scenario 2, waste is more segregated and less classification is needed compared to scenario 1. Taking 

all this into account, the operational factor is used and can be consulted in Table 3.33.  

Given is the annual maintenance per equipment, and the operational factor that represents the fraction 

of time that each piece of equipment is operative, then annual cost maintenance per equipment is 
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calculated. The maintenance cost for each recycling plant is the sum of requirements per equipment, 

given as results data included in Table 3.32. 

Table 3.33. Operational factor by recycling facility and scenario 

Equipment 
TYPE I TYPE III 

Nº 1A 1B 2A 2B Nº 1A 1B 2A 2B 

Scales 1 0.5 0.5 0.5 0.5 1 0.5 0.5 0.5 0.5 

Excavator - - - - - 1 1.0 1.0 1.0 1.0 

Grab cane  - - - - - 1 0.6 0.8 0.4 0.6 

High quality grab cane 1 0.6 0.8 0.4 0.6 - - - - - 

Grab cane accessories  1 0.4 0.4 0.2 0.2 - - - - - 

Backhoe 1 1.0 1.0 1.0 1.0 - - - - - 

Vibrating screen 1 0.6 0.6 0.6 0.6 1 0.6 0.6 0.6 0.6 

Jaw crusher 1 0.4 0.3 0.2 0.1 - - - - - 

Over band magnet 1 0.6 0.6 0.6 0.6 1 0.6 0.6 0.6 0.6 

Rotating screen 1 0.6 0.6 0.6 0.6 - - - - - 

Air sifter 1 0.6 0.6 0.6 0.6 1 0.6 0.6 0.6 0.6 

Hand sorting cabinet 1 0.6 0.6 0.5 0.5 1 0.6 0.6 0.5 0.5 

Conveyor 6 0.6 0.6 0.6 0.6 9 0.6 0.6 0.6 0.6 

Inclined conveyor  2 0.6 0.6 0.6 0.6 2 0.6 0.6 0.6 0.6 

Impact crusher - - - - - 1 0.6 0.5 0.4 0.3 

Spiral - - - - - 1 0.5 0.6 0.3 0.4 

Wet jig - - - - - 1 0.6 0.8 0.4 0.6 

Eddy current - - - - - 1 0.6 0.6 0.6 0.6 

 

Utilities needed in a C&DW recycling plant are basically diesel oil, water and electric energy. Diesel oil is 

consumed by mobile equipment (backhoes, grab cane, among others) being directly related to the manual 

treatment of this waste, and therefore to the characteristics of the incoming waste to be treated. Apart 

from this, in a type I recycling plant reinforced concrete is treated manually, with grab cane accessories, 

and for this reason it is assumed that diesel oil consumption is slightly higher than in a type III recycling 

plant. A consumption for recycling facility type I of 0.43 and 0.62 l/tonne is estimated for segregated and 

mixed waste respectively, taking into account values used by Mercante et al., (2012). For the recycling 

facility type III, a smaller value is considered of 0.3 litres/tonne if the waste is segregated, and 0.4 

litres/tonne if mixed. Taking into account the price for diesel oil in Cantabria in October 2014, 1.33 €/L, 

final diesel oil costs can be calculated and are included in Table 3.32. 

In addition, water is also used in these recycling facilities, either for dust control or/and in wet 

classification equipment, such as spirals and wet jigging. In fact, Mercante et al., (2012) assumed that dust 

control consume 1 L/tonne of C&DW treated, but inclusion of measures to avoid excessive water 

consumption produces a recovering rate of 33% (Emmitt, 1996). In the case of wet classification, Schnellert 

and Mueller (2010) establish that for wet jigs 290 m3/h are needed to treat 120 ton/h of C&DW, with 

water losses with the product of 10%. In the case of spirals, Coelho and De Brito, (2013f) emphasized that 

solid mass within the water flux must be between 20 and 40%, with water recirculated using water pumps. 

In this system, water losses are also assumed to be 10%, as proposed for wet classifiers by Schnellert and 

Mueller, (2010). The quantity of waste to be treated by equipment is obtained from the mass balance 

developed, and therefore water consumption needed to refill the tank can be calculated. The water rate 

is extracted from a study developed by Spanish Association of Water Supply and Sanitation (AEAS) (AEAS-

AGA, 2013), in which an average value of 2.07 €/m3 is established for industrial use. Data for water 

consumption related costs can be observed in Table 3.32.  
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Finally, the last supply is electric energy consumption, calculated taking into account the operational 

factor and power required for each installed piece of equipment. The latter is estimated from data 

published by (Coelho and De Brito, 2013b) and an equipment company (HENAN, 2015). Once the total 

electric energy consumption of each recycling facility by scenario is calculated, an estimated value of 0.145 

€/Kwh consumed is used, and total cost derived is calculated and included in Table 3.32. 

Apart from operational costs, this criterion includes labour costs that depends on the type of recycling 

facility and the characteristics of the waste. As an example, when a mixed waste arrives at a recycling 

plant, it should be treated manually prior to be introduced into the process, this requires more employees 

the more mixed the waste is entering the plant. Apart from that, depending on the installed equipment 

in the recycling plant, the sorting process is more intensive if the waste is more mixed, and furthermore, 

more employees are needed. In Table 3.34 the number, qualification and annual salary of employees by 

recycling plant and scenario and the total estimated cost are included. The annual salary of employees is 

extracted from the collective bargaining agreement in the waste sector in Spain (BOE, 2013). 

 

Table 3.34. Number of employees and labour cost by scenario and type of recycling plant 

  Type I Type III 

Position 
Labour 
costs 

(€/yr.) 

Scenario 1 Scenario 2 Scenario 1 Scenario 2 

Nº € Nº € Nº € Nº € 

Non- specialized worker 12,897 5 64,485 4 51,588 8 103,176 6 77,382 

Equipment operator 14,229 2 28,458 2 28,458 5 71,146 5 71,146 

Local supervisor 17,514 1 17,514 0 - 2 35,029 1 17,514 

Office worker 12,897 1 12,897 1 12,897 1 12,897 1 12,897 

Assistant manager 22,235 1 22,235 1 22,235 1 22,235 1 22,235 

Total  145,590  115,178  244,483  201,175 

 

Criterion 4: Revenues from selling recovered resources (€) 

This criterion calculates the potential revenues from selling recovered resources by scenarios, including 

not only resources obtained as outputs of the process, but also material diverted initially and sold directly 

by the waste producer. First of all, the prices of each stream are established, but it should be noticed that 

prices may vary depending on the region and also depending on particular agreements between waste 

producers and waste managers/recyclers. Nearly all the prices are obtained directly from recycling plants 

operating in Cantabria, but in the case that there is not available data, prices used are estimated with data 

from other regions and/or prices of similar materials. In Table 3.35 the prices by recovered resources are 

included, considering the latter as products with an established market, as streams without market are 

destined to landfill. 

There is not available data for stones and soil, or bituminous materials, and the price is estimated based 

on prices of aggregates. In the case of timber pallets, prices available for recovered pallets from Europalet 

(2014) are used, this being an association specialised in producing and recovering pallets. From this source 

an estimated value of 20 € by pallet is extracted, assuming that each pallet weighs about 20 kg, the final 

value by tonne is obtained. 

Some other prices are obtained from recycling plants, such as plastic (PVC), plastic film or wood. It should 

be emphasized that wood is not profitable, despite being destined to material valorisation. There is not 

available data for recovered glass, for this reason this value is estimated based on price by volume of 
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natural glass used for construction (CYPE ingenieros, S.A., 2014), and using the density of glass (Saint 

Gobain, 2014), the price of natural glass by weight can be estimated. Based on this value, a lower price is 

estimated for recovered glass from C&DW.  

Table 3.35. Prices of recovered resources obtained from C&DW treatment 

Recovered Streams Prices (€/Ton) Source data 

Stones and soil 1 Estimated (Aggregates price) 

Bituminous 1 Estimated (Aggregates price) 

Timber pallets 1,000 Europalet, (2014) 

Wood -22 

Recycling plant Plastic (PVC) 50 

Plastic film 100 

Glass 1 
Estimated  

[CYPE ingenieros, S.A., (2014); Saint Gobain, (2014)] 

Cardboards 80 
Aspapel, (2014) 

Paper/Cardboard 61 

Metals 

Copper 4,930 

LME, (2014) 

Aluminium 1,403 

Lead 1,540 

Zinc 1,559 

Iron and steel 285 

Tin 16,890 

Mixed 400 Estimated (iron and steel price) 

Recycled aggregates Quality 
Prices 

(€/Ton) 
Source data 

Ceramic 
aggregates 

Coarse > 4 mm 

High 3 

Estimated 
[CEDEX, (2010); Recycling plant] 

Medium 2.5 

Low 2 

Fines and all-in-one < 4 
mm 

High 1 

Medium 1 

Low 1 

Concrete 
aggregates 

Coarse > 4 mm 

High 4.5 

Estimated 
(CEDEX, 2010) 

Medium 4 

Low 3.5 

Fines and all-in-one < 4 
mm 

3 

 
 

One of the streams with established market and available prices is recovered cardboard and paper, as a 

Spanish association for wood pulp, paper and cardboard producers, Aspapel (Aspapel, 2014), publish this 

information annually. Another stream with a well-established market is metals, for which the London 

Metal Exchange (LME), the world centre for industrial metal trading, publish monthly data used as a global 

reference price. These prices are obtained using three trading platforms and both the metal and 

investment communities use the LME as reference (LME, 2014). Prices for mixed metals are estimated 

based on a similar price to iron and steel, but considering that there can be other metals with a higher 

price contained.  

In the case of recycled aggregates, the final price is influenced by the presence or not of contraries, 

distribution particle size, and the type of aggregates produced. The classification of aggregates used is 

based on aggregates category proposed in the Spanish Guide of Recycled Aggregates from C&DW 

developed by the Spanish association of recyclers and waste managers of C&DW (GERD, 2012). Recycled 

aggregates can be defined as concrete aggregates (> 90% by weight of concrete), mixed aggregates 

(concrete content <90% and ceramic <30%) or ceramic aggregates (ceramic >70%). As ceramic materials 
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are a main fraction of this waste in Cantabria, it is assumed that the percentage of ceramic materials is 

always higher than 30%, with only two types of recycled aggregates produced, concrete and ceramic 

aggregates. Prices for recycled aggregates are obtained from recycling plants in Cantabria, which produce 

ceramic aggregates, and from data from other regions published by CEDEX, (2010), and can be observed 

in Table 3.35. 

Taking into account products obtained, and prices estimated, the revenues from selling recovered 

resources by recycling plant and scenario can be calculated and are included in Table 3.36. 

Table 3.36. Criterion 4: Revenues from selling recovered resources by recycling facility and scenario 

 Type I Type III 

 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 

Revenues (€) 952,558 912,855 1,166,004 1,158,321 1,027,920 978,413 1,234,997 1,223,780 

 

 

Criterion 5: Landfill costs of rejected material (€) 

This criterion takes into account the total cost derived from rejected material management, considering 

prices charged in Cantabria for waste destined to landfill. These prices are established based on potential 

recovery, as is the case of wood, gypsum and glass, which are potentially recyclable and charged at 35.07 

€/ton. If the waste is not recoverable the landfill fee depends on density, being 16.85 €/ton for high 

density materials, and 61.62 €/ton for low density materials. Based on this, this criterion is calculated and 

the final data can be observed in Table 3.37. 

Table 3.37. Criterion 5: Landfill costs of rejected material 

Streams 
Price 

(€/Ton) 

Type I Type III 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Gypsum 35.07 1,730 1,730 3,115 3,115 1,788 1,788 3,125 3,125 

Glass 35.07 2,175 2,175 384 384 2,175 2,175 384 384 

Other Plastic  61.62 26,842 26,842 41,775 41,775 16,906 16,906 27,470 27,470 

Reinforced concrete 
Blocks 

16.85 29,930 29,930 14,965 14,965 - - - - 

Other waste 61.62 100,837 100,837 190,561 190,561 108,502 108,502 191,914 191,914 

Low density 
materials 

61.62 154,345 154,345 61,221 61,221 129,119 129,119 50,024 50,024 

Sludge 16.85 - - - - 27,557 57,290 14,216 30,695 

Gypsum an light 
material 

61.62 - - - - 43,520 68,821 11,868 16,333 

TOTAL (€) 315,858 315,858 312,021 312,021 329,567 384,601 299,000 319,944 

 
 

3.4.3.2. Environmental Criteria  

There are five environmental criteria, including Global warming and acidification potential of emissions, 

effect of water consumption, land requirement of waste destined to landfill, and finally the percentage of 

resources recovered from C&DW. 
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Criterion 6: Global Warming Potential (GWP) (Teq CO2) 

The Global Warming Potential (GWP) is a useful metric for comparing the potential climate impact of 

emissions of different greenhouse gases (GHGs). This criterion takes into account CO2 emissions from 

energy consumption (diesel oil and electricity), this being previously calculated in criterion 3. It should be 

noted that fuel consumption produces emissions in situ, but electric energy consumption produces 

remote emissions, as these emissions are located in the place where this energy is generated.  

First, CO2 emissions of fuel consumption are calculated using the CO2 emission factors for diesel 

consumption included in the Spanish emissions inventory for 2012 (MAGRAMA, 2014). This inventory 

proposed a Lower Calorific Value (LCV) for gasoil of 42.4 GJ/ton, taking into account an average density 

for diesel of 850 kg/m3, and an emission factor of 73 teqCO2/TJ, emissions can be easily calculated. In 

addition, emissions derived from electric energy consumption are calculated taking into account demand 

coverage, which is the source that produces this energy (nuclear, coal, wind, among others). Data 

regarding demand coverage in Spain are periodically published by the sole transmission agent and 

operator of the Spanish electricity system (REE, 2014). Emission factors derived from kWh consumed are 

calculated annually by Spanish observatory of electricity (2014), and in the case of CO2 is 0.273 kg/kWh. 

Estimated emissions derived from energetic consumption are included in Table 3.38. 

Table 3.38. Criterion 6: Global warming potential  

  Type I Type III 

  
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 

Diesel 

Litres 27,993 28,206 22,726 22,768 18,258 18,396 15,451 15,478 

Teq 
CO2 

101,933,355 102,710,869 82,756,406 82,907,363 66,486,699 66,988,322 56,264,812 56,362,204 

Electric 
energy 

kwh 133,829 127,243 120,657 114,071 203,712 198,728 174,520 169,536 

Teq 
CO2 

36.54 34.74 32.94 31.14 55.61 54.25 47.64 46.28 

Total (Teq CO2) 101,933,391 102,710,904 82,756,438 82,907,395 66,486,755 66,988,376 56,264,859 56,362,250 

 

Criterion 7: Acidification potential (AP) (Teq SO2) 

This criterion takes into account the potential of certain released gases to form acid rain. Environmental 

Burden (EB) caused by the emission of a range of substances is calculated by adding up the weighted 

emission of each substance, with the potency factor. Emissions derived from electric energy consumption 

are not only related to CO2 emissions, but SO2 and NOx are also produced and depend on demand 

coverage, periodically published by the sole transmission agent and operator of the Spanish electricity 

system (REE, 2014). Emissions factors derived from kWh of electricity consumed are calculated annually 

by Spanish observatory of electricity (2014), and in the case of SO2 it is 0.654 g/kWh, and for the NOx it is 

0.438 g/kWh. To calculate the environmental burden of these gases, the potency factor for SO2 and NOx 

are 1 and 0.7 respectively [Craighill and Powell, (2003); IChemE, (2002)]. Final values of acidification 

potential can be observed in Table 3.39. 

Table 3.39. Criterion 7: Acidification potential 

 Type I Type III 

 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
SO2 (gr) 87,524 83,217 78,910 74,603 133,228 129,968 114,136 110,877 

NOX (gr) 58,617 55,733 52,848 49,963 89,226 87,043 76,440 74,257 

Teq SO2/y 0.129 0.122 0.116 0.110 0.196 0.191 0.168 0.163 
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Criterion 8: Water consumption (m3) 

Although water use is essential in all businesses and organisations, there are many hidden effects of 

excessive water consumption that should be avoided. For this reason, this criterion includes the water 

consumption in each plant used for required fugitive dust control programs and for some equipment. 

Water consumption is calculated in criterion 3 in order to estimate the operational costs of each recycling 

plant, and estimated litres consumed by dust control, wet jigs and spirals in each one can be consulted in 

Table 3.40. 

Table 3.40. Criterion 8: Water consumption  

  Type I Type III 

  
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Dust 

control 
m3 32.06 32.29 31.73 31.78 32.06 32.29 31.73 31.78 

Wet jigging m3 - - - - 6,078 5,106 4,878 4,564 

Spirals m3 - - - - 3,118 3,119 3,028 3,029 

TOTAL (m3) 32.06 32.29 31.73 31.78 9,228 8,257 7,938 7,624 

 

Criterion 9: Land requirement (m3) 

An obvious positive effect of C&DW recycling is the fact that it saves landfilling space. This can be 

calculated as potential saved space at landfill calculated by the volume of resources recovered from this 

waste. As this is the case of a study developed by FIR (2005) which states that one ton of recycled 

aggregates saves approximately 0.6 m3 of landfill space. But another method to quantify this is the other 

way around, calculating the volume of waste that is not properly recycled and for this reason destined to 

landfill. The latter is the method used to calculate this criterion, by converting the mass of C&DW destined 

to landfill into volume, using an average density for each stream [Coelho and De Brito, (2013e); ICCL, 

(2013); BOE, (2008b)]. Results obtained are included in Table 3.41. 

Table 3.41. Criterion 9: Land requirement  

 

Type I Type III 

Scenario 
1A 

Scenario 
1B 

Scenario 
2A 

Scenario 
2B 

Scenario 
1A 

Scenario 
1B 

Scenario 
2A 

Scenario 
2B 

Gypsum 70.5 70.5 126.9 126.9 72.8 72.8 127.3 127.3 

Glass 49.6 49.6 8.8 8.8 49.6 49.6 8.8 8.8 

Other Plastic 581 581 904 904 366 366 594 594 

Other waste 2,727 2,727 5,154 5,154 2,935 2,935 5,191 5,191 

Low density 
materials 

3,578 3,578 1,419 1,419 2,993 2,993 1,160 1,160 

Reinforced concrete 
Blocks 

711 711 355 355 - - - - 

Gypsum and light 
materials 

- - - - 1,009 1,596 275 379 

Sludge - - - - 1,363 2,833 703 1,518 

TOTAL (m3) 7,717 7,717 7,968 7,968 8,788 10,845 8,059 8,978 
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Criterion 10: Resources recovery (%) 

Finally, the last environmental criterion includes an attempt to calculate resources recovery obtained by 

recycling facility and scenario, including recovery by waste managers at source. This criterion is proposed 

to analyse whether the target of 70% recycling of C&DW by 2020 can be achieved with any of the recycling 

facilities schemes proposed, taking into consideration changes in the composition of waste with the 

current market available. 

This criterion is defined as percentage of resources that are recovered for valorisation from the total waste 

generated, and the results can be consulted in Table 3.42. In this criterion, low grade aggregates are 

considered as downcycling and for this reason not included in the resources recovery percentage, being 

considered as a loss of valuable materials. 

Table 3.42. Criterion 10: Resources recovery (%) 

  Type I Type III 

 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 

Resource recovery 
(%) 

45.37 45.33 47.36 47.35 79.75 55.59 87.49 81.85 

 
 

3.4.3.3. Social Criteria  

Apart from economic and environmental aspects, another important aspect is the social point of view. It 

is not easy to evaluate the implications to society about decisions in the industry, and less when taking 

into account that the problem here is to select between two different recycling facilities. An attempt is 

made based on aspects like noise generated, or the potential health impact related to the emissions of 

particulate matter, potential number of new jobs created, or the annoyance in the neighbourhood related 

to the recycling plant and the generation of particulate matter that affect the everyday life of the 

neighbours. 

 

Criterion 11: Noise (Value)  

Noise is an important aspect to consider for recycling plant owners, as it could lead to social criticism if it 

is not correctly softened. Taking into account that in this study the recycling facilities are not located, it is 

not possible to assess the propagation of noise, and for this reason the impact on the neighbourhood 

cannot be quantitatively calculated. Dealing with the same problem, Ibáñez-Forés et al., (2013) proposed 

a qualitative scoring method for noise evaluation, by analysing the influence of the application of BAT 

(Best Available Technologies) in the ceramic tiles industry. In this way, this criteria is proposed with the 

aim of evaluating the qualitative grade of noise of each recycling plant, based on the noise produced by 

installed equipment. To calculate it, each piece of equipment is classified as low, medium or high grade 

of noise, to finally give a mark to each grade. But in the case of crushing equipment, defined as equipment 

of very high noise production, the value is influenced by the waste quantity crushed. Apart from this, the 

equipment is operative for a certain amount of time per year, calculated with the operational factor of 

each plant defined previously in criterion 3, and therefore the potential level of noise generated by each 

recycling plant can be calculated (Table 3.43). 
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Table 3.43. Criterion 11: Noise potential  

 Type I Type III 

 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 

Noise 
potential 

18.3 18.3 16.2 16.2 22.3 22.5 19.4 19.7 

 

Criterion 12: Neighbourhood annoyance (Kg Pm10/ Year)  

In this criterion, the potential neighbourhood annoyance due to dust emissions is estimated, based on 

PM10 emissions that can be deposited in the nearby houses and cars in the street, or even inhaled by 

neighbours. The quantities generated depend on numerous technological factors (nature of the material, 

particle size, moisture content, sequence of operations, type of machinery used, etc.), as well as on 

meteorological factors, but the simplest way of estimating diffuse emissions is by means of emission 

factors (Monfort et. al., 2011). For the sake of simplicity, factor emissions are applied based on the 

quantity of waste treated, potential emission focus being identified in each recycling plant. Data regarding 

PM10 factor emissions is obtained from the Prevention guide of diffuse emission of particles (CAPV, 2012), 

classified by the equipment used with powdered materials, such as screens or conveyors. But to calculate 

emissions derived from crushing, data from Technical Guidance for Rock Crushing Plants (TCEQ, 2002) is 

used. 

Some assumptions were made as not all the focus producing PM10 emissions were included in these 

studies, and therefore the emission factor was estimated based on similar equipment. Apart from that, it 

should be noted that for a type III recycling plant, the material is destined to crusher directly, for this 

reason, it is assumed that smaller particles are formed in a type III recycling facility than in type I, where 

crusher is only used for larger pieces. The final results can be observed in Table 3.44. 

Table 3.44. Criterion 12: Neighbourhood annoyance by PM10 Emissions  

 Type I Type III 

 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
PM 10 Emissions 

(kg/yr.) 
1,837 1,842 1,757 1,758 3,187 3,218 3,008 3,010 

 

 

Criterion 13: Potential impact of atmospheric emissions to human health (DALY) 

Particulate matter is a key indicator of air pollution brought into the air and as it can be suspended over 

long time and travel over long distances in the atmosphere, it can cause a wide range of diseases that lead 

to a significant reduction of human life. In fact, numerous studies have demonstrated the link between 

particle levels and increased hospital admissions and emergency room visits (Santurtún Zarrabeitia, 2014), 

and even with death from heart or lung diseases (Ki-Hyun et al., 2015).  

However, it is important to emphasize that measures can be applied to reduce dust generation such as 

enclosure of screening units, crushers and conveyors hand-over points, reduction of drop heights for 

dumping, or water spraying. In this study it is understood that water spraying for suppression of 

particulate matter in air is applied, but no further measures are taken.  

First of all, to estimate human health impacts associated with a specific source, equation 4 is used 

(Humbert et al., 2011): 

𝐼𝑚𝑝𝑎𝑐𝑡𝑠 = 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 × 𝐼𝑛𝑡𝑎𝑘𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 × 𝑇𝑜𝑥𝑖𝑐𝑖𝑡𝑦      (Eq. 4) 
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Where units are mass or mass per time (emissions), mass inhaled per mass emitted (intake fraction), and 

health impact per mass inhaled (toxicity).  

To calculate emissions to air (mass per volume), based on incremental exposure concentration 

attributable to PM 2.5 emissions, the box model was applied. The box model is the simplest of the 

atmospheric model types. It assumes that the airshed is in the shape of a box, air pollutants inside the box 

are homogeneously distributed and based on this, average pollutant concentrations anywhere within the 

airshed can be estimated. This model is expressed in the following equations (Bueno et al., 1997): 

𝑄 = 𝑋 × 𝐿 × 𝐻 × √𝑆         (Eq. 5) 

𝐿 = 365 × 86400 × 𝑢         (Eq. 6) 

Where Q (gr) is the annual emission total, X (g/m3) is the concentration of the pollutant in the air, L (m) is 

the distance covered by the wind in one year, calculated with equation 6 being u (m/sg) the wind speed. 

H (m) is the average height of the mixing layer, S (m2) is the surface of area covered in this analysis. 

In addition, to calculate intake fraction, a model presented by Humbert et al., (2011) is applied, in which 

the intra-urban intake fraction (iF) of a pollutant emitted in an urban area is approximated in a box model 

as: 

𝑖𝐹𝑖,𝑖𝑛𝑡𝑟𝑎−𝑢𝑟𝑏𝑎𝑛 = 
𝑎×𝐵𝑅×𝑁𝑖

𝑢𝑖×𝐻𝑖×𝑊𝑖
=  

𝑎×𝐵𝑅

𝑢𝑖×𝐻𝑖
× 𝑑𝑖 × 𝐿𝑖  , 𝑤𝑖𝑡ℎ 𝑑𝑖 = 

𝑁𝑖

𝐿𝑖×𝑊𝑖
    (Eq. 7) 

Where N (persons) is the number of persons in the urban area; BR (m3 person-1 day-1) is the average 

breathing rate; a (unitless number) is the correction factor to account for the fact that (i) a pollutant can 

be emitted anywhere in the urban area and not only along the up-wind periphery, and (ii) the air that left 

the urban area can return with some of the pollutant; u (m day-1) and H (m) are the dominant wind speed 

and mixing height of the urban area; L (m) is the length of the urban area (measured in the direction of 

the dominant wind); W (m) is the width of the urban area (assumed to be a square L=W); and d (persons 

m-2) is the population density of the urban area. This equation assumes that deposition and degradation 

rates within the urban area are negligible relative to advection out of the area (Humbert et al., 2011). 

Finally, to calculate toxicity, the DALY (Disability adjusted life years) weighting is used, this being an 

aggregation of Mortality (reduced life time expectancy measured in terms of years of life lost) and 

Morbidity (disease produced measured by year equivalent lost due to morbidity) (Preiss and Roos, 2013). 

In Table 3.45 the parameters used to calculate this criterion are included. 

 

Table 3.45. Parameters used in the model 

Parameter Description Value Reference 

S (km2) Surface of area covered 367.27 ICANE, (2015) 

N (persons) Number of persons in the urban area 288,832 ICANE, (2015) 

BR (m3 person-1 day-1) Average breathing rate 13 Humbert et al., (2011) 

a (unitless) Correction factor 0.75 Humbert et al., (2011) 

u (m day-1) Dominant wind speed 429,600 AEMET, (2014) 

H (m) Mixing height 200 Ordieres Meré et al., (2003) 

L (if) (m) Length of the urban area 500 Estimated 

DALY/kg in (PM 2,5) 
Average value of DALY/kg inhaled of 

PM2.5 in Europe 
158.94 Preiss and Roos, (2013) 
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Apart from these parameters, an annual emission total of PM 2.5 has to be calculated by the same method 

as PM 10 calculation in criteria 12, with emission factors obtained from the Prevention guide of diffuse 

emission of particles (CAPV, 2012), and for the crushers, the Technical Guidance for Rock Crushing Plants 

(TCEQ, 2002) is used. Finally, toxicity related to PM2.5 emissions in each recycling plant can be calculated 

and is included in Table 3.46. 

Table 3.46. Criterion 13: Impact of PM 2.5 emissions to human health (DALY)  

 Type I Type III 

 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 

Q PM2.5 (gr) 1.37E+04 1.37E+04 1.36E+04 1.36E+04 7.71E+03 9.77E+03 7.52E+03 7.48E+03 

X PM2.5 (gr/m3) 2.28E-11 2.28E-11 2.26E-11 2.26E-11 1.28E-11 1.62E-11 1.25E-11 1.25E-11 

DALY PM2.5 2.37E-07 2.38E-07 2.36E-07 2.36E-07 1.34E-07 1.69E-07 1.30E-07 1.30E-07 

 

 

Criterion 14: Number of employees (Persons) 

A new recycling facility in a region will create new workplaces, apart from being a boost for the economy 

in the region where this recycling facility is settled. In fact, Bollinger and Pictet (2008), used this criterion 

to evaluate social and political acceptability in its analysis for treatment and landfilling technologies for 

waste incineration residues. Besides, it is a widely used social criterion for the assessment and selection 

of sustainable technological alternatives (Ibáñez-Forés et al., 2014). This criterion is included as a positive 

social aspect to take into account in the evaluation. In this case, different equipment is installed in each 

recycling facility, and for this reason more or less employment is generated, with different positions based 

on skills needed to manage the equipment. The number of employees is calculated in criterion 3 in order 

to estimate labour costs, and can be observed in Table 3.47 by recycling plant and scenario. 

Table 3.47. Criterion 14: Number of employees  

 Type I recycling plant Type III recycling plant 

 Scenario 1 Scenario 2 Scenario 1 Scenario 2 

Position Nº Nº Nº Nº 

Non- specialized worker 5 4 8 6 

Equipment operator 2 2 5 5 

Local supervisor 1 0 2 1 

Office worker 1 1 1 1 

Assistant manager 1 1 1 1 

TOTAL (persons) 10 8 17 14 

 
 

3.4.3.4. Technical criteria  

As one of the main aims of this study is the comparison of two recycling plants, apart from environmental, 

social and economic aspects, technical criteria are included in the final decision. In this section, quality of 

recycled aggregates, resource efficiency based on euros generated by tonnes treated, maintenance 

requirements of each recycling plant and lifetime of installed equipment are presented.  
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Criterion 15: Quality of recycled aggregates (Value) 

A technical aspect to take into account is the quality of recycled aggregates obtained in the recycling 

facilities depending on different input defined by scenarios. This criterion can be calculated from the mass 

balance developed, as contraries that are not separated ended up in the recycled aggregates, 

deteriorating their potential quality. This was emphasized in the Specifications of recycled aggregates to 

be used in Structural Concrete, presented in the Code EHE (BOE, 2008b). In this code a specific focus is 

given to gypsum, contraries and bituminous content in recycled aggregates, establishing that aggregates 

used as structural concrete should contain less than 5% of Gypsum, 5% of Bituminous, and 1% of 

contraries. These are the values proposed for structural concrete, but the contraries content limit 

depends on its application. For example, in roadbed application to guarantee stability and functionality of 

the work unit to be built, the gypsum content should be limited depending on concentrations of soluble 

salts and sulphite, as it was concluded in the study developed in Spain by Vegas et al. (2008). In fact, a 

limit of less than 0.2% of gypsum was proposed in the Spanish guide for recycled aggregates in which 

gypsum content and sulphite were established as the most important issues, this limit being only fulfilled 

by 43% of the recycling plants studied (GERD, 2012). Taking this into account, this criterion is calculated 

using two types of marks, one is given based on the quantity of each quality of recycled aggregates 

produced, and the second is based on the content of produced aggregates, the values given can be 

consulted in Table 3.48.  

Table 3.48. Punctuation given to evaluate quality of recycled aggregates 

Punctuation based on quantity Punctuation based on content 

Low quality aggregates 1 Bituminous content < 5% 1 

Medium quality aggregates 3 Gypsum content < 5% 2 

High quality aggregates 5 Contraries content < 1% 3 

 

The final value is obtained by the addition of these two marks, where a bigger value represents more 

aggregates obtained with a higher quality. The first mark consists of a weighted addition based on the 

mass percentage produced of each type of recycled aggregates and its quality-related mark. The second 

depends on the accomplishment of content restrictions defined, a final value being obtained based on a 

weighted addition. It should be noticed that by definition, the aggregates obtained in each recycling plant 

are different, as in Type I only ceramic aggregates are obtained, and in Type III ceramic and concrete 

aggregates are produced, with only the coarse fraction included in this criterion. The final results are 

obtained and can be consulted in Table 3.49. 

Table 3.49. Criterion 15: Quality of recycled aggregates  

 TYPE I TYPE III 

Punctuation  
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 

Quantity 1 1 1 1 2.84 1.89 4.38 4.14 

Content 3 3 3 3 5.19 4.81 5.81 5.56 

TOTAL 4 4 4 4 8.03 6.70 10.19 9.70 

  

Criterion 16: Potential resources efficiency (Euros/Ton) 

Another important technical aspect for recycling facilities is the potential resource efficiency, defined as 

benefits obtained by waste treated in the recycling facility. This method allows the comparison of 

efficiency on recovering resources by recycling facility, including an assumption in which all the waste 
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recovered has an established market. For example, potential benefits obtained from selling gypsum 

recovered are included, but actually it is destined to landfill due to a lack of an established market. In this 

way, this criterion evaluates the potential benefit obtained if all the resources obtained had an established 

market and could be sold, instead of a downcycling option or even landfill. The results obtained can be 

consulted in Table 3.50. 

Table 3.50. Criterion 16: Potential resource efficiency (Euros/Ton) 

  Type I Type III 

  

Scenario 
1A 

Scenario 
1B 

Scenario 
2A 

Scenario 
2B 

Scenario 
1A 

Scenario 
1B 

Scenario 
2A 

Scenario 
2B 

Resources 
efficiency 

(Euros/Ton) 
12.79 14.74 11.22 11.60 14.37 16.10 12.67 12.98 

 

 

Criterion 17: Maintenance requirements (Euros/hour) 

This criterion considers the requirements for maintenance, including the frequency and complexity 

involved as well as the related staff skills and training needed, as was proposed by Ibáñez-Forés (2013). In 

this criterion, maintenance requirements are calculated based on the cost of maintenance by recycling 

plant, estimated in criterion 3. Taking into account operating hours per year, the price per hour of 

maintenance of each recycling facility is obtained (Table 3.51). 

Table 3.51. Criterion 17: Maintenance requirements (Euros/hour) 

 Type I Type II 

 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Maintenance requirement 

(Euros/hour) 
26.57 28.73 22.38 24.54 37.20 41.12 30.80 34.72 

 

Criterion 18: Average Lifetime (Years) 

This criterion evaluates the average lifetime of each recycling facility, based on lifetime estimation of each 

piece of installed equipment. This criterion is an approximation of how much time will pass before the 

replacement of equipment in the recycling facility. This criterion has been used in the assessment and 

selection of technologies in varied fields, as it can be concluded from the review developed by Ibáñez-

Forés (2014). To calculate this criterion, estimated lifetime values for equipment are obtained from Coelho 

and De Brito (2013b), and some values are estimated based on similar equipment. From this data, average 

years of lifetime are calculated based on the premise that equipment is not being used all the time, and 

operational factors previously defined are used to include effective hours in which the equipment is 

operating. An average lifetime is calculated for each recycling facility and the results obtained are included 

in Table 3.52. 

Table 3.52. Criterion 18: Average lifetime of each recycling plant (Years) 

 TYPE I TYPE III 

 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Scenario 

1A 
Scenario 

1B 
Scenario 

2A 
Scenario 

2B 
Lifetime 
(years) 

31.94 31.94 40.42 43.19 28.06 27.50 33.06 32.01 
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Criterion 19: Technical maturity (Value) 

Finally, this criterion includes an aspect as important as the technical maturity of each piece of equipment, 

being considered as one of the criteria that are most often employed in the field of improving the 

sustainability of industrial systems (Ibañez-Forés et al., 2014). The aim of this criterion is to give an 

approximation of robustness of each piece of equipment used in each recycling plant for this 

function/process. As some equipment may be robust in other applications, but not implemented in this 

type of recycling plant, only being tested in laboratory or in pilot plants. Due to the difficulty in measuring 

this indicator quantitatively, a qualitative scoring method was proposed by Ibañez-Forés et al., (2013) in 

which a range from 1 for no knowledge/application to 4 for high levels of knowledge and wide-spread 

application in industry was proposed. Taking this into account, a qualitative scoring is given to the 

equipment depending on its grade of consolidation, the following mark is given: 1 Point - Technologies 

that are only tested in laboratory; 2 Points - Technologies that are only performed in pilot plants, where 

the demonstrative goal is linked to the experimental one, referring to the operating and technical 

conditions; 3 Points - Consolidated technologies. Each piece of equipment has a mark, and an average 

value by recycling plant is calculated. The final result for each recycling plant can be observed in Table 

3.53. 

Table 3.53. Criterion 19: Technical Maturity (TM)  

   Type I Recycling plant Type III Recycling plant 

 
Equipment 

TM 
Value  

Quantity TM Value  Quantity TM Value  

Crushing 
Jaw crusher 3 1 3 0 0 

Impact crusher 3 0 0 1 3 

Metals  
separation 

Eddy current 2 0 0 1 2 

Over band magnet 3 1 3 1 3 

Screen 
Vibrating screen 3 1 3 1 3 

Rotating screen 3 1 3 0 0 

Wind sifting Air sifter 3 1 3 1 3 

Wet separation 
Spiral 2 0 0 1 2 

Wet jig 1 0 0 1 1 

 TOTAL  5 15 7 17 

Technical Maturity (Value) 3.0  2.4 

Once all the criteria is defined and calculated, an impact matrix including values of the criteria for each 

alternative is developed and can be consulted in Table 3.54. As it can be observed from the results, some 

criteria are not influenced by scenarios of inputs, not being useful to compare scenarios in a recycling 

facility, such as criteria: C2-Equipment costs, C15- Quality of recycled aggregates and C19-Technical 

maturity. Apart from this, criterion C1 – Revenues from input of waste only varies with scenarios, and it 

is not useful for comparing recycling facilities in a specific scenario.  

Besides, it is quite clear that in some criteria, as all those related to costs, recycling facility type I obtains 

a better mark than type III, due to the fact that simple equipment is installed and less supplies are needed. 

But revenues for a recycling facility type III are also higher regarding recovered resources sold, both 

recycling facilities having the same income from input of waste. Regarding environmental criteria, water 

consumption and land requirement is higher for recycling facility type III, but the percentage of resources 

recovery is also higher. Social criteria shows that estimated noise and neighbourhood annoyance due to 

PM10 emissions is estimated to be higher in a recycling facility type III, but will produce more jobs and 

less potential health impact due to PM2.5 emissions. Technical criteria shows that the quality of recycled 

aggregates in a recycling facility type III is higher, potential resource efficiency is also higher, but less 

lifetime is estimated, less technical maturity is assumed and higher maintenance requirements are 

assumed. For all this, an MCA evaluation is proposed to obtain a compromise solution among criteria. 
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Table 3.54. Impact matrix obtained for each recycling plant and criteria proposed 

ASPECT CRITERIA 
TYPE I TYPE III 

SCENARIO 1A SCENARIO 1B SCENARIO 2A SCENARIO 2B SCENARIO 1A SCENARIO 1B SCENARIO 2A SCENARIO 2B 

Economic 

Criterion 1 Revenues from input of waste (€) 1,522,695 2,365,580 1,248,103 1,456,861 1,522,695 2,365,580 1,248,103 1,456,861 

Criterion 2 Fixed costs (€) 930,651 930,651 930,651 930,651 1,215,026 1,215,026 1,215,026 1,215,026 

Criterion 3 Operational and labour costs (€) 249,592 252,765 202,804 205,748 403,303 414,278 331,410 343,597 

Criterion 4 Revenues from selling recovered resources (€) 952,558 912,855 1,166,004 1,158,321 1,027,920 978,413 1,234,997 1,223,780 

Criterion 5 Landfill costs of rejected material (€) 315,858 315,858 312,021 312,021 329,567 384,601 299,000 319,944 

Environmental 

Criterion 6 Global Warming Potential (Teq CO2) 101,933,391 102,710,904 82,756,438 82,907,395 66,486,755 66,988,376 56,264,859 56,362,250 

Criterion 7 Acidification Potential (Teq SO2) 0.129 0.122 0.116 0.110 0.196 0.191 0.168 0.163 

Criterion 8 Water consumption (m3) 32.06 32.29 31.73 31.78 9,228 8,257 7,938 7,624 

Criterion 9 Land requirement (m3) 7,717 7,717 7,968 7,968 8,788 10,845 8,059 8,978 

Criterion 10 Resources recovery (%) 45.37 45.33 47.36 47.35 79.75 55.59 87.49 81.85 

Social 

Criterion 11 Noise (Value) 18.33 18.32 16.20 16.20 22.30 22.47 19.39 19.67 

Criterion 12 Neighbourhood annoyance (Kg Pm10/ Year) 1,837 1,842 1,757 1,758 3,187 3,218 3,008 3,010 

Criterion 13 
Potential impact of atmospheric emissions to 

human health (DALY) 
2.37E-07 2.38E-07 2.36E-07 2.36E-07 1.34E-07 1.69E-07 1.30E-07 1.30E-07 

Criterion 14 Number of employees (Persons) 10.00 10.00 8.00 8.00 17.00 17.00 14.00 14.00 

Technical 

Criterion 15 Quality of recycled aggregates (Value) 4.00 4.00 4.00 4.00 8.03 6.70 10.19 9.70 

Criterion 16 Potential resources efficiency (Euros/ton) 12.79 14.74 11.22 11.60 14.37 16.10 12.67 12.98 

Criterion 17 Maintenance requirements (Euros/hour) 26.57 28.73 22.38 24.54 37.20 41.12 30.80 34.72 

Criterion 18 Average lifetime (Years) 31.94 31.94 40.42 43.19 28.06 27.50 33.06 32.01 

Criterion 19 Technical maturity (Value) 3.00 3.00 3.00 3.00 2.43 2.43 2.43 2.43 
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3.4.4. Results and discussion 

This impact matrix is introduced in the Definite 3.0 software, and MCA rankings of scenarios were 

calculated using methods Weighted Summation, Evamix, Electre II and Regime. In order to evaluate the 

influence of criteria weights in the final decision, a set of quantitative scenarios of weights is developed. 

These scenarios of weights are defined by modifying the importance given to each aspect defined 

(Economic, environmental, social and technical), and therefore to criteria defined in each aspect. Sets of 

weights proposed for Weighted Summation, Evamix and Electre II methods can be consulted in Table 3.55.  

Table 3.55. Set of scenarios of weight proposed to evaluate alternatives 

Set of scenarios Definition 
Scenario of Weights 0 By criteria: All the criteria have the same weight 

Scenario of Weights 1 By aspect: All the aspects have the same weight 

Scenario of Weights 2 By aspect: 50% Economic – 50% the rest 

Scenario of Weights 3 By aspect: 50% Environmental – 50% the rest 

Scenario of Weights 4 By aspect: 50% Social – 50% the rest 

Scenario of Weights 5 By aspect: 50% Technical – 50% the rest 

In the case of application of the Regime method, only a qualitative set of weights can be applied and for 

this reason different sets of scenarios are defined. This set is formed by five scenarios of weights: 

“Scenario A” in which all the criteria have the same weight, “Scenario B” in which economic criteria are 

more important than the rest, “Scenario C” in which environmental criteria are more important than the 

rest, “Scenario D” in which social criteria are more important than the rest, and finally, “Scenario E” in 

which technical criteria are more important than the others.  

 

 All alternatives 

Firstly, an analysis of all alternatives is assessed, in order to obtain the best situation in Cantabria, and the 

results of this approach using Weighted Summation, Evamix and Electre II can be consulted in Figure 3.55. 

In Figure 3.55, it can be observed that in most cases the best option for this case study is a recycling facility 

type I in scenario 2B, defined as highly segregated at source where the petrous fraction is mainly mixed 

with mixed C&DW. But in the scenario of weights 3 and 4, where environmental and social criteria are 

more important than the others respectively, weighted summation gives the first position to scenario 2A 

and 2B in a recycling facility type I. In fact, in the case of Electre II results, both options are ranked in the 

same position in all scenarios of weights except for scenario of weights 3, where the environmental aspect 

is more important, in which the best option is scenario 2A. In all cases, the best solution is any of the sub-

scenarios defined in scenario 2, a high segregation at source scenario, which means that more valuable 

resources can be sold directly to a waste manager, and less waste has to be treated in the recycling facility. 

This entails less air emissions, noise, maintenance, operational and labour costs, and supply consumption 

but this also leads to less revenues from input of waste. On the other hand, recycling facility type I is the 

preferred option compared to recycling facility type III. This may be due to the fact that the latter has 

more fixed and operational costs, less average lifetime, less technical maturity, even despite producing 

recycled aggregates with more quality, or creating more jobs than recycling facility type I.  
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Figure 3.55. Results obtained when evaluating all alternatives with Weighted Summation, Evamix and Electre II
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With all the alternatives and criteria defined, it is a difficult task to extract more conclusions from the 

previous results, for this reason two specific approaches are proposed in which a comparison of each 

recycling facility performance in all scenarios is applied first, and finally a comparison of recycling facilities 

performance by scenario is applied.  

 

 Analysis of recycling facility Type I 

The results obtained for the first approach can be consulted in Figure 3.56 for Type I and in Figure 3.59 

for Type III. Some criteria are not influenced by scenarios of inputs, they are not useful to compare 

scenarios in a recycling facility and for this reason not included in the evaluation (criteria: C2-Equipment 

costs, C15- Quality of recycled aggregates and C19-Technical maturity).   

 
Figure 3.56. Scenarios comparison in a recycling facility Type I 

In Figure 3.56, it can be observed that in a recycling facility Type I, the best option is the scenario 2B for 

weighted summation and Evamix, in all scenarios of the weights studied. But for Electre II the best option 

is not clear, in some cases more than one alternative is ranked as the first, mainly scenario 2B, 2A or even 

1B. In fact, with all the methods applied, the worst alternative is always scenario 1A, in which the waste 

is mainly mixed at source (85%), with similar waste.  

A sensitivity analysis comparing the ranking obtained in each scenario of weights is included in Figure 

3.57, in which results obtained with weighted summation (WS), Evamix (EV), Electre II (E2) and Regime 

(REG) are included. As in Regime, only qualitative weights can be established, specific sets of scenarios 

were defined as explained previously. 
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Figure 3.57. Sensitivity analysis of results obtained for recycling facility Type I 

The preferred option in all cases is considered to be scenario 2B when weighted summation, Evamix, and 

Regime are applied. But this is not obtained for all the methods, as Electre II gives as the best solution 

scenario 2A, or even in the case of more importance to social criteria, three scenarios are ranked in the 

same position. The results obtained consider that scenarios 2A and 2B are better for a recycling facility 

type I, being defined as high segregation at source, which means that waste entering the recycling facility 

is mainly segregated. This leads to lower revenues from input of this waste into the recycling facility, but 

higher revenues from selling products and lower separation steps needed, giving as a result lower supply 

consumption and labour costs. As the classification equipment is treating less quantity of waste, less 

maintenance will be needed and less noise and emissions to air will be produced. Taking all this into 

account, it is clear that for a recycling facility type I a scenario of high segregation is preferable to a lower 

segregation. But not all the criteria are benefitted by a high segregation at source scenario in a recycling 

facility type I, as is the case of criteria: C1 – Revenues from input of waste, C9 - Land requirement, C14 - 

Number of employees, and C16- Potential resources efficiency. As waste is more segregated, valuable 

resources contained in this waste are obtained at source and directly sold, and non-valuable waste arrives 

at the recycling facility segregated and for this reason, with a lower input fee. In the case of criterion C9 - 

Land requirement, more recovery of contraries is obtained, such as gypsum, other plastic or other waste, 

and for this reason more waste is destined to landfill as there is not a market available for these streams. 

Apart from this, as waste arrives more segregated, more recovery of reinforced concrete is achieved, but 

this is not beneficial at all in this recycling facility as it has to be treated manually. This means that not all 

the concrete and steel contained can be recovered, generating blocks of reinforced concrete that should 

be managed. 

In order to evaluate changes in the results based on uncertainty included in the criteria developed, an 

uncertainty analysis is applied to a scenario of equal weights for the results obtained in Weighted 

summation, Evamix and Electre II, and can be observed in Figure 3.58. 
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Figure 3.58. Uncertainty analysis of results obtained when applying weighted summation, Evamix, and Electre II for 

recycling facility type I  

The size of the circles in the figure is proportional to the probability that each alternative occupies a 

certain position in the rank order. It can be observed in the figure that for Weighted summation and 

Evamix the main circles in the diagonal are big enough to conclude the robustness of the results obtained, 

with the preferred option as scenario 2B even with an uncertainty of 75%. In Results obtained in Electre 

II, the preferred option is scenario 2A, even when high uncertainty is applied, but the ranking is not as 

robust as that obtained for the other methods.  

 

 Analysis of recycling facility Type III 

In order to analyse the recycling facility type III, a similar analysis was applied and the results obtained 

can be observed in Figure 3.59.  



CHAPTER 3. RESULTS AND DISCUSSION                                   3.4. Assessment of C&DW recycling facilities performance 

 

- 190 - 

 

Figure 3.59. Scenarios comparison in a recycling facility Type III 

In the case of recycling facility type III, the best option is the scenario 2A for all the methods applied, in all 

scenarios of weights studied. This is a high segregated scenario, with waste mixed mainly with similar 

waste. The second option in all cases is scenario 2B, a high segregated scenario in which the waste is 

mixed mainly in mixed C&DW.  

In a recycling facility type III specific steps to eliminate contraries are included, generating more rejected 

material destined to landfill if more mixed C&DW is treated. This is not the case of a recycling facility type 

I, in which all the contraries not separated in the process ended as contents of recycled aggregates, 

deteriorating their quality. In scenario 2A less quantity of mixed C&DW is generated compared with 

scenario 2B, and this means that more recovery of materials is achieved previous to the process in 

recycling facility type III, being less waste destined to landfill. For this reason, in a recycling facility type III, 

scenario 2A is more beneficial than scenario 2B in the criteria C5 – Landfill costs of rejected material, C9- 

Land requirement, C10 – Resources recovery and C11 – Noise. This situation is not found on data obtained 

for a recycling facility type I, in which there is not differences for scenarios 2A and 2B in these criteria. In 

this evaluation, criterion C15- Quality of recycled aggregates is not included due to this criterion is defined 

to compare performance of different types of recycling facilities. It is assumed that each type of recycling 

facility has a certain performance, but when more segregated at source is the waste, less contraries will 

enter into the process and therefore less will end as contents of recycled aggregates.  

In order to analyse the results obtained for the different set of weights defined, a sensitivity analysis is 

applied in which ranking of Weighted Summation (WS), Evamix (EV), Electre II (E2) and Regime (REG) are 

included, and can be consulted in Figure 3.60. In this case it is quite clear that in all cases, scenario 2A is 
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always the preferred option. In order to analyse the robustness of these results, an uncertainty analysis 

is proposed, in which the probability of an alternative to be ranked as a certain position is determined by 

the size of the circles in the main diagonal. The results obtained when applying Weighted Summation, 

Evamix and Electre II can be observed in Figure 3.61. 

 

Figure 3.60. Sensitivity analysis of results obtained when applying weighted summation, Evamix and Regime for 

recycling facility Type III 

 

 

Figure 3.61. Uncertainty analysis of results obtained when applying weighted summation, Evamix, and Electre II for 

recycling facility type III 
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In Figure 3.61 it is quite clear that despite including uncertainty levels up to 75% in the values of each 

criteria defined, the result obtained is always the same for the recycling facility type III. Apart from this, 

the size of the circles in the diagonal shows that ranking is not influenced by this variation, as this a robust 

solution obtained. 

Once each recycling facility is analysed, it can be concluded that scenario 2 is the best option in all cases 

compared with scenario 1, as waste comes more segregated and less waste should be treated in the 

process. In the case of the sub-scenarios studied, the results obtained are different comparing recycling 

facility type I and type III, the preferred option being 2B and 2A respectively.  

 

 Comparison of recycling facilities performance by scenario 

In order to compare the performance of recycling facilities in each scenario, the results obtained can be 

observed in Figure 3.62. In this case, criterion C1 – Revenues from input of waste are not included in the 

evaluation, as they only vary with scenarios, and it is not useful for comparing recycling facilities. 

 

 

Figure 3.62. Results obtained from the comparison of Recycling facilities by scenario of management 

 

For the set of weights defined, applying weighted summation and Evamix in all the scenarios of input, the 

best option is always recycling facility type I, except for the scenario of weights 4 where the social aspect 

is given more importance than the others, in which both recycling facilities obtain the same ranking as in 

scenario 2A. Equipment costs, maintenance requirements, operational and labour costs of recycling 

facility type III are more expensive than in recycling facility type I, but the revenues of selling products is 

also higher. This leads to a value of criteria C2 - Fixed costs and C3 - Operational and labour costs to be 

beneficial for the recycling facility type I, and criteria C4 – Revenues from selling recovered resources to 
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recycling facility type III. But it should be noted that recycling facility type III produces more waste due to 

having more classification steps, obtaining more rejected material and for this reason landfill costs are 

higher than in recycling facility type I. This is reflected in criteria C5- Landfill costs of rejected material and 

C9-Land requirement, mainly due to a lack of an established market to certain streams. Apart from this, 

in a recycling facility type I, contraries that are not properly separated previously, will end in the recycled 

aggregates stream, deteriorating their quality. This is reflected in criterion C15 – Quality of recycled 

aggregates, in which recycling facility type III obtains more marks than recycling facility type I. This 

criterion also reflects that when waste arrives as mixed waste, in sub-scenarios B, the recycled aggregates 

obtained have less quality compared to sub-scenarios A, as it was commented previously. In the case of 

criterion C11 – Noise, results obtained in recycling facility type III are higher than in recycling facility type 

I, but more employees and more euros per tonne treated are generated in recycling facility type III, this 

situation being reflected in criteria C14 – Number of employees and C16 – Potential resources efficiency. 

Criteria C6 - Global Warming Potential and C7 – Acidification Potential are related to air emissions 

produced in the recycling facilities, categorized as Teq CO2 and Teq SO2, respectively. The first is influenced 

mainly by diesel oil consumption and in a lower rate by electric energy consumption, and the latter is only 

influenced by electric energy consumption. As recycling facility type I treats reinforced concrete manually, 

this leads to more diesel consumption that is reflected in a higher value of criterion C6 - Global Warming 

Potential than recycling facility type III. On the other hand, in recycling facility type III all the input waste 

is introduced into the crusher, and in conjunction with the advanced equipment installed to divert 

contraries, electric energy consumption is higher compared to recycling facility type I. This is reflected in 

a higher value of criterion C7- Acidification Potential in recycling facility type III.  

Apart from this, as in the recycling facility type III fines and all-in-one are treated in a wet separation, 

emission of PM2.5 is minimized. Instead, in recycling facility type I the storage of dry fines and all-in-one 

produces more emissions of PM2.5 that is reflected in a higher value of DALY in criterion C13 – Potential 

Impact of atmospheric emissions to human health. However, in the case of PM 10 emissions this situation 

changes, even when in a recycling facility type I. The separation of fines and all-in-one is developed by a 

rotating screen, and despite the small dry particles stored that generate emissions of dust, PM 10 

emissions of recycling facility type III are higher. This involves a higher potential emission of PM 10 that 

entail higher disturbance to the neighbourhood, represented in criterion C12- Neighbourhood annoyance. 

Finally, it should be underlined that in a recycling facility type III, due to the wet classification equipment 

installed, the criterion C8- Water consumption is much higher in this recycling plant than in a recycling 

facility type I, in which water is only used in dust control. This advanced equipment installed produces 

higher resources recovery for recycling facility type III, reflected in criterion C10 – Resources recovery. But 

it also entails higher maintenance requirements, a lower average lifetime and a lower value estimated of 

technical maturity, as is reflected in criteria C17 - Maintenance requirements, C18 – Average lifetime and 

C19 – Technical maturity, respectively. 

In order to go deeply into the comparison of both recycling facilities, different sets of extreme weights 

are developed, studying each aspect separately. The results obtained by scenario and by aspect can be 

consulted in Figure 3.63. 
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Figure 3.63. Results obtained in extreme scenarios of weights for recycling facilities comparison  

As can be observed in Figure 3.63, when only economic or environmental criteria are considered, the best 

option for all scenarios is a type I recycling facility. As it was said before, a recycling facility type III has 

more costs, but revenues obtained from products do not achieve a good enough balance, compared with 

recycling facility type I. Some products obtained are not paid at an adequate price or even there is no 

market available to sell it, and as a consequence, products ended up at landfill, producing more costs and 

economic losses. When including only environmental aspects, even despite a higher resources recovery 

(Criterion 10) for a recycling facility type III, criteria C8 - Water consumption and C9 - Land requirement 

are also higher. Apart from this, the recycling facility type III has a lower value of criterion C6 - Global 

Warming Potential, but a higher value of criterion C7 - Acidification potential, due to its electric energy 

consumption as explained previously. When only social criteria is included, type III is always the preferred 

option, even when more noise is generated (Criterion 11) and more annoyance to neighbours (Criterion 

12), but it is compensated by more employees (Criterion 14) and less particle matter PM2,5 emitted 

(Criterion 13).  

When analysing only technical criteria, a recycling facility type III is also the preferred option when 

applying weighted summation in all scenarios, with exception of scenario 2B, in which the preferred 

option is the recycling facility type I. When applying Evamix, the results depend on the sub-scenarios 

studied, having as a result type III in sub-scenario A and type I in sub-scenario B. In sub-scenario A waste 

is more segregated and less mixed C&DW is entering the plant, meaning that less contraries enter the 

process and potentially less contraries ended in recycled aggregates, for this reason criterion C15- Quality 

of recycled aggregates is better. Apart from that, as less waste has to be treated criterion C17 - 

Maintenance requirements are lower, and the operational time of each equipment is lower, giving a 

higher value for criterion C18 - Average lifetime.  

Once a comparison of recycling facility performance in each scenario based on different set of weights 

has been analysed, the results obtained are included in the sensitivity analysis included in Figure 3.64. 
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Figure 3.64. Sensitivity analysis of comparison of recycling facilities by scenarios 

 

In Figure 3.64 the results obtained with the different set of weights studied can be observed and it can be 

concluded that the best solution obtained is mainly the recycling facility type I. The only results that differ 

from this are two extreme scenarios in which social and technical criteria are studied separately, where 

recycling facility type III is the best option. For the conditions stated in this study, it is clear that a recycling 

facility type III is harmed by higher costs and supplies consumption, such as water, and that even when 

resources recovery are higher, some of these resources have no market and ended up in landfill or in low 

grade applications. This entails more damage to a recycling facility type III, as more costs are produced by 

landfill management, and even when recycled aggregates obtained are of high quality, the high 

investment needed for advanced equipment is not compensated. Apart from a sensitivity analysis, an 

uncertainty analysis is developed and can be consulted in Figure 3.65. 
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Figure 3.65. Uncertainty analysis of comparison of recycling facilities by scenarios 

 

From the uncertainty analysis, the results obtained can be considered as robust, as ranking is not 

influenced by changes in the values of criterion, and even with uncertainty of 75%, the size of the circle is 

big. This situation is maintained in all the scenarios of weight, in the results obtained from weighted 

summation and Evamix methods. 

Finally, it should be underlined that criterion C10 – Resources recovery gives information regarding targets 

proposed by European legislation, in which 70% is advisable to be achieved by 2020. It is quite clear that 

this target is not possible to achieve currently by using recycling facility of type I. In fact, the maximum 

value obtained is 47.36% in scenario 2A, defined as a high segregation scenario with waste mainly mixed 

with similar waste. That means that even when big efforts are made to encourage segregation at source, 

with a recycling facility type I and the lack of established market for some streams, it is not possible to 

achieve the target. However, this target is achieved in recycling facility type III, with the exception of 

scenario 1B, in which the waste is highly mixed, and arrives at the recycling facility as mixed waste. This 

means that only a recycling facility with advanced technology and specific classification steps could 

achieve an adequate level of recovery, even despite the costs, noise, air emissions derived and the water 

consumption. In fact, this recycling facility is able to achieve a target of even 87.49%, far above the 

recycling target proposed. 
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3.4.5. Conclusions on performance evaluation of C&DW recycling facilities 

In this study, the potential of different streams contained in C&DW to be recovered for recycling is 

evaluated by means of a conceptual framework in which the performance of C&DW recycling facilities 

with different schemes is evaluated. To obtain an impartial and comprehensive evaluation, the inclusion 

of a mass balance approach is proposed, based on rigid input-output analysis of the entire system. This 

evaluation is analysed through a MCA, in order to include not only economic and technical aspects in the 

evaluation, but environmental and social issues as well. This study is assessed in Definite 3.0 software in 

which Weighted Summation (WS), Evamix (EV), Electre II (E2) and Regime (REG) methods are included. In 

addition, a sensitivity and uncertainty analysis are also applied to evaluate the robustness of the results 

obtained. With all this information three different approaches can be analysed: first of all, all the 

alternatives obtained are studied at the same time in order to evaluate which is the best situation 

(scenario and recycling facility type); secondly, a comparison of scenarios of input for each recycling 

facility can be assessed to evaluate how it performs depending on the input; and thirdly a comparison 

among recycling facilities in each scenario is applied in order to analyse the best recycling facility for each 

waste input.  

Firstly, when all the alternatives are studied at the same time, the best option in most cases is a recycling 

facility type I in scenario 2B, defined as highly segregated at source where the petrous fraction is mainly 

mixed with mixed C&DW. But in other cases the result gives scenario 2A or even scenario 2A and 2B 

become tied in the same position, when environmental or social criteria are more important than the 

others respectively, or using Electre II method. This result is due to scenario 2 being defined as a high 

segregation at source scenario, which means that more valuable resources can be sold directly to a waste 

manager, and less waste has to be treated in the recycling facility. This entails less potential impacts, 

maintenance, costs, and supplies consumption, and a higher quality of recycled aggregates obtained; but 

this also leads to less revenues from input of waste into the recycling facility. 

Secondly, the study is focused on each recycling facility, in order to evaluate its performance regarding 

scenarios of waste input defined. In this case, it is clear that for a recycling facility type I a scenario of high 

segregation is preferable to a lower segregation. But not all the criteria are benefitted by a high 

segregation at source scenario in a recycling facility type I, as waste arrives at the recycling facility more 

segregated and for this reason, with a lower input fee. Some waste segregated at source arrives at the 

recycling facility, such as gypsum, other plastics or other waste, but is finally destined to landfill, with the 

subsequent costs, as there is no market available for these streams. Apart from this, the recovery of 

reinforced concrete is not beneficial at all in this recycling facility, as it is not possible to be treated by the 

installed equipment. In a recycling facility type III specific steps to eliminate contraries are included, 

generating more rejected material destined to landfill if more mixed C&DW is treated. This is not the case 

of a recycling facility type I, in which all the contraries not separated in the process ended up as contents 

of recycled aggregates, deteriorating their quality. In scenario 2A less quantity of mixed C&DW is 

generated compared with scenario 2B, and this means that more recovery of materials is achieved in a 

recycling facility type III, with less waste destined to landfill. For this reason, in a recycling facility type III, 

values for scenario 2A of criteria C5 – Landfill costs of rejected material, C9- Land requirement, C10 – 

Resources recovery and C11 – Noise, are more beneficial than for scenario 2B. This situation is not found 

in data obtained for a recycling facility type I, in which there is no influence of scenarios A or B in these 

criteria.  

Thirdly, an analysis of the preferred recycling facility for each scenario is developed, in order to compare 

the performance of each one. In the scenario of weights developed, the best solution obtained is mainly 

the recycling facility type I in all scenarios of inputs studied. The only results that differ from this are two 
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extreme scenarios in which social and technical criteria are studied separately, where a recycling facility 

type III is the best option. For the conditions stated in this study, it is clear that a recycling facility type III 

is harmed by fixed and operational costs, and supplies consumption, and that even when resources 

recovery are higher, some of these resources have no market and ended up in landfill or in low grade 

applications. This means more damage to a recycling facility type III, as subsequent costs derived from 

landfill management, and even when high quality recycled aggregates are obtained, the high investment 

needed is not compensated. 

Finally, it should be noted that a criterion to evaluate the recycling target proposed by European 

legislation is included in the assessment, in which a recycling target of 70% must be achieved by 2020. 

The results obtained shows that even when big efforts are made to encourage segregation at source, with 

a recycling facility type I and the lack of established market for some streams, it is not possible to achieve 

the target. However, this target is achieved in a recycling facility type III, with the exception of scenario 

1B, in which the waste is highly mixed, and arrives at the recycling facility as mixed waste. This means that 

only a recycling facility with advanced technology and specific classification steps could achieve an 

adequate level of recovery, even despite the costs, noise, air emissions derived and the water 

consumption. It can be concluded that further measures have to be taken to achieve this recycling target 

in Cantabria, or that the recycling facilities already operating are improved to boost resources recovery 

or the segregation at source should be strongly encouraged. As a conclusion of the results obtained, the 

first measure should be encompassed by more assistance from the government, as costs derived of 

installing advanced equipment are very high, assuming that this entails more potential impacts to the 

environment. The second option is a logical option, in which it is considered that waste can be easily 

recovered if not already mixed, but in the construction sector this is not always a usual practice. In order 

to encourage the segregation at source, higher taxes to companies which generate mixed C&DW, or 

stricter levels of segregation should be stated as mandatory. In both situations, it should be advisable to 

improve the situation to drive reforms for establishing a market for some streams, in order to be used in 

adequate applications and avoid landfill.  
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The general objective of this work is to generate new knowledge about the benefits obtained from the 

application of decision support tools in decision making for a real case study in Cantabria, focusing on all 

the stages of C&DW management. The hypotheses formulated at the beginning of this thesis have been 

verified by fulfilling the established objectives and answering the formulated research questions: 

Objective 1. Estimate C&DW generation in Cantabria by using estimation methods proposed in literature, 

such as waste facilities method and generation rate calculation. Develop scenarios including different 

grade of segregation procedures on site, to evaluate C&DW composition that arrives to the recycling 

plants. 

 C&DW generation was estimated by using estimation methods from literature, such as registered 

data from treatment facilities and using waste generation calculation with four different waste generation 

rates of waste per unit area of construction, demolition and renovation activities, proposed by one 

regional Plan for C&DW, two associations of architects from two northern Spanish regions, and one 

technological institute from another northern region. Important differences were found in the results 

obtained, in total data estimated and quantity estimated by stream. As the composition of waste is not 

clear from the data obtained in the estimation procedures, scenario development is proposed in order to 

simulate, on the basis of a known quantity generated, different composition of waste. Two different 

scenarios are proposed with low and high segregation of the waste at source, the first to simulate the 

current situation, where waste is not usually segregated at source, and the second one, where waste is 

mainly segregated at source, and less quantity of mixed waste is generated. 

 

Research question Answer 

Is data from waste 

facilities robust enough 

to estimate generation? 

Big differences have been found on codes reported by recycling facilities. 

Apart from this, recovered streams sold to waste managers, reuse at 

source or even illegal landfill are not accounted for with this method, giving 

as a result an incomplete estimation. 

Is it possible to estimate 

C&DW generation and 

composition? 

When registered data is not available in the management of this waste 

stream, generation rate calculation (GRC) is a method considered as a good 

proxy. But rates used in this method highly differ in the region and the type 

of construction and demolition practices, giving as a result uncertainty on 

estimation. Site visit method or rates calculated to each specific case is 

advised to obtain a robust estimation. 

How can the C&DW 

management at source 

influence on 

composition? 

Two different scenarios are proposed with low and high segregation of the 

waste at source, the first to simulate the current situation, where waste is 

not usually segregated, and the second one, where waste is mainly 

segregated at source. From each scenario, different versions are created 

based on the type of mixed waste generated in a bigger quantity. This 

method is useful to estimate the influence of management at source and 

policy developed regarding adequate segregation on C&DW composition. 
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Objective 2. Evaluate C&DW management alternatives by Multicriteria Analysis application, based on the 

percentage of waste destined to each treatment and how many and what type of recycling facilities should 

be located in order to fulfil the recycling targets proposed. 

The best management option for C&DW management in Cantabria is evaluated by application of 

MCA, defining the alternatives by combination of the management options on one side, considering 

recycling objectives; and the network of facilities needed to manage this waste, considering that in each 

one of the five regional areas a new facility, including transfer station (TS) or recycling plant (RP), has to 

be located. From the 25 potential alternatives proposed, 13 were selected as feasible based on the 

quantity of waste arriving into each recycling facility. To evaluate these alternatives, nine criteria were 

defined based on a stakeholder’s point of view, classified as socio-economic and environmental aspects. 

The results are obtained by using scenarios of weights, defined by varying importance of CO2 emissions 

due to waste transport, to evaluate the influence on the final result of this criterion. Apart from this, a 

sensitivity and an uncertainty analysis were developed, in order to evaluate the robustness of the results 

obtained.  

 

Research question Answer 

What is the adequate 

management of this 

waste stream? 

Results from the multicriteria analysis show that the best solution for the 

C&DW management in Cantabria is a recycling of 100% of the C&DW 

generated. 

How many treatment 

facilities should be 

located? 
Four recycling plants and one transfer station is the best alternative, while 

the worst alternative in most of the weight scenarios under study is the 

current waste management which is the landfill of the 100% of the waste 

generated.  
What type of 

treatment facilities 

should be located? 

Is MCA a useful tool to 

evaluate the 

management of this 

waste? 

This methodology has allowed a reliable analysis to evaluate and compare, 

in detail, all the alternatives proposed. However, the selection of criteria and 

alternatives is an important step, and thus MCA should be adapted and 

additional criteria could be included in order to assess problems in other 

regions. 

 

Objective 3. Evaluate the location of recycling facilities by applying Geographical Information System, 

Multicriteria Analysis and Optimization models, and extract the main contributions of its application. Test 

whether the employment of different decision support tools generates similar results related to location 

decisions of recycling facilities. Finally, obtain an adequate location of the facilities network for Cantabria 

based on the results obtained. 

Three different decision support tools are applied in order to evaluate the location of recycling 

facilities and transfer stations in Cantabria: Geographic Information System (GIS), Multicriteria Analysis 

(MCA) and Optimization Models (OM). Some conclusions are extracted from their application, based on 

specific characteristics of each tool and its application to this specific case study. A potential location of 

recycling facilities network is obtained for Cantabria, based on the results obtained. 
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Research question Answer 

What are the main 

contributions 

obtained from 

Geographical 

Information System 

application? 

This tool is not able to give by itself a specific solution for locations, obtaining a 

varied number of potential locations in each area defined. In this case, there is 

no need to select alternatives, as all the territory is included, and the viability of 

locating an industrial facility is evaluated by using spatial criteria. Apart from 

this, each result obtained is a specific georeferenced result, this characteristic 

being a strength compared to the others tools applied. In this evaluation the 

distance to landfill, the waste transport or the quantity of waste generated in 

each area are not included, which can help to select the preferred location. 

What are the main 

contributions 

obtained from 

Multicriteria 

Analysis 

application? 

Alternatives in each area are previously selected, and for this reason results 

obtained can be open to criticism, as not all the potential locations are studied. 

But the results obtained are specific locations in each area, and the evaluation 

includes aspects as varied as social, economic or environmental, like CO2 

emissions due to transport, or waste entering the recycling facility. Apart from 

this, criteria selection, weights assignment and selection of the method can 

influence the final result, obtaining a compromise solution, not an optimal one.  

What are the main 

contributions 

obtained from 

Optimization 

application? 

Optimization models are based on modelling the problem under study by the 

user, this gives a high grade of flexibility and adaptability to its application. This 

entails a high level of knowledge of the system and sometimes some values have 

to be estimated to be included in the model. This method is applied with only 

one objective function running each time, and it was observed that the results 

obtained highly differ on the objective function evaluated. This leads to 

conclude that the results obtained will depend on the statement of the problem, 

assumptions made and objective function selected. A multi objective model will 

be a good implement to solve these issues. 

What is the best 

location for the 

network of 

treatment 

facilities? 

A priori, Santander, Barcena de Cicero and Torrelavega are obtained in MCA and 

OM as good locations, but GIS is not able to find a good location in these 

municipalities, only regular ones. In these approaches, generation of C&DW is 

included, Santander and Torrelavega being the most populated areas in 

Cantabria, and for this reason, with more generation. In fact, Torrelavega is 

obtained as the best solution in the two approaches applied in OM, but 

Santander is changed for Camargo if the social aspect is included. In the 

southern area the location obtained are Reinosa or Campoo de Enmedio; being 

quite near each other. But in case of the western area, great differences are 

found, the results are Potes or Val de San Vicente, taking into account that in 

GIS application Potes is not even an option. 

 

Objective 4. Evaluate performance of recycling facilities taking into account key waste fractions or 

processes influencing it, using a mass balance approach. Assess whether the target of recycling 70% of 

C&DW by 2020 can be achieved taking into consideration composition of waste. Finally, propose measures 

to improve C&DW management system. 
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The performance of recycling facilities is evaluated by the application of MCA to two different 

schemes of recycling facilities, in which data for the criteria calculation is extracted from the mass balance 

approach. Apart from this, implications on the performance of changes in composition are also assessed, 

using the scenarios of management calculated in a previous section of this thesis. Two main scenarios 

were assessed, in which the current situation and hypothetical future situation are evaluated, and the 

performance of each recycling facility scheme with this input is also assessed. In line with this, it was also 

analysed whether the target of 70% recycling of C&DW by 2020 can be achieved taking into consideration 

changes in the composition of waste. Finally, it was asked whether the environmental performance of the 

current processes can be improved in order to improve the overall performance of C&DW management. 

The understanding hereby gained leads to the proposal of measures for improvements needed in the 

C&DW management system.  

 

Research question Answer 

What is the best 

waste composition 

based on recycling 

facilities? 

The best option in most cases is a recycling facility type I in scenario 2B, defined 

as highly segregated at source where the petrous fraction is mainly mixed with 

mixed C&DW. But in other cases the result gives scenario 2A or even scenario 

2A and 2B become tied in the same position, when environmental or social 

criteria are more important than the others respectively, or using the Electre II 

method. This result is due to scenario 2 being defined as a high segregation at 

source scenario, which means that more valuable resources can be sold directly 

to a waste manager, and less waste has to be treated in the recycling facility. 

This entails less potential impacts, maintenance, costs, and supplies 

consumption, and a higher quality of recycled aggregates obtained; but this also 

leads to less revenues from the input of waste. 

What type of 

recycling facility is 

the best option 

based on 

composition? 

For a recycling facility type I, a scenario of high segregation is preferable to a 

lower segregation. Some waste segregated at source arrives at the recycling 

facility, such as gypsum, other plastics or other waste, but is finally destined to 

landfill, with the subsequent costs, as there is no market available for these 

streams. Apart from this, the recovery of reinforced concrete is not beneficial at 

all in this recycling facility, as it is not possible to be treated by the installed 

equipment. In a recycling facility type III specific steps to eliminate contraries 

are included, generating more rejected material destined to landfill if more 

mixed C&DW is treated. This is not the case of a recycling facility type I, in which 

all the contraries not separated in the process ended up as contents of recycled 

aggregates, deteriorating their quality.  

Is a mass balance 

approach useful to 

estimate 

performance of 

facilities? 

A mass balance approach has been demonstrated to be useful to evaluate the 

performance of C&DW recycling facilities as it allows the estimation of waste 

treated by each piece of equipment, supply requirements and emissions 

derived. As this type of waste is made up of different types of streams, a mass 

balance approach allows to calculate the separation of streams contained in this 

waste, and therefore the recovery of resources can also be estimated. 
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Will it be possible 

to achieve the 

European target of 

70% by 2020? 

The results obtained show that even when big efforts are made to encourage 

segregation at source, with a recycling facility type I and the lack of established 

market for some streams, it is not possible to achieve this target. However, this 

target is achieved in a recycling facility type III, with the exception of scenario 

1B, in which the waste is highly mixed. This means that only a recycling facility 

with advanced technology and specific classification steps could achieve an 

adequate level of recovery, even despite the costs, noise, air emissions derived 

and the water consumption. It can be concluded that further measures have to 

be taken to achieve this recycling target in Cantabria, or the recycling facilities 

already operating are improved to boost resources recovery or the segregation 

at source should be strongly encouraged. 
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4.1. DISSEMINATION OF RESULTS 

The most important results of this work have been disseminated in the following publications:  
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functions integration: methodology for location of Construction and Demolition Waste Management 

facilities. [In development] 

Dosal, E., Galán B., Voulvoulis, N., Andrés A., (2015). Conceptual framework for sustainable 

C&DW management on terms of optimising the correct usage of resources. [In development] 

Galán B., Dosal E., Andrés A., Viguri, J.R., (2013). Optimisation of the construction and demolition 

waste management facilities location in Cantabria (Spain) under economical and environmental criteria. 

Waste and Biomass Valorization. 4 (4): 797-808. 

Dosal, E., Coronado, M., Muñoz, I., Viguri, J.R. and Andrés, A., (2012). Application of Multi-Criteria 

decision-making tool to locate Construction and Demolition Waste (C&DW) recycling facilities in a 

northern Spanish region. Environmental Engineering and Management Journal. 11(3):545-556. 

Coronado, M., Dosal, E., Coz, A., Viguri, J.R. and Andrés, A., (2011). Estimation of construction 

and demolition waste (C&DW) generation and multicriteria analysis of C&DW management alternatives: 

A case study in Spain. Waste and Biomass Valorization. 2: 209-225. 

 

In addition to these manuscripts, the results from the application of MCA to locate recycling facilities and 

review on the MCA methods developed in this field is also published in a technical handbook:  

Dosal, E., Viguri, J.R. and Andrés, A., (2013). Chapter 5: Multi-criteria decision-making methods 

for the optimal location of construction and demolition waste (C&DW) recycling facilities. Handbook of 

recycled concrete and demolition waste (edited by F. Pacheco-Torgal). Woodhead Publishing. September 

2013 - ISBN 0-85709-682-6. 

 

The results directly related to this doctoral thesis have been presented to the scientific community in 

International conferences:  

Dosal, E., Galán, B., Cifrián, E. and Andrés, A., (2016). Economic, environment, administrative and 

social objective functions integration: methodology for location of Construction and Demolition Waste 

Management facilities. This work is under development and will be presented in European Symposium in 

Computer Aided Process Engineering, ESCAPE 26 Conference. That will be held on Portorož, Slovenia on 

12-15 Jun 2016.  

Dosal, E., Galán, B., and Andrés, A., (2015). Regional Plan as driving force for improving 

Construction and Demolition Waste (C&DW) management. This study was presented in the 9th 

International Conference on the Environmental and Technical Implications of Construction with 

Alternative Materials, WASCON 2015-Resource Efficiency in Construction. That was held on 10-12th June 

2015 in Santander, Cantabria. (Poster) 

Dosal, E., Viguri, J.R. and Andrés, A., (2013). A comparative study of four different Multiple 

Criteria Analysis methods through the evaluation of optimal locations for C&D Waste management 

facilities. This study was presented in The 22nd international conference on multiple criteria decision 

making. Málaga (Spain), 17 – 21 June, 2013. (Poster) 

http://www.scopus.com/record/display.url?eid=2-s2.0-84892888465&origin=resultslist&sort=plf-f&src=s&sid=619AD30BFD53FAB60CEDE54EB410C38F.f594dyPDCy4K3aQHRor6A%3a160&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2849461242900%29&relpos=1&relpos=1&citeCnt=3&searchTerm=
http://www.scopus.com/record/display.url?eid=2-s2.0-84892888465&origin=resultslist&sort=plf-f&src=s&sid=619AD30BFD53FAB60CEDE54EB410C38F.f594dyPDCy4K3aQHRor6A%3a160&sot=autdocs&sdt=autdocs&sl=18&s=AU-ID%2849461242900%29&relpos=1&relpos=1&citeCnt=3&searchTerm=
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presented in The 23rd European Symposium on Computer Aided Process Engineering – ESCAPE 23, 

Lappeenranta (Finland), 9-12 June, 2013. (Poster) 
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4.2. CONTRIBUTIONS OF THIS RESEARCH AND FUTURE DIRECTIONS 

This thesis provides a contribution to knowledge in the application of decision support tools to C&DW 

management. Indeed, this research is developed due to a real necessity from the Government in 

Cantabria to improve management of this waste stream. For this reason, this thesis covers all the stages 

of C&DW management, from estimation, selection of management alternatives, location of recycling 

facilities to finally analyse performance of two types of recycling facilities. An in-depth analysis of this 

waste stream is developed, and the special situation and characteristics of this waste stream in Cantabria 

were included in all the stages, with an economic, environmental, administrative and social integration. 

In this way, a global picture of the current situation and the measures that can be proposed in order to 

improve management in this region were obtained. This thesis has demonstrated the usefulness of these 

methods to take decisions on waste management. 

From the application of estimation of generation methods, the use of generation rate calculation method 

provided a base line to compare rates proposed by different official institutions, where big differences 

were obtained. In the case of the waste facilities method, that analyse registered data obtained from 

treatment facilities, despite all the efforts made in the region and the legislation developed, there are still 

a lack of data regarding waste composition. As the Sectorial Plan on C&DW 2010-2014 is near to finish its 

validity, a new plan is on development and all the results obtained in the present thesis will be provided, 

included the measures proposed to improve this situation. 

This thesis provides an opportunity to compare applicability of these tools to decisions regarding C&DW 

management, and extract useful contributions from the application of Geographical Information System, 

Multicriteria Analysis and Optimization Models. Geographical Information System allows evaluation of 

recycling facilities location, providing an in-depth analysis of the territory, with the evaluation based on 

criteria with a spatial feature. Multicriteria Analysis is a useful tool to evaluate C&DW management 

alternatives and to evaluate location of recycling facilities, including stakeholder’s viewpoint with social, 

environmental and economic criteria. Apart from this, technical criteria can also be included to evaluate 

performance of two types of recycling facilities, as it has been demonstrated in this thesis. Optimization 

Models allows the evaluation of recycling facilities location including economic and environmental 

criteria, and administrative constraints, providing flows of C&DW destined to each recycling facility. 

An in-depth analysis of two different recycling schemes is proposed, based on different input composition 

and a mass balance approach, providing information regarding performance. Apart from this, information 

of quality of aggregates, grade of segregation and streams to be avoided is obtained. This analysis shows 

that some streams ended up in landfill even if segregated, due to a lack of an established market for them. 

The information included in this analysis was provided and tested with recycling managers in Cantabria, 

and the real problems are also reflected in this study. This provides a framework to analyse this situation 

and look for solutions to be proposed to the waste managers and to the government as well, and provides 

a document to be discussed broadly among the stakeholders involved.  

Finally, from the application of decision support tools to waste management, the applicability of these 

tools to other waste streams can be proposed as future work or even evaluate synergy among tools. But 

it should be noted that future directions highly depends on the real situation and the needs of an in-depth 

analysis of other waste streams. 

 
 
 
 
 



CHAPTER 4. FINAL REMARKS                                     4.2. Contributions of this research and future directions 

- 210 - 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 

 
 
 
 
 
 

REFERENCES 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 



REFERENCES 

- 213 - 

1. Abastante, F., Bottero, M., Greco, S., Lami, I., (2014). Addressing the location of undesirable facilities 
through the dominance-based rough set approach. International Journal of Multicriteria Decision 
Making. 21: 3–23. 

2. Abba, A. H., Noor, A. Z. Z., Aliyu, A., Medug, N. I., (2013). Assessing Sustainable Municipal Solid Waste 
Management Factors for Johor-Bahru by Analytical Hierarchy Process. Advanced Materials Research. 
689:540-54. 

3. Abdelhamid, M.S., (2014). Assessment of different construction and demolition waste management 
approaches. HBRC Journal. 10: 317–326. 

4. Achillas, Ch., Moussiopoulos N., Karagiannidis A., Banias G. and Perkoulidis G., (2013). The use of 
multi-criteria decision analysis to tackle waste management problems: A literature review. Waste 
Management & Research. 31: 115–129. 

5. Achillas, Ch., Vlachokostas, Ch., Moussiopoulos, N., Banias, G., Kafetzopoulos, G., Karagiannidis, A., 
(2011). Social acceptance for the development of a waste-to-energy plant in an urban area. 
Resources, Conservation and Recycling. 55 (9-10): 857-863. 

6. Achillas, Ch., Vlachokostas Ch., Moussiopoulos N. and Banias G., (2010). Decision support system for 
the optimal location of electrical and electronic waste treatment plants: A case study in Greece. 
Waste Management. 30:870 – 879. 

7. AEAS-AGA, (2013). Spanish Association of Water Supply and Wastewater (AEAS) and Spanish 
association of water management companies (AGA). Report “Water in Spain 2013” / Estudio AEAS-
AGA 2013 - El agua en españa. Available in: 
http://www.aeas.es/documentos/Resumen_Tarifas_2012.pdf [In Spanish]. 

8. AEMET, (2014). State Meteorology Agency. Available in: http://www.aemet.es/ [Accessed on 2014] 
[In Spanish]. 

9. Ahluwalia, P. K. and Nema A. K., (2007). A Goal Programming Based Multi-Time Step Optimal 
Material Flow Analysis Model for Integrated Computer Waste Management. Journal of 
Environmental Informatics. 10(2):28-44. 

10. Ahluwalia, P.K., and Nema, A.K., (2011). Capacity planning for electronic waste management facilities 
under uncertainty: multi-objective multi-time-step model development. Waste Management & 
Research. 29(7):694–709. 

11. Ahmad, S.Z., Ahamad, M.S.S., Yusoff, M.S., (2014). Spatial effect of new municipal solid waste landfill 
siting using different guidelines. Waste Management & Research. 32(1):24– 33. 

12. Alavi, N., Goudarzi, G., Babaei, A.A., Jaafarzadeh, N., Hosseinzadeh, M., (2013). Municipal solid waste 
landfill site selection with geographic information systems and analytical hierarchy process: a case 
study in Mahshahr County, Iran. Waste Management & Research. 31(1):98– 105. 

13. Alçada-Almeida, L., Coutinho-Rodrigues, J., Current, J., (2009). A multiobjective modeling approach 
to locating incinerators. Socio-Economic Planning Sciences. 43:111–120. 

14. Alcorec, (2015). C&DW recycling plant. Tipping fees and sales price of secondary aggregates. 
Available in: http://www.alcoresrecicla.com [Consulted October 2010] [In Spanish]. 

15. Al-Jarrah, O. and Abu-Qdais H., (2006). Municipal solid waste landfill siting using intelligent system. 
Waste Management. 26:299–306. 

16. Al-Sari, M.I., Al-Khatib, I.A., Avraamides, M., Fatta-Kassinos, D., (2012). A study on the attitudes and 
behavioural influence of construction waste management in occupied Palestinian territory. Waste 
Management & Research. 30 (2): 122–136. 

17. Allesch, A. and Brunner P. H., (2014). Assessment methods for solid waste management: A literature 
review. Waste Management & Research. 32(6): 461–473. 

18. Alvarez-Guerra, M., Viguri, J. R. and Voulvoulis N., (2009). A multicriteria-based methodology for site 
priorisation in sediment management. Environment international. 35: 920-930. 

http://www.aeas.es/documentos/Resumen_Tarifas_2012.pdf
http://www.aemet.es/


REFERENCES 

- 214 - 

19. Andrés, A., Cifrian, E., Coronado, M. Coz, A., Dosal, E., Viguri, J. (2011). Focal Point on Waste in 
Cantabria/Punto Focal de Residuos de Cantabria. Medio Ambiente Cantabria Informa, 32:11-18. [In 
Spanish]. 

20. Anefa, (2007). Spanish National Association of Aggregates Manufacturers. Statistical data of 2006. / 
Asociación Nacional Española de Fabricantes de Áridos. Estadísticas de áridos 2006. Available: 
http://www.aridos.org/ [visited March 2009] [In Spanish]. 

21. Antón, J. M., Grau, J. B., Tarquis, A. M., & Sánchez, D. C. (2006). MCDM methods for territorial 
services planning in an andine rural area. 2006 World Automation Congress, WAC'06.  

22. Antunes, A.P., (1999). Location analysis helps manage solid waste in Central Portugal. Interfaces. 
29(4): 32–43. 

23. Antunes, A.P., Teixeira, J.C., Coutinho, M.S., (2008). Managing solid waste through discrete location 
analysis: A case study in central Portugal. Journal of the Operational Research Society. 59 (8): 1038-
1046. 

24. Aragonés-Beltrán, P., Pastor-Ferrando, J.P., García-García, F., Pascual-Agulló, A., (2010). An Analytic 
Network Process approach for siting a municipal solid waste plant in the Metropolitan Area of 
Valencia (Spain). Journal of Environmental Management. 91:1071–1086. 

25. Arregi, X., (2010). Final Project of Industrial Management Engineering oriented towards building 
degree. Estudio técnico, económico y financiero de viabilidad De una planta de tratamiento de 
residuos de Construcción y demolición en la mancomunidad de Urola medio, Guipúzcoa. Supervisor: 
Pedro Torres Marí. Polytechnic University of Catalonia. 

26. Aspapel, (2014). Spanish association for wood pulp, paper and cardboard producers. Paper and 
cardboard prices. Estadística de precios del papel recuperado en España. Precios del papel 
recuperado. Available in: http://www.aspapel.es/ [Consulted in 2014] [In Spanish]. 

27. Aydi, A., Zairi, M., Dhia, H.B., (2013). Minimization of environmental risk of landfill site using fuzzy 
logic, analytical hierarchy process, and weighted linear combination methodology in a geographic 
information system. Environmental Earth Sciences. 68:1375–1389. 

28. Azapagic A. and Perdan S., (2000). Indicators of sustainable development for industry: a general 
framework. Process Safety and Environmental Protection. 78 (4):243–261. 

29. Badilla, E., Rojas, W., and Vargas, I., (2008). Ubicación de sitios aptos para la disposición de desechos 
sólidos al oeste del valle central, Costa Rica. Revista Geologica de América Central. 38:7-19. [In 
Spanish]. 

30. Badran, M.F. and El-Haggar S.M., (2006). Optimization of municipal solid waste management in Port 
Said – Egypt. Waste Management. 26:534–545. 

31. Banar, M., Kose, B.M., Ozkan, A., Acar, I.P., (2007). Choosing a municipal landfill site by analytic 
network process. Environmental Geology. 52:747–751.  

32. Banar, M., Tulger, G., Özkan, A., (2014). Plant site selection for recycling plants of waste electrical 
and electronic equipment in Turkey by using multicriteria decision making methods. Environmental 
Engineering and Management Journal. 13 (1): 163-172. 

33. Banias, G., Achillas, Ch., Vlachokostas, Ch., Moussiopoulos, N., Papaioannou, I., (2011). A web-based 
decision support system for the optimal management of construction and demolition waste. Waste 
Management. 31(12): 2497-2502. 

34. Banias, G., Achillas, Ch., Vlachokostas, Ch., Moussiopoulos, N., Tarsenis, S., (2010). Assessing multiple 
criteria for the optimal location of a construction and demolition waste management facility. 
Building and Environment. 45:2317-2326. 

35. Bartolini, F., Gallerani V., Samoggia A. and Viaggi D., (2005). Methodology for multi-criteria analysis 
of agro– environmental schemes. CONTAGRAF: University of Bologna. Specific targeted research 
project nº SSPE-CT-2003-502070. Deliverable nº 11, Document number: ITAES WP10 P6 D11. 

http://www.aridos.org/
http://www.aspapel.es/


REFERENCES 

- 215 - 

36. Begum, R.A., Siwar, C., Pereira, J.J., Jaafar, A.H., (2006). A benefit-cost analysis on the economic 
feasibility of construction waste minimisation: the case of Malaysia. Resources, Conservation and 
Recycling. 48 (1): 86–98. 

37. Behzadian, M., Kazemzadeh, R.B., Albadvi, A., Adhdasi M., (2010). PROMETHEE: a comprehensive 
literature review on methodologies and applications. European Journal of Operational Research. 
200:198 – 215. 

38. Bergsdal, H., Bohne, R.A., Brattebo, H., (2007). Projection of construction and demolition waste in 
Norway. Journal of Industrial Ecology. 11 (3): 27–39. 

39. BINAS, (2014). Project for a Recycled aggregates facility at Tenerife. Tenerife Government. Banco de 
Ideas de Negocios Ambientales Sostenibles. / Planta de Áridos reciclados. Gobierno de Tenerife. 
Available in: http://www.tenerife.es/ [In Spanish]. 

40. Bing, X., de Keizer, M., Bloemhof-Ruwaard, J.M., van der Vorst, J.G.A.J., (2014). Vehicle routing for 
the eco-efficient collection of household plastic waste. Waste Management. 34:719–729. 

41. BIO IS, (2011). Service contract on management of construction and demolition waste, Final report.  
Task 2 – Management of C&D Waste. European Commission DG ENV. Available in: 
http://ec.europa.eu/environment/waste/pdf/2011_CDW_Report.pdf . 

42. BIO BY Deloitte, (2014). Construction and Demolition Waste management in Spain. Resource 
Efficient Use of Mixed Wastes-European Commission. Available in: 
http://ec.europa.eu/environment/waste/studies/mixed_waste.htm . 

43. Blengini, G.A., (2009). Life cycle of buildings, demolition and recycling potential: A case study in Turin, 
Italy. Building and Environment. 44(2):319-330. 

44. Blengini, G.A., and Garbarino, E. (2010). Resources and waste management in Turin (Italy): The role 
of recycled aggregates in the sustainable supply mix. Journal of Cleaner Production. 18(10-11): 1021-
1030. 

45. Bloemhof-Ruwaard, J.M., Salomon, M., Van Wassenhove, L.N., (1996). The capacitated distribution 
and waste disposal problem. European Journal of Operational Research. 88 (3):490-503. 

46. BOC, (2006). Decree 102/2006 - Cantabria Waste Plan 2006/2010. Decreto 102/2006, de 13 de 
octubre, por el que se aprueba el Plan de Residuos de Cantabria 2006/2010. Boletín Oficial del 
Cantabria. 26 de Diciembre de 2006. 245:15315-15316. [In Spanish]. 

47. BOC, (2009). Law 6/2009 of fiscal measures and budgetary content. Ley de Cantabria 6/2009, de 28 
de diciembre, de Medidas Fiscales y de Contenido Financiero. Boletín Oficial del Cantabria 
Extraordinario número 25. Miércoles, 30 de diciembre de 2009. 25: 1133-1184. [In Spanish]. 

48. BOC, (2010a). Decree 15/2010, of 4 March, 2010-2014 Cantabria Waste Sectorial Plan. Boletín Oficial 
del Cantabria. 66:12005-12198. [In Spanish]. 

49. BOC, (2010b). Decreto 72/2010, de 28 de octubre, por el que se regula la producción y gestión de 
los Residuos de Construcción y Demolición en la Comunidad Autónoma de Cantabria. Boletín Oficial 
de Cantabria. 8 de noviembre de 2010. 214:37087- 37108. [In Spanish]. 

50. BOC, (2011). Orden GAN 36/2011, de 5 de septiembre de 2011, por la que se dispone la publicación 
de las zonas de protección en la Comunidad Autónoma en las que serán de aplicación las medidas 
para la protección de la avifauna contra la colisión y la electrocución en las líneas eléctricas aéreas 
de alta tensión. Lunes, 26 de septiembre de 2011. Boletín Oficial de Cantabria. 184:29787-29788. [In 
Spanish]. 

51. BOE, (1976). Order of 2 July, which approves General Technical Specifications on Road and Bridge 
Construction Works PG3. Boletın Oficial del Estado (BOE)/Official Spanish Gazette. 7 de julio de 
1976.162:13318-13318. [In Spanish]. 

52. BOE, (2001). Boletın Oficial del Estado (BOE)/Official Spanish Gazette: Decision 12th July 2001. I 
National Spanish Plan for C&D Waste. Boletın Oficial del Estado (BOE)/Official Spanish Gazette. 166: 
25305-25313. [In Spanish]. 

http://www.tenerife.es/
http://ec.europa.eu/environment/waste/pdf/2011_CDW_Report.pdf
http://ec.europa.eu/environment/waste/studies/mixed_waste.htm


REFERENCES 

- 216 - 

53. BOE, (2008a). Real Decreto 105/2008, de 1 de febrero, por el que se regula la producción y gestión 
de los Residuos de Construcción y Demolición. Boletın Oficial del Estado (BOE)/Official Spanish 
Gazette. 13 de Febrero de 2008. 38: 7724-7730. [In Spanish]. 

54. BOE, (2006a). Law 27/2006 which regulates access to information rights, public participation and 
access to justice in environmental field. Ley 27/2006, de 18 de julio, por la que se regulan los 
derechos de acceso a la información, de participación pública y de acceso a la justicia en materia de 
medio ambiente (incorpora las Directivas 2003/4/CE y 2003/35/CE). Boletín Oficial del Estado. 19 de 
Julio de 2006. 171:27109. [In Spanish]. 

55. BOE, (2006b). Cantabria Law 4/2006 on Conservation of Cantabria’s Nature. Boletín Oficial del 
Estado. Jueves 3 agosto 2006. 184:29031-29050. [In Spanish]. 

56. BOE, (2007). Law 42/2007 on Natural Heritage and Biodiversity. Ley 42/2007, de 13 de diciembre, 
del Patrimonio Natural y de la Biodiversidad. Boletín Oficial del Estado. 14 de Diciembre de 2007. 
299:51275-51327. [In Spanish]. 

57. BOE, (2008b). Royal Decree 1247/2008, of 18 July, that approves the Spanish code on Structural 
concrete EHE-08. Boletin Oficial del Estado (BOE). 22/08/2008. 203: 35176-35178. [In Spanish]. 

58. BOE, (2009). Decision 20th January 2009- II National Spanish Plan for C&D Waste. Boletın Oficial del 
Estado (BOE)/Official Spanish Gazette. 49:19893-20016. [In Spanish]. 

59. BOE, (2011). Ley 22/2011, de 28 de julio, de residuos y suelos contaminados. Boletín Oficial del 
Estado, 29 de Julio de 2011, 181, pp. 85650-85705. [In Spanish]. 

60. BOE, (2013). Collective bargaining agreement of recovery and recycling waste and secondary raw 
materials 2013-2015. Boletın Oficial del Estado (BOE)/Official Spanish Gazette. 25 October 2013. 256: 
86785. [In Spanish]. 

61. Bohne, R. A., Brattebø, H., and Bergsdal, H., (2008). Dynamic eco-efficiency projections for 
construction and demolition waste recycling strategies at the city level. Journal of Industrial 
Ecology. 12(1): 52-68. 

62. Bollinger, D., and Pictet, J., (2008). Multiple criteria decision analysis of treatment and landfilling 
technologies for waste incineration residues. Omega. 36(3):418-428. 

63. Bosque Sendra, J. Gómez Delgado M., Rodríguez Espinosa V., Díaz Muñoz M.A., Rodríguez Durán 
A.E.,  Vela Gayo A., (1999). Localización de centros de tratamiento de residuos: una propuesta 
metodológica basada en un sig. Anales de Geografía de la UCM. 19: 295-323. [In Spanish]. 

64. Bossink, B.A.G., Brouwers, H.J.H., (1996). Construction waste: quantification and source evaluation. 
Journal of Construction Engineering and Management. 122 (1):55–60. 

65. Bottero, M. and Ferretti, V., (2011). An Analytic Network Process-based approach for location 
problems: the case of a new waste incinerator plant in the Province of Torino (Italy). Journal of Multi-
criteria Decision Analysis. 17: 63–84. 

66. Brans, J.P., (1982). L’ingénierie de la décision. Elaboration d’instruments d’aide á la décision. 
Méthode PROMETHEE, in: Nadeau R and Laundry M (eds), L’aide á la decision: Nature, instruments 
et prospective d’avenir. Québec, Canada: Presses de l’Université Laval. 183 – 214. [In French]. 

67. Brans, J. P. and Vincke P., (1985). A preference ranking organization method. The PROMETHEE 
method for MCDM. Management Science. 31(6):641 – 656.  

68. Brans, J. P. and Mareschal, B., (1994). The PROMOCALC and GAIA decision support system for 
MCDM. Decision Support Systems. 12: 297 – 310. 

69. Bréchet, T. and Tulkens H., (2009). Beyond BAT: selecting optimal combinations of available 
techniques, with an example from the limestone industry. Journal of Environmental Management. 
90:1790–1801. 

70. BTB, (2015). Bizkaiko Txintxor Berziklategia (BTB). C&DW recycling plant Tipping fees and sales price 
of secondary aggregates. Available in: http://www.btbab.com. [Consulted October 2010] [In 
Spanish]. 

http://www.btbab.com/


REFERENCES 

- 217 - 

71. Bueno, J.L., Sastre, H., Lavín, A.G., (1997). Contaminación e ingeniería Ambiental – Volumen II: 
Contaminación atmosférica. Editorial: FICYT, Oviedo. ISBN: 84-923131-5-3. [In Spanish] 

72. Cagliano, A.C., Pilloni, M.T., Rafele, C., (2014). A multi-criteria fuzzy method for selecting the location 
of a solid waste disposal facility. International Journal of Management and Decision Making. 
13(3):221-249.  

73. Calijuri, M.L., Marques, E.T., Lorentz, J.F., Azevedo, R.F., Carvalho, C.A.B., (2004). Multi-criteria 
analysis for the identification of waste disposal areas. Geotechnical and Geological Engineering. 
22(2):299–312. 

74. Capón-García, E., Papadokonstantakis, S., Hungerbühler K., (2014). Multi-objective optimization of 
industrial waste management in chemical sites coupled with heat integration issues. Computers and 
Chemical Engineering. 62: 21– 36. 

75. CAPV, (2012). Prevention guide of diffuse emission of particles, Gobierno Vasco. Departamento de 
Medio Ambiente, Planificación Territorial, Agricultura y Pesca. Dirección de Planificación Ambiental. 
Available in: 
http://www.ingurumena.ejgv.euskadi.eus/contenidos/manual/guia_emisiones_difusas/es_doc/adj
untos/guia_emisiones_difusas.pdf [In Spanish]. 

76. Carpenter, A., Jambeck, J.R., Gardner, K., Weitz, K., (2012). Life Cycle Assessment of End-of-Life 
Management Options for Construction and Demolition Debris. Journal of Industrial Ecology. 17 (3): 
396-406. 

77. Casado, L., (2010). Estudio de viabilidad económica del Negocio de reciclaje de residuos de 
Construcción y demolición en la Comunidad de Madrid. Diseño de una planta de reciclaje. Tutor: 
Elisa Ruiz Navas. Autor: Luis Casado Alejos. Escuela técnica superior de ingenieros industriales 
universidad Carlos III de Madrid. [In Spanish] 

78. CEDEX, (2010). Directory of waste that can be used in construction. Catálogo de residuos utilizables 
para la construcción. Available in: http://www.cedexmateriales.vsf.es/view/catalogo.aspx. [In 
Spanish]. 

79. CEPCI, (2014). Economic indicators, Chemical Engineering Plant Cost Index. Chemical Engineering 
magazine, March. 

80. Chambal, S., Shoviak, M., Thal Jr., A.E., (2003). Document Decision analysis methodology to evaluate 
integrated solid waste management alternatives. Environmental Modelling and Assessment. 8(1): 
25-34. 

81. Chang, N.-B., Chang, Y.-H., Chen, Y.L., (1997). Cost-effective and equitable workload operation in 
solid-waste management systems. Journal of Environmental Engineering. 123:178-190. 

82. Chang, N.-B. and Wei, Y.L., (1999). Strategic planning of recycling drop-off stations and collection 
network by multiobjective programming. Environmental Management. 24(2): 247-263. 

83. Chang, N.-B. and Wei, Y.L., (2000). Siting recycling drop-off stations in urban area by genetic 
algorithm-based fuzzy multiobjective nonlinear integer programming modelling. Fuzzy Sets and 
Systems. 114 (1): 133-149. 

84. Chang, N.-B., Davila, E., Dyson, B., Brown, R., (2005). Optimal design for sustainable development of 
a material recovery facility in a fast-growing urban setting. Waste Management. 25 (8):833-846. 

85. Chang, N.-B. and Davila, E., (2006). Siting and routing assessment for solid waste management under 
uncertainty using the grey mini-max regret criterion. Environmental Management. 38(4):654-672. 

86. Chang, N.-B. and Davila, E., (2007). Minimax regret optimization analysis for a regional solid waste 
management system. Waste Management. 27 (6): 820-832. 

87. Chang, N.-B., Parvathinathan, G., Breeden, J.B., (2008). Combining GIS with fuzzy multicriteria 
decision-making for landfill siting in a fast-growing urban region. Journal of Environmental 
Management. 87(1):139-153. 

http://www.ingurumena.ejgv.euskadi.eus/contenidos/manual/guia_emisiones_difusas/es_doc/adjuntos/guia_emisiones_difusas.pdf
http://www.ingurumena.ejgv.euskadi.eus/contenidos/manual/guia_emisiones_difusas/es_doc/adjuntos/guia_emisiones_difusas.pdf
http://www.cedexmateriales.vsf.es/view/catalogo.aspx


REFERENCES 

- 218 - 

88. Chang, N.-B., Chang, Y.-H., Chen, H.-W., (2009). Fair fund distribution for a municipal incinerator 
using GIS-based fuzzy analytic hierarchy process. Journal of Environmental Management. 90:441-
454. 

89. Chang, N.-B., Pires, A. and Martinho, G., (2011). Empowering systems analysis for solid waste 
management: challenges, trends, and perspectives. Critical Reviews in Environmental Science and 
Technology. 41:1449 – 1530. 

90. Chang, Y.-J., Chu, C.-W., Lin M.-D., (2012). An economic evaluation and assessment of environmental 
impact of the municipal solid waste management system for Taichung City in Taiwan. Journal of the 
Air & Waste Management Association. 62(5):527–540. 

91. Chatzouridis, C. and Komilis, D., (2012). A methodology to optimally site and design municipal solid 
waste transfer stations using binary programming. Resources, Conservation and Recycling. 60:89– 
98. 

92. Che Hasan, A.B., Yusof, Z.B., Mohd Ridzuan, A.R.B., Atan, I.B., Noordin, B.B., Abdul Ghani, A.H.B., 
(2013). Estimation model of construction waste materials in Malaysia: Steel. IEEE Business 
Engineering and Industrial Applications Colloquium, BEIAC 2013. April 7, 2013 – April 9, 2013. IEEE 
Computer Society, Langkawi, Malaysia, pp. 709–713. 

93. Chenayah, S. and Takeda, E., (2005). PROMETHEE Multicriteria Analysis for Evaluation of Recycling 
Strategies in Malaysia. Discussion Papers in Economics and Business. 05-01. 

94. Cheng, J.C.P. and Ma, L.Y.H., (2013). A BIM-based system for demolition and renovation waste 
estimation and planning. Waste Management. 33(6): 1539–1551. 

95. Cheng, S., Chan, C. W., Huang, G. H., (2002). Using multiple criteria decision analysis for supporting 
decisions of solid waste management. Journal of Environmental Science and Health - Part A 
Toxic/Hazardous Substances and Environmental Engineering. 37(6): 975-990. 

96. Cheng, S., Chanb, C. W., Huang, G.H., (2003). An integrated multi- criteria decision analysis and 
inexact mixed integer linear programming approach for solid waste management. Engineering 
Applications of Artificial Intelligence. 16:543 – 554. 

97. Chong, W.K. and Hermreck, C., (2010). Understanding transportation energy and technical 
metabolism of construction waste recycling. Resources, Conservation and Recycling. 54 (9):579-590. 

98. Chung, S.-, and Lo, C.W.H., (2003). Evaluating sustainability in waste management: The case of 
construction and demolition, chemical and clinical wastes in Hong Kong. Resources, Conservation 
and Recycling. 37(2): 119-145. 

99. Chung, S.S. and Peon C.S., (1996). Evaluating waste management alternatives by the multiple criteria 
approach. Resources, Conservation and Recycling. 17:189-210. 

100. CIMAS, (2010). C&DW management in Cantabria. Available in: 
http://www.medioambientecantabria.es/documentos_contenidos/62453_1.guia.pdf [In Spanish]. 

101. Cinelli, M., Coles, S.R., Kirwan, K. (2014). Analysis of the potentials of multi criteria decision analysis 
methods to conduct sustainability assessment. Ecological Indicators. 46:138-148. 

102. CIUDEN, (2010). Feasibility study of a recycling plant of C&DW in Bierzo. Fundación Ciudad de la 
Energía (CIUDE)/Foundation City of Energy. Spanish Government. 
http://www.Ciuden.es/index.asp?pagina=programas&c=6&subpagina=233 [Consulted October 
2010]. [In Spanish]. 

103. Cleary, J., (2009). Life cycle assessments of municipal solid waste management systems: A 
comparative analysis of selected peer-reviewed literature. Environment International. 35: 1256–
1266. 

104. COAAT, (2008). Colegio Oficial de Arquitectos y de arquitectos técnicos de A Coruña (COAAT). / 
Regional Associations of Architects and Technical Architects of Corunna. Available in: 
http://www.coaatac.org/files/adjuntos/articulo/ProduccionResiduos.pdf. [Accessed Apr 2009]. [In 
Spanish]. 

http://www.medioambientecantabria.es/documentos_contenidos/62453_1.guia.pdf
http://www.ciuden/
http://www.coaatac.org/files/adjuntos/articulo/ProduccionResiduos.pdf


REFERENCES 

- 219 - 

105. COAR, (2008). Colegio de Arquitectos la Rioja (COAR). /Regional Association of Architects of La Rioja 
(COAR). Available in: http://www.coar.es/visado/impresos.fr.htm. [Accessed Apr 2009]. [In Spanish]. 

106. Cochran, K.M. and Townsend, T.G., (2010). Estimating construction and demolition debris 
generation using a materials flow analysis approach. Waste Management. 30 (11):2247–2254. 

107. Cochran, K., Townsend, T., Reinhart, D., Heck, H., (2007). Estimation of regional building-related C&D 
debris generation and composition: case study for Florida, US. Waste Management. 27 (7): 921–931. 

108. Coelho, A. and De Brito, J., (2011a). Distribution of materials in construction and demolition waste 
in Portugal. Waste Management and Research. 29 (8): 843–853. 

109. Coelho, A. and De Brito, J., (2011b). Generation of construction and demolition waste in Portugal. 
Waste Management and Research. 29 (7): 739–750. 

110. Coelho, A. and De Brito, J., (2011c). Economic analysis of conventional versus selective demolition—
A case study. Resources, Conservation and Recycling. 55:382–392. 

111. Coelho, A. and De Brito, J., (2012). Influence of construction and demolition waste management on 
the environmental impact of buildings. Waste Management. 32:532–541. 

112. Coelho A. and De Brito J., (2013a). Economic viability analysis of a construction and demolition waste 
recycling plant in Portugal – Part I: Location, materials, technology and economic analysis. Journal of 
Cleaner Production. 39: 338 – 352. 

113. Coelho A. and De Brito J., (2013b). Economic viability analysis of a construction and demolition waste 
recycling plant in Portugal – Part II: Economic sensitivity analysis. Journal of Cleaner Production.39: 
329 – 337. 

114. Coelho, A. and De Brito, J., (2013c). Environmental analysis of a construction and demolition waste 
recycling plant in Portugal – Part II: Environmental sensitivity analysis. Waste Management 33 (2013) 
147–161. 

115. Coelho, A. and De Brito, J., (2013d). Environmental analysis of a construction and demolition waste 
recycling plant in Portugal – Part I: Energy consumption and CO2 emissions. Waste Management. 
33:1258–1267, 

116. Coelho, A. and De Brito, J., (2013e). Chapter 7 – Conventional demolition versus deconstruction 
techniques in managing construction and demolition waste (CDW). Handbook of recycled concrete 
and demolition waste. Editor(s): Pacheco-Torgal, Tam, Labrincha, Ding and de Brito. Woodhead 
Publishing. ISBN: 9780857096821. 

117. Coelho, A. and De Brito, J., (2013f). Chapter 9 – Preparation of concrete aggregates from construction 
and demolition waste (CDW). Handbook of recycled concrete and demolition waste. Editor(s): 
Pacheco-Torgal, Tam, Labrincha, Ding and de Brito. Woodhead Publishing. ISBN: 9780857096821. 

118. Contreras, F., Hanaki, K., Aramaki, T., Connors, S., (2008). Application of analytical hierarchy process 
to analyze stakeholders preferences for municipal solid waste management plans, Boston, USA. 
Resources, Conservation and Recycling. 52 (7):979-991. 

119. Coronado, M., Dosal, E., Coz, A., Viguri, J.R., Andrés, A., (2011). Estimation of construction and 
demolition waste (C&DW) generation and multi-criteria analysis of C&DW management alternatives: 
A case study in Spain. Waste and Biomass Valorization. 2:209–225. 

120. Costi, P., Minciardi, R., Robba, M., Rovatti, M., Sacile, R. (2004). An environmentally sustainable 
decision model for urban solid waste management. Waste Management. 24 (3): 277-295. 

121. Craighill, A. and Powell, J.C., (2003). A lifecycle assessment and evaluation of construction and 
demolition waste. CSERGE Working Paper WM 99-03. ISSN 0967-8875. 

122. Cui, L., Chen, L.R., Li, Y.P., Huang, G.H., Li, W., Xie, Y.L., (2011). An interval-based regret-analysis 
method for identifying long-term municipal solid waste management policy under uncertainty. 
Journal of Environmental Management. 92(6):1484-1494. 

123. CYPE ingenierios, S.A., (2014). Construction prices. Generador de precios de la construcción. 
Available in: http://www.generadordeprecios.info/. [In Spanish].  

http://www.coar.es/visado/
http://www.generadordeprecios.info/


REFERENCES 

- 220 - 

124. Dahlbo, H., Bachér, J., Lähtinen, K., Jouttijärvi, T., Suoheimo, P., Mattila, T., Sironen, S., Myllymaa, T., 
Saramäki, K., (2015). Construction and demolition waste management - a holistic evaluation of 
environmental performance. Journal of Cleaner Production. Journal of Cleaner Production. 107:333-
341. 

125. Dai, C., Li, Y.P. and Huang, G.H., (2011). A two-stage support-vector-regression optimization model 
for municipal solid waste management - A case study of Beijing, China. Journal of Environmental 
Management. 92:3023-3037. 

126. Dat, L.Q., Truc Linh, D.T., Chou, S.-Y., Yu, V.F., (2012). Optimizing reverse logistic costs for recycling 
end-of-life electrical and electronic products. Expert Systems with Applications. 39:6380–6387. 

127. Davila, E. and Chang N.-B., (2005). Sustainable pattern analysis of a publicly owned material recovery 
facility in a fast-growing urban setting under uncertainty. Journal of Environmental Management. 
75: 337–351. 

128. DCLG, (2009). Multi-criteria Analysis: A Manual. Department for Communities and Local Government 
Publications, London. Department for Communities and Local Government. ISBN: 978-1-4098-1023-
0. 

129. De Brucker, K., Macharis, C., Verbeke, A., (2013). Multi-criteria analysis and the resolution of 
sustainable development dilemmas: A stakeholder management approach. European Journal of 
Operational Research. 224:122–131. 

130. De Feo, G. and De Gisi, S., (2010). Using an innovative criteria-weighting tool for stakeholder 
involvement to rank MSW facility sites with the AHP. Waste Management. 30:2370 – 2382. 

131. De Guzmán Báez, A., Villoria Sáez, P., Del Río Merino, M., García Navarro, J., (2012). Methodology 
for quantification of waste generated in Spanish railway construction works. Waste Management. 
32 (5): 920–924. 

132. De Lima, J.D., Jucá, J.F.T., Reichert, G.A., Firmo, A.L.B., (2014). Use of decision support models to 
analyse technological alternatives for municipal solid waste treatment in South Region of Brazil. 
Engenharia Sanitaria e Ambiental. 19 (1):33-42. 

133. De Melo, A.B., Goncalves, A.F., Martins, I.M., (2011). Construction and demolition waste generation 
and management in Lisbon (Portugal). Resources Conservation and Recycling. 55 (12):1252–1264. 

134. De Oliveira Simonetto, E., and Leodir Löbler M., (2012). Simulation based on system dynamics to 
evaluate scenarios about the generation and disposal of municipal solid waste. African Journal of 
Business Management. 6(50):11976-11985. 

135. Di Corato, L., and Montinari, N., (2014). Flexible waste management under uncertainty. European 
Journal of Operational Research. 234 (1): 174-185. 

136. Defra, (2012). Department for Environment Food & Rural Affairs, Gov.UK. Methodology for 
estimating annual waste generation from the Construction, Demolition and Excavation (CD&E) 
Sectors in England. Waste and recycling statistics. Version 1, 20 March 2012. Available in: 
https://www.gov.uk/government/statistics/construction-and-demolition-waste#history.  

137. Del Rosario Pérez-Salazar, M., Mateo-Díaz, N.F., Rodríguez, R.G., Cristóbal-Vózquez, I.M.A., Aguilar-
Lasserre, A.A., (2014). A three echelon, multiple-source, capacitated facility location problem for 
solid waste management at the northern region of Veracruz, Mexico. IIE Annual Conference and 
Expo 2014: 2049-2059. 

138. Den Boer, E., Den Boer, J., Berger, J., Jager, J., (2005). The Use of Life Cycle Assessment Tool for the 
Development of Integrated Waste Management Strategies for Cities and Regions with Rapid 
Growing Economies. Deliverable Report on D5.1 and D5.2: Social Sustainability Criteria and 
Indicators for Waste Management (Work Package 5). Project reference: EVK4-CT-2002-00087.  

139. Demesouka, O.E., Vavatsikos, A.P., Anagnostopoulos, K.P., (2014). GIS-based multicriteria municipal 
solid waste landfill suitability analysis: A review of the methodologies performed and criteria 
implemented. Waste Management & Research. 32(4):270–296. 

https://www.gov.uk/government/statistics/construction-and-demolition-waste#history


REFERENCES 

- 221 - 

140. Delgado, O.B., Mendoza, M., Granados, E.L., Geneletti, D., (2008). Analysis of land suitability for the 
siting of inter-municipal landfills in the Cuitzeo Lake Basin, Mexico. Waste Management. 28(7): 
1137–1146. 

141. Delgado Viñas, C., (2012). Environmental protection and land Management in Cantabria. Legislation, 
Instruments and territorial conflicts. Boletín de la Asociación de Geógrafos Españoles. 60:449-455. 
I.S.S.N.: 0212-9426. 

142. Dermol, U. and Konti B., (2011). Use of strategic environmental assessment in the site selection 
process for a radioactive waste disposal facility in Slovenia. Journal of Environmental Management. 
92: 43-52. 

143. DGOT, (2015). Direccion General de Ordenacion del Territorio, y Evaluación Ambiental Urbanistica, 
y Dirección General de Urbanismo. Directorate General of regional Planning, Urbanistic 
Environmental Assessment and Directorate General of Urban design. Cantabria Government. 
Available in: http://www.territoriodecantabria.es/Contenido/cartografia-sig/32. [Accessed on 
2011]. [In Spanish]. 

144. Diakoulaki, D. and Grafakos, S., (2004). Multi-criteria analysis. Work Package 4 Report, Externalities 
of Energy. Available from: http://www.externe.info/externe_2006/expolwp4.pdf. [Accessed 1 
November 2012]. 

145. Ding, T. and Xiao J., (2014). Estimation of building-related construction and demolition waste in 
Shanghai. Waste Management. 34:2327–2334. 

146. DOCM, (2005). Decree 189/2005 - Regional Plan for C&DW of Castilla La Mancha (2006–2015). 16 
December 2005. Official Regional Gazette of Castilla La Mancha. 253:23549-23586. [In Spanish] 

147. Donevska, K.R., Gorsevski, P.V., Jovanovski, M., Peševski, I., (2012). Regional non-hazardous landfill 
site selection by integrating fuzzy logic, AHP and geographic information systems. Environmental 
Earth Sciences. 67:121–131. 

148. Dornburg, V., Faaij, A.P.C., Meuleman, B., (2006). Optimising waste treatment systems: Part A: 
methodology and technological data for optimising energy production and economic performance. 
Resources, Conservation and Recycling. 49: 68–88. 

149. Dosal, E., Coronado, M., Muñoz, I., Viguri, J. R., Andrés, A., (2012). Application of Multi-criteria 
decision-making tool to locate Construction and Demolition Waste (C&DW) recycling facilities in a 
northern Spanish region. Environmental Engineering and Management Journal. 11(3): 545–556. 

150. Dosal, E., Viguri, J.R., Andrés, A., (2013). Chapter 5: Multi-criteria decision-making methods for the 
optimal location of construction and demolition waste (C&DW) recycling facilities. Handbook of 
recycled concrete and demolition waste (edited by F. Pacheco-Torgal). Woodhead Publishing. 
September 2013 - ISBN 0-85709-682-6. 

151. Dosho, Y., (2007). Development of a sustainable Concrete waste Recycling system- Application of 
Recycled Aggregate Concrete Produced by Aggregate Replacing method. Journal of Advanced 
Concrete Technology. 5(1):27-42.  

152. Duran, X., Lenihan, H., O'Regan, B., (2006). A model for assessing the economic viability of 
construction and demolition waste recycling - the case of Ireland. Resources, Conservation and 
Recycling. 46(3): 302-320. 

153. Eatherley, D., and Slater, S., (2009). Final Report: Good practice in Construction and Demolition 
materials recovery facilities. A review of UK MRFs to identify, and to encourage MRF operators to 
adopt, good practice in the recovery of non-inert C&D waste materials. October 2009. Available in: 
http://www.wrap.org.uk/sites/files/wrap/Good%20practice%20in%20construction%20and%20de
molition%20materials%20recovery%20facilities1.pdf. 

154. EEA, (2003). Assessment of Information Related to Waste and Material Flows: A Catalogue of 
Methods and Tools. Copenhagen, European Environment Agency. 

155. EC, (1992). Council Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and 
of wild fauna and flora. 22.7.1992. Official Journal of the European Union L 206:7–50. 

http://www.territoriodecantabria.es/Contenido/cartografia-sig/32
http://www.externe.info/externe_2006/expolwp4.pdf
http://www.wrap.org.uk/sites/files/wrap/Good%20practice%20in%20construction%20and%20demolition%20materials%20recovery%20facilities1.pdf
http://www.wrap.org.uk/sites/files/wrap/Good%20practice%20in%20construction%20and%20demolition%20materials%20recovery%20facilities1.pdf


REFERENCES 

- 222 - 

156. EC, (1998). Aarhus Convention adopted on 25 June 1998 in the Danish city of Aarhus (Århus) at the 
Fourth Ministerial Conference as part of the "Environment for Europe" process. It entered into force 
on 30 October 2001. Available in: http://ec.europa.eu/environment/aarhus/  

157. EC, (2000). European Commission, Decision 2000/532/EC of 3 May 2000. European Waste Catalogue. 
replacing Decision 94/3/EC establishing a list of wastes pursuant to Article 1(a) of Council Directive 
75/442/EEC on waste and Council Decision 94/904/EC establishing a list of hazardous waste pursuant 
to Article 1(4) of Council Directive 91/689/EEC on hazardous waste (notified under document 
number C(2000) 1147). 6.9.2000. Official Journal of the European Union. L 226:3–24. 

158. EC, (2002). Regulation (EC) 2150/2002 of 25 November 2002 on waste statistics. 9.12.2002. Official 
Journal of the European Union L. 332: 1-54. 

159. EC, (2003). Directive 2003/4/EC of the European Parliament and of the Council of 28 January 2003 
on public access to environmental information and repealing Council Directive 90/313/EEC. 
14.2.2003. Official Journal of the European Union. L 41:26–32. 

160. EC, (2008). European Commission, Directive 2008/98/EC of the European Parliament and of the 
Council of 19 November 2008 on waste and repealing certain Directives. Official Journal of the 
European Union L. 312:3-30. 

161. EC, (2009). Directive 2009/147/EC of the European Parliament and of the Council of 30 November 
2009 on the conservation of wild birds. 26.1.2010. Official Journal of the European Union L 20:7-25. 

162. EC, (2010). Communication from the Commission Europe 2020. A strategy for smart, sustainable and 
inclusive growth. Brussels, 3.3.2010. 

163. EC, (2011). Commission Decision 2011/753/EU, of 18 November 2011 establishing rules and 
calculation methods for verifying compliance with the targets set in Article 11(2) of Directive 
2008/98/EC of the European Parliament and of the Council. Official Journal of the European Union. 
L 310/11-16. 

164. EC, (2012). European Commission. Codified Version of Standard Texts Used in BREFs to Adapt Them 
to the IED Regime. http://eippcb.jrc.ec.europa.eu/ief/ (accessed 10.14).  

165. EC, (2014). Communication from the commission to the European parliament, the council, the 
European economic and social committee and the committee of the regions. Towards a circular 
economy: A zero waste program for Europe. Brussels, 25.9.2014.  

166. EC, (2015a). Circular economy. Available in: http://ec.europa.eu/environment/circular-economy/. 

167. EC, (2015b). The 7th Environment Action Programme (EAP). Available in:  
http://ec.europa.eu/environment/action-programme/ 

168. EC, (2015d). Construction and demolition waste. Available in: 
http://ec.europa.eu/environment/waste/construction_demolition.htm 

169. Eiselt, H.A., (2006). Locating landfills and transfer stations in Alberta. INFOR. 44 (4): 285-298. 

170. Eiselt, H.A., (2007). Locating landfills—Optimization vs. Reality. European Journal of Operational 
Research. 179:1040–1049. 

171. Eiselt, H.A. and Marianov V., (2014). A bi-objective model for the location of landfills for municipal 
solid waste. European Journal of Operational Research. 235:187–194. 

172. Ekmekçioĝlu, M., Kaya, T., Kahraman, C., (2010). Fuzzy multicriteria disposal method and site 
selection for municipal solid waste. Waste Management. 30(8-9): 1729-1736. 

173. El Hanandeh, A., and El-Zein, A., (2010). The development and application of multi-criteria decision-
making tool with consideration of uncertainty: The selection of a management strategy for the 
biodegradable fraction in the municipal solid waste. Bioresource Technology. 101(2): 555-561. 

174. Ellen MacArthur Foundation, (2013). Towards the Circular Economy. Volume 1: Economic and 
business rationale for an accelerated transition. Available in: 
http://www.ellenmacarthurfoundation.org/publications/towards-the-circular-economy-vol-1-an-
economic-and-business-rationale-for-an-accelerated-transition. 

http://ec.europa.eu/environment/aarhus/
http://eippcb.jrc.ec.europa.eu/ief/
http://ec.europa.eu/environment/circular-economy/
http://ec.europa.eu/environment/action-programme/
http://ec.europa.eu/environment/waste/construction_demolition.htm
http://www.ellenmacarthurfoundation.org/publications/towards-the-circular-economy-vol-1-an-economic-and-business-rationale-for-an-accelerated-transition
http://www.ellenmacarthurfoundation.org/publications/towards-the-circular-economy-vol-1-an-economic-and-business-rationale-for-an-accelerated-transition


REFERENCES 

- 223 - 

175. Emmitt, G.D., (1996). Minimizing groundwater consumption for required fugitive dust control 
programs. Proceeding for the Seventh Annual Environment Virginia´96 symposium. Conference on 
Environmental Management and Pollution Prevention. 

176. Envirowise, (2006). Managing packaging waste on your construction site. Good Practice Guide 606. 
Available in: http://www.wrap.org.uk/sites/files/wrap/GG606_final.pdf. 52 pages.  

177. Erkut, E., Karagiannidis, A., Perkoulidis, G., (2008). A multi-criteria facility location model for 
municipal solid waste management in North Greece. European Journal of Operational Research. 187: 
1402 – 1421. 

178. Ersoy, H. and Bulut, F., (2009). Spatial and multi- criteria decision analysis- based methodology for 
landfill site selection in growing urban regions. Waste Management and Research. 27:489 – 500. 

179. Eskandari, M., Homaee, M., Mahmodi, S., (2012). An integrated multi criteria approach for landfill 
siting in a conflicting environmental, economical and socio-cultural area. Waste Management. 
32:1528–1538. 

180. ESRI, (2015). ArcGIS desktop developed by ESRI. http://www.esri.com/. 

181. ETC/SCP, (2009). EU as a Recycling Society Present recycling levels of Municipal Waste and 
Construction & Demolition Waste in the EU. ETC/SCP working paper 2/2009. European Environment 
Agency.  

182. Europalet, (2014). Data of palet prices. Available in: www.paletsonline.com. [In Spanish]. 

183. Europe INNOVA, (2012). Guide to resource efficiency in manufacturing: Experiences from improving 
resource efficiency in manufacturing companies. Available in: http://www.greenovate-
europe.eu/sites/default/files/publications/REMake_Greenovate!Europe%20-
%20Guide%20to%20resource%20efficient%20manufacturing%20(2012).pdf 

184. Eurostat, (2011). Economy-wide Material Flow Accounts and Derived Indicators: A Methodological 
Guide. Luxembourg: Office for Official Publications of the European Communities, 2001. 

185. Eurostat, (2015). European Commission. Construction and Demolition waste. Available in: 
http://ec.europa.eu/environment/waste/construction_demolition.htm.  

186. Farahani, R. Z., SteadieSeifi M., Asgari N., (2010). Multiple criteria facility location problems: A 
survey. Applied Mathematical Modelling. 34:1689 – 1709. 

187. Fatta, D., Papadopoulos, A., Avramikos, E., Sgourou, E., Moustakas, K., Kourmoussis, F., Mentzis, A., 
Loizidou, M., (2003). Generation and management of construction and demolition waste in Greece 
– an existing challenge. Resources, Conservation and Recycling. 40 (1): 81–91. 

188. Ferretti, V. and Pomarico, S., (2012). Integrated sustainability assessments: a spatial multicriteria 
evaluation for siting a waste incinerator plant in the Province of Torino (Italy). Environment, 
Development and Sustainability. 14:843–867. 

189. Figueira, J., Greco S., Ehrgott, M., (2005). Multiple criteria decision analysis: state of the art surveys. 
In: International Series in Operations Research and Management Science. Greco S, ed., vol. 78. 

190. Finnveden, G. and Moberg, Å., (2005). Environmental systems analysis tools – an overview. Journal 
of Cleaner Production. 13:1165–1173. 

191. Finnveden, G., Björklund, A., Moberg, Å. Ekvall, T., Moberg, Å., (2007). Environmental and economic 
assessment methods for waste management decision-support: Possibilities and limitations. Waste 
Management & Research. 25: 263–269. 

192. Fiorucci, P., Minciardi, R., Robba, M., Sacile, R., (2003). Solid waste management in urban areas 
Development and application of a decision support system. Resources, Conservation and Recycling. 
37:301-328. 

193. FIR, (2005). Information Document on the Effects of C&DW Recycling Prepared for DGEnvironment 
by the F.I.R. as input to the Thematic Strategy on Prevention and Recycling of Waste. Available in: 
https://brbs.webdog.nl/files/Information_document_on_C&DW_March_2005.pdf. 

http://www.wrap.org.uk/sites/files/wrap/GG606_final.pdf
http://www.esri.com/
http://www.paletsonline.com/
http://www.greenovate-europe.eu/sites/default/files/publications/REMake_Greenovate!Europe%20-%20Guide%20to%20resource%20efficient%20manufacturing%20(2012).pdf
http://www.greenovate-europe.eu/sites/default/files/publications/REMake_Greenovate!Europe%20-%20Guide%20to%20resource%20efficient%20manufacturing%20(2012).pdf
http://www.greenovate-europe.eu/sites/default/files/publications/REMake_Greenovate!Europe%20-%20Guide%20to%20resource%20efficient%20manufacturing%20(2012).pdf
http://ec.europa.eu/environment/waste/construction_demolition.htm
https://brbs.webdog.nl/files/Information_document_on_C&DW_March_2005.pdf


REFERENCES 

- 224 - 

194. Formoso, C.T. Soibelman, L. De Cesare, C. Isatto, E.L., (2002). Material waste in building industry: 
main causes and prevention. Journal of Construction Engineering and Management. 128 (4): 316–
325. 

195. Fülop J. (2011). Introduction to Decision Making Methods. Laboratory of Operations Research and 
Decision Systems, Computer and Automation Institute, Hungarian Academy of Sciences. Available 
in: http://academic.evergreen.edu/projects/bdei/documents/decisionmakingmethods.pdf. 

196. Galante, G., Aiello, G., Enea, M., Panascia, E., (2010). A multi-objective approach to solid waste 
management. Waste Management. 30: 1720–1728. 

197. GAMS, (2015). General Algebraic Modeling System (GAMS). http://www.gams.com/ 

198. Garbarino, E. and Blengini, G.A., (2013). Chapter 6: The economics of construction and demolition 
waste (C&DW) management facilities. Handbook of recycled concrete and demolition waste (edited 
by F. Pacheco-Torgal). Woodhead Publishing. September 2013 - ISBN 0-85709-682-6. 

199. Garfì, M., Tondelli, S., Bonoli, A., (2009). Multi-criteria decision analysis for waste management in 
Saharawi refugee camps. Waste Management. 29:2729–2739. 

200. Gautam, A.K. and Kumar S., (2005). Strategic planning of recycling options by multi-objective 
programming in a GIS environment. Clean Technologies and Environmental Policy. 7: 306–316. 

201. Gavilan, R.M. and Bernold, L.E., (1994). Source Evaluation of Solid Waste in Building Construction. 
Journal of Construction Engineering and Management. 120 (3): 536–552. 

202. Gbanie, S.P., Tengbe, P.B., Momoh, J.S., Medo, J., Kabba, V.T.S., (2013). Modelling landfill location 
using Geographic Information Systems (GIS) and Multi-Criteria Decision Analysis (MCDA): Case study 
Bo, Southern Sierra Leone. Applied Geography. 36:3-12. 

203. Gemitzi, A., Tsihrintzis, V. A., Voudrias, E., Petalas, C., Stravodimos, G., (2007). Combining geographic 
information system, multicriteria evaluation techniques and fuzzy logic in siting MSW 
landfills. Environmental Geology. 51(5):797-811. 

204. Geneletti, D., (2010). Combining stakeholder analysis and spatial multicriteria evaluation to select 
and rank inert landfill sites. Waste Management. 30(2): 328-337. 

205. Generowicz, A., Kulczycka, J., Kowalski, Z., Banach, M., (2011). Assessment of waste management 
technology using batneec options, technology quality method and multi-criteria analysis. Journal of 
Environmental Management. 92: 1314-1320. 

206. GERD, (2012). Guia Española de áridos reciclados (Proyecto GEAR). Spanish Guide of Recycled 
Aggregates from Construction and Demolition Waste. Guia Española de áridos reciclados 
procedentes de RCDs. Available in:  
http://www.caminospaisvasco.com/Profesion/documentostecnicos/guia. [In Spanish]. 

207. Ghiani, G., Laganà, D., Manni, E., Triki, C., (2012). Capacitated location of collection sites in an urban 
waste management system. Waste Management. 32:1291–1296. 

208. Ghiani, G., Laganà, D., Manni, E., Musmanno, R., Vigo D., (2014). Operations research in solid waste 

management: A survey of strategic and tactical issues. Computers & Operations Research. 44:22–
32. 

209. Ghinea, C. and Gavrilescu M., (2010). Decision support models for solid waste management – An 
overview. Environmental Engineering and Management Journal. 9: 869 – 880. 

210. Ghose M.K., Dikshit A.K., Sharma S.K., (2006). A GIS based transportation model for solid waste 
disposal – A case study on Asansol municipality. Waste Management. 26:1287–1293.  

211. Gomes, C.F.S., Nunes, K.R.A., Helena Xavier, L., Cardoso, R., Valle, R., (2008). Multicriteria decision-
making applied to waste recycling in Brazil. Omega. 36(3):395-404. 

212. Gomez Delgado, M. and Romero Calcerrada R., (2002). Ensayo metodológico para la localización de 
instalaciones de tratamiento de residuos sólidos urbanos en la Unidad Territorial de Gestión 2B de 
la Comunidad de Madrid. Anales de Geografía de la Univ. Complutense. 22: 265-299. [In Spanish]. 

http://academic.evergreen.edu/projects/bdei/documents/decisionmakingmethods.pdf
http://www.gams.com/
http://www.caminospaisvasco.com/Profesion/documentostecnicos/guia


REFERENCES 

- 225 - 

213. Gorsevski, P.V., Donevska, K.R., Mitrovski, C.D., Frizado, J.P., (2012). Integrating multi-criteria 
evaluation techniques with geographic information systems for landfill site selection: A case study 
using ordered weighted average. Waste Management. 32:287–296. 

214. GTDF, (2008). Conference of the Geneva Trade & Development Forum (GTDF): The trade and 
environment relationships reconsidered. The case of regional trade and regional trade agreements. 
Available in: http://www.gtdforum.org. [Consulted 2012]. 

215. Guiqin, W., Li, Q., Guoxue, L., Lijun, C., (2009). Landfill site selection using spatial information 
technologies and AHP: a case study in Beijing, China. Journal of Environmental Management. 90(8): 
2414-2421. 

216. Guo, P., Huang, G. H., He, L., (2008a). ISMISIP: An inexact stochastic mixed integer linear semi-infinite 
programming approach for solid waste management and planning under uncertainty. Stochastic 
Environmental Research and Risk Assessment. 22:759–775. 

217. Guo, P., Huang, G. H., He, L., Sun, B. W., (2008b). ITSSIP: Interval-parameter two-stage stochastic 
semi-infinite programming for environmental management under uncertainty. Environmental 
Modelling and Software. 23:1437–1482. 

218. Guo, P., Huang, G.H., He, L., Li, H.L., (2009). Interval-parameter fuzzy-stochastic semi-infinite mixed-
integer linear programming for waste management under uncertainty. Environmental Modelling and 
Assessment. 14(4):521-537. 

219. Haastrup, P., Maniezzo, V., Mattarelli, M., Mazzeo Rinaldi F., Mendes, I., Paruccini, M., (1998). A 
decision support system for urban waste management. European Journal of Operational Research. 
109:330-341. 

220. Hajkowicz, S., and Collins, K., (2007). A review of multiple criteria analysis for water resource 
planning and management. Water Resources Management. 21:1553 – 1566. 

221. Hanan, D., Burnley, S., Cooke, D., (2012). A multi-criteria decision analysis assessment of waste paper 
management options. Waste Management. 33(3): 566-573. 

222. Hao, J.L., Hill, M.J., Shen, L.Y., (2008). Managing construction waste on-site through system dynamics 
modelling: The case of Hong Kong. Engineering, Construction and Architectural Management. 15 
(2):103-113. 

223. Hao, J.L.J., Tam, V.W.Y., Yuan, H.P., Wang, J.Y., Li, J.R., (2010). Dynamic modeling of construction and 
demolition waste management processes. Engineering, Construction and Architectural 
Management. 17 (5): 476-492. 

224. Hashimoto, S., Tanikawa, H., Moriguchi, Y., (2007). Where will large amounts of materials 
accumulated within the economy go? – a material flow analysis of construction minerals for Japan. 
Waste Management (Oxford). 27 (12): 1725–1738. 

225. Hashimoto, S., Tanikawa, H., Moriguchi, Y., (2009). Framework for estimating potential wastes and 
secondary resources accumulated within an economy – a case study of construction minerals in 
Japan. Waste Manage. 29 (11):2859–2866. 

226. Hatami-Marbini, A., Tavana, M., Moradi, M., Kangi, F., (2013). A fuzzy group Electre method for 
safety and health assessment in hazardous waste recycling facilities. Safety Science. 51: 414–426. 

227. HENAN, (2015). Henan Hongji Mine Machinery Co. Available in:  http://hjcrusher.com/. 

228. Herva, M. and Roca, E., (2013a). Review of combined approaches and multi-criteria analysis for 
corporate environmental evaluation. Journal of Cleaner Production. 39:355–371.  

229. Herva, M., and Roca, E., (2013b). Ranking municipal solid waste treatment alternatives based on 
ecological footprint and multi-criteria analysis. Ecological Indicators. 25: 77–84. 

230. Hesse, S. and Daskin, M., (1998). Strategic facility location: A review. European Journal of Operational 
Research. 111:423 – 447. 

http://www.gtdforum.org/
http://hjcrusher.com/


REFERENCES 

- 226 - 

231. Hettiaratchi, J.P.A., Verduga, B.F.P., Rajbhandari, B.K., Ruwanpura, J.Y., Wimalasena, B.A.D.S., 
(2010). A statistical approach to predict waste generation rates to support recycling programmes. 
International Journal of Environment and Waste Management. 6 (1–2): 82–95. 

232. Hiete, M., Stengel, J., Ludwig, J., Schultmann, F., (2011). Matching construction and demolition waste 
supply to recycling demand: a regional management chain model. Building Research Information. 39 
(4): 333–351. 

233. Hinloopen, E. and Nijkamp, P. (1990). Qualitative multiple criteria choice analysis, the dominant 
regime method. Quality and Quantity. 24:37–56. 

234. Hoglmeier, K., Weber-Blaschke, G., Richter, K., (2013). Potentials for cascading of recovered wood 
from building deconstruction – a case study for south-east Germany. Resources, Conservation and 
Recycling. 78: 81–91. 

235. Höjer, M., Ahlroth, S., Dreborg, K.-H., Ekvall, T., Finnveden, G., Hjelm, O., Hochschorner, E., Nilsson, 
M., Palm, V., (2008). Scenarios in selected tools for environmental systems analysis. Journal of 
Cleaner Production. 16:1958-1970. 

236. Hokkanen, J. and Salminen, P., (1997). Choosing a solid waste management system using 
multicriteria decision analysis. European Journal of Operational Research. 98(1):19-36. 

237. Hoque, M.R., Durany, X.G.I., Sala, C.S.I., Mendez, G.V., Peiró, L.T., Huguet, T.V., (2012). Energy 
Intensity of the Catalan Construction Sector. Energy Policy. 37(11):4658-4671. 

238. Hsiao, T.Y., Huang, Y.T., Yu, Y.H., Wernick, I.K., (2002). Modeling materials flow of waste concrete 
from construction and demolition wastes in Taiwan. Resources Policy. 28 (1–2):39–47. 

239. Hu, D., You, F., Zhao, Y.H., Yuan, Y., Liu, T.X., Cao, A.X., Wang, Z., Zhang, J.L., (2010). Input, stocks and 
output flows of urban residential building system in Beijing city, China from 1949 to 2008. Resources, 
Conservation and Recycling. 54 (12): 1177–1188. 

240. Huang, I. B., Keisler, J., Linkov I., (2011). Multi-criteria decision analysis in environmental sciences: 
Ten years of applications and trends. Quality and Quantity. 409:3578-3594. 

241. Huang, T., Shi, F., Tanikawa, H., Fei, J., Han, J., (2013). Materials demand and environmental impact 
of buildings construction and demolition in China based on dynamic material flow analysis. 
Resources, Conservation and Recycling. 72 :91-101. 

242. Huang, W.-L., Lin, D.-H., Chang, N.-B., Lin, K.-S., (2002). Recycling of construction and demolition 
waste via a mechanical sorting process. Resources, Conservation and Recycling. 37:23-37. 

243. Huberman, N. and Pearlmutter, D., (2008). A life-cycle energy analysis of building materials in the 
Negev desert. Energy and Buildings. 40 :837–848. 

244. Humbert, S., Marshall, J.D., Shaked, S., Spadaro, J.V., Nishioka, Y.,Preiss, P., McKone, T.E., Horvath, 
A., Jolliet, O., (2011). Intake fraction for particulate matter: recommendations for Life Cycle Impact 
Assessment. Environmental science and technology. 45:4808-4816. 

245. Hung, M., Ma, H., Yang, W., (2007). A novel sustainable decision making model for municipal solid 
waste management. Waste Management. 27(2): 209-219. 

246. Ibáñez-Forés, V., Bovea, M.D., Azapagic, A., (2013). Assessing the sustainability of Best Available 
Techniques (BAT): methodology and application in the ceramic tiles industry. Journal of Cleaner 
Production. 51: 162-176. 

247. Ibáñez-Forés V., Bovea, M.D., Pérez-Belis, V., (2014). A holistic review of applied methodologies for 
assessing and selecting the optimal technological alternative from a sustainability perspective. 
Journal of Cleaner Production. 70:259-281. 

248. ICANE, (2015). Statistic Institute of Cantabria /Instituto Cantabro de estadistica. Available in: 
http://www.icane.es/. [In Spanish]. 

249. ICCL, (2013). Instituto de Ciencias de la Construcción Eduardo Torroja 
y el ICCL, Instituto de la Construcción de Castilla y León. Propiedad de materiales de construcción. 
Available in: http://cte-web.iccl.es/. [In Spanish].  

http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=6508312387&zone=
http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=48162008200&zone=
http://www.icane.es/
http://cte-web.iccl.es/materiales.php?a=11


REFERENCES 

- 227 - 

250. IChemE (2002). The Sustainability Metrics. The Institution of Chemical Engineers, Rugby.  

251. IGN, (2015). Instituto Geográfico Nacional de España. National Geographical Institute of Spain. 
MFOM. Spanish Government. Available in: http://www.ign.es/ign/main/index.do. [In Spanish]. 

252. Inghels, D. and Dullaert, W., (2010). An analysis of household waste management policy using system 
dynamics modelling. Waste Management & Research. 29(4):351–370. 

253. ISO, (2006). Environmental Management – Life Cycle Assessment – Requirements and Guidelines. 
International Standard ISO 14044, Geneva. 

254. ISO, (2009). Risk Management – Principles and Guidelines, ISO 31000:2009. International 
Organisation for Standardisation, Geneva. 

255. ITEC, (2006). Euroconstruct Report from 61st EUROCONSTRUCT Conference - Amsterdam, June 
2006.  

256. ITEC, (2009). Guide to write C&DW management report. Guía per a la redacció de l’Estudi de Gestió 
de Residus de construcció i enderroc. Versió 1.0. 23 Pgs. [In Catalan]. 

257. ITEC, (2015). BEDEC, 2011. Instituto de Tecnología de la Construcción de Cataluña (ITeC), Spain. 
Available from: http://itec.es/nouBedec.e/ [In Spanish] 

258. Jaillon, L., Poon, C.S., Chiang, Y.H., (2009). Quantifying the waste reduction potential of using 
prefabrication in building construction in Hong Kong. Waste Manage.29 (1): 309–320. 

259. Jamasb, T. and Nepal R., (2010). Issues and options in waste management: A social cost–benefit 
analysis of waste-to-energy in the UK. Resources, Conservation and Recycling. 54 :1341–1352. 

260. Janssen, R., (2001). On the use of multi- criteria analysis in environmental impact assessment in the 
Netherlands. Journal of Multi-Criteria Decision Analysis. 10:101 – 109. 

261. Janssen, R., Van Herwijnen, M., Beinat, E., (2003). DEFINITE – Case Studies and User Manual.  
Institute for Environmental Studies. Vrije Universiteit. Amsterdam- The Netherlands. 

262. Junnila, S. and Horvath, A., (2003). Life-cycle environmental effects of an office building. Journal of 
Infrastructure Systems. 9(4):157-166. 

263. Juul, N., Münster, M., Ravn, H., Ljunggren Söderman M., (2013). Challenges when performing 
economic optimization of waste treatment: A review. Waste Management. 33:1918–1925. 

264. Kanchanabhan, T.E., Abbas Mohaideen, J., Srinivasan, S., Kalyana Sundaram, V.L., (2010). Optimum 
municipal solid waste collection using geographical information system (GIS) and vehicle tracking for 
Pallavapuram municipality. Waste Management & Research. 29(3):323–339. 

265. Kapelko, M., Oude Lansink, A., Stefanou, S.E., (2014). Assessing dynamic inefficiency of the Spanish 
construction sector pre- and post-financial crisis. European Journal of Operational Research. 237 (1): 
349-357. 

266. Kapepula, K.-M., Colson, G., Sabri, K., Thonart, P., (2007). A multiple criteria analysis for household 
solid waste management in the urban community of Dakar. Waste Management. 27:1690–1705. 

267. Karagiannidis, A., Perkoulidis, G., Moussiopoulos, N., Chrysochoou, M., (2004). Facility Location for 
Solid Waste Management through Compilation and Multicriteria Ranking of Optimal Decentralised 
Scenarios: A Case Study for the Region of Peloponnese in Southern Greece. The Journal of 
Engineering Research. 1:07-18. 

268. Karagiannidis, A. and Moussiopoulos, N., (1997). Application of ELECTRE III for the integrated 
management of municipal solid wastes in the Greater Athens Area. European Journal of Operational 
Research. 97:439–449. 

269. Karmperis, A.C., Sotirchos, A., Aravossis, K., Tatsiopoulos, I.P., (2012). Waste management project’s 
alternatives: A risk-based multi-criteria assessment (RBMCA) approach. Waste Management. 32 
(1):194-212. 

http://www.ign.es/ign/main/index.do
http://itec.es/nouBedec.e/


REFERENCES 

- 228 - 

270. Karmperis, A.C., Aravossis, K., Tatsiopoulos, I.P., Sotirchos, A., (2013). Decision support models for 
solid waste management: Review and game-theoretic approaches. Waste Management. 33:1290–
1301. 

271. Kartam, N., Al-Mutairi, N., Al-Ghusain, I., Al-Humoud, J., (2004). Environmental management of 
construction and demolition waste in Kuwait. Waste Management. 24 (10):1049-1059. 

272. Katz, A. and Baum, H., (2011). A novel methodology to estimate the evolution of construction waste 
in construction sites. Waste Management. 31 (2):353– 358. 

273. Kelly, M. and Hanahoe, J., (2008). The development of construction waste production indicators for 
the Irish construction industry, in: Zamorano, M., Brebbia, C.A., Kungolos, A., Popov, V., Itoh, H. 
(Eds.), Waste Management and the Environment Iv, pp. 499–508. 

274. Khadivi, M.R. and Fatemi Ghomi, S.M.T., (2012). Solid waste facilities location using of analytical 
network process and data envelopment analysis approaches. Waste Management. 32:1258–1265. 

275. Khan, S. and Faisal, M.N., (2008). An analytic network process model for municipal solid waste 
disposal options. Waste Management. 28:1500–1508. 

276. Khan, D. and Samadder, S.R., (2014). Municipal solid waste management using Geographical 
Information System aided methods: A mini review. Waste Management and Research. 32(11):1049-
1062. 

277. Kiddee P., Naidu R. Wong, MH., (2013). Electronic waste management approaches: An overview. 
Waste Management. 33:1237–1250. 

278. Kiker, G.A., Bridges T. S. , Varghese A., Seager T. P., Linkov I., (2005). Application of multi-criteria 
decision analysis in environmental decision-making. Integrated Environmental Assessment and 
Management. 1(2):95 – 108. 

279. Ki-Hyun, Ehsanul K., Shamin, K., (2015). A review on the human health impact of airborne particulate 
matter. Environment International. 74:136–143. 

280. Knoeri, C., Binder, C.R., Althaus, H.-J., (2011). Decisions on recycling: Construction stakeholders’ 
decisions regarding recycled mineral construction materials. Resources, Conservation and Recycling. 
55:1039– 1050. 

281. Kofoworola, O.F. and Gheewala, S.H., (2009). Estimation of construction waste generation and 
management in Thailand. Waste Management. 29:731–738. 

282. Komilis D.P., (2008). Conceptual models to optimize the haul and transfer of municipal solid wastes. 
Waste Management. 28:2355–65. 

283. Kontos, T.D., Komilis, D.P., Halvadakis, C.P., (2005). Siting MSW landfills with a spatial multiple 
criteria analysis methodology. Waste Management. 25: 818–832. 

284. Korucu, M.K., Cihan, A., Alkan, A., Ozbay I., Karademir, A., Aladag, Z, (2014). Possibility of the most 
cost efficient choice: A divided process approach to method and location selection for municipal 
solid waste management. Waste Management & Research. 32(11):1073– 1082. 

285. Korucu, M.K. and Karademir, A., (2013). Siting a municipal solid waste disposal facility, part two: the 
effects of external criteria on the final decision. Journal of the Air and Waste Management 
Association. 64(2):131-140. 

286. Kourmpanis, B., Papadopoulos, A., Moustakas, K., Stylianou, M., Haralambous, K.J., Loizidou, M., 
(2008a). Preliminary study for the management of construction and demolition waste. Waste 
Management and Research. 26 (3):267–275. 

287. Kourmpanis, B., Papadopoulos, A., Moustakas, K., Kourmoussis, F., Stylianou, M., Loizidou, M., 
(2008b). An integrated approach for the management of demolition waste in Cyprus. Waste 
Management and Research. 26 (6): 573–581. 

288. Kumar, A. and Nema A., (2011). Fuzzy parametric programming model for integrated solid waste 
management under uncertainty. Journal of Environmental Engineering. 137:69 – 83. 



REFERENCES 

- 229 - 

289. La Marca, F., (2010). Optimization of C&D waste management by the application of Life Cycle 
Assessment (LCA) methodology: The case of the Municipality of Rome, Italy. WIT Transactions on 
Ecology and the Environment. 129: 497-508. 

290. Laforest, V., (2014). Assessment of emerging and innovative techniques considering best available 
technique performances. Resources, Conservation and Recycling. 92:11–24. 

291. Lahdelma, R., Salminen, P., Hokkanen, J., (2000). Using multi-criteria methods in environmental 
planning and management. Environmental Management. 26 (6):595 – 605. 

292. Lahdelma, R. and Salminen, P., (2001). SMAA-2: Stochastic multi- criteria acceptability analysis for 
group decision- making. Operations Research. 49 (3): 444 – 454. 

293. Lahdelma, R., Salminen, P., Hokkanen, J., (2002). Locating a waste treatment facility by using 
stochastic multi- criteria acceptability analysis with ordinal criteria. European Journal of Operational 
Research. 142:345 – 356.  

294. Lami, I.M. and Abastante, F., (2014). Decision making for urban solid waste treatment in the context 
of territorial conflict: Can the Analytic Network Process help?. Land Use Policy. 41:11–20. 

295. Lau, H.H., Whyte, A., Law, P.L., (2008). Composition and characteristics of construction waste 
generated by residential housing project. International Journal of Environmental Research. 2(3): 
261–268. 

296. Laurent, A., Bakas, I., Clavreul, J., Bernstad, A., Niero, M., Gentil, E., Hauschild, M.Z., Christensen, T. 
H., (2014). Review of LCA studies of solid waste management systems – Part I: Lessons learned and 
perspectives. Waste Management. 34:573–588. 

297. Li, Y. and Zhang, X., (2013). Web-based construction waste estimation system for building 
construction projects. Automation in Construction. 35:142–156. 

298. Li, Y.P. and Huang, G.H., (2006). An inexact two-stage mixed integer linear programming method for 
solid waste management in the City of Regina. Journal of Environmental Management, 81:188–209.  

299. Li, Y.P. and Huang, G.H., (2011). Integrated Modeling for Optimal Municipal Solid Waste 
Management Strategies under Uncertainty. Journal of Environmental Engineering. 137 (9): 842-853. 

300. Li, Y.P., Huang, G.H., Nie, S.L., Qin X.S, (2007). ITCLP: An inexact two-stage chance-constrained 
program for planning waste management systems. Resources, Conservation and Recycling. 49:284–
307.  

301. Li, Y.P., Huang, G.H., Yang, Z.F., Nie, S.L., (2008). An integrated two-stage optimization model for the 
development of long-term waste-management strategies. Science of the total environment. 392: 
175–186. 

302. Li, J.R., Ding, Z.K., Mi, X.M., Wang, J.Y., (2013). A model for estimating construction waste generation 
index for building project in China. Resources, Conservation and Recycling. 74:20–26. 

303. Lidouh, K. (2012). On The Motivation behind MCDA and GIS Integration. International Journal of 
Multicriteria Decision Making. 3 (2-3):101-113. 

304. Lima A., and Salazar, V., (2011). Multicriteria decision making models: An overview on Electre 
methods. Working papers nº 21. ISSN 1646-8953. 

305. Lin, H.-Y., Chen, G.-H., Lee, P.-H., Lin, C.-H., (2010). An interactive optimization system for the 
location of supplementary recycling depots. Resources, Conservation and Recycling. 54:615–622. 

306. Lin, M.-D., Wang, C, Lin, C., (2006). Evaluation of Solid Waste Management Strategies in the Taipei 
Metropolitan Area of Taiwan. Air & Waste Manage. Assoc. 56:650-656. 

307. Liu, H.-C., Wu, J., Li, P., (2013). Assessment of health-care waste disposal methods using a VIKOR-
based fuzzy multi-criteria decision making method. Waste Management. 33 (12):2744-2751. 

308. Liu, K.F.-R., Ko, C.-Y., Fan, C., Chen, C.-W., (2012). Combining risk assessment, life cycle assessment, 
and multi-criteria decision analysis to estimate environmental aspects in environmental 
management system. Int J Life Cycle Assess. 17:845–862. 



REFERENCES 

- 230 - 

309. Llatas, C., (2011). A model for quantifying construction waste in projects according to the European 
waste list. Waste Manage. 31 (6):1261–1276.  

310. Llatas, C., (2013). Chapter 3 - Methods for estimating construction and demolition (C&D) waste. 
Handbook of recycled concrete and demolition waste. Editor(s): Pacheco-Torgal, Tam, Labrincha, 
Ding and de Brito. Woodhead Publishing. ISBN: 9780857096821. 

311. LME, (2014). London metal Exchange. Available in: https://www.lme.com/ 

312. Loiseau, E., Junqua, G., Roux, P., Bellon-Maurel, V., (2012). Environmental assessment of a territory: 
An overview of existing tools and methods. Journal of Environmental Management. 112:213-225 

313. Louis, G., Magpili, L.M., Pinto, A., (2007). Multi-criteria decision-making and composting of waste in 
the municipality of Bacoor in the Philippines. International Journal of Environmental Technology and 
Management 7(3/4): 351–368. 

314. Lu, W. and Yuan H., (2011). A framework for understanding waste management studies in 
construction. Waste Management. 31:1252–1260. 

315. Lu, W.S., Yuan, H.P., Li, J.R., Hao, J.J.L., Mi, X.M., Ding, Z.K., (2011). An empirical investigation of 
construction and demolition waste generation rates in Shenzhen city, South China. Waste 
Management. 31(4):680–687. 

316. Ma, J., Scott, N.R., DeGloria, S.D., Lembo, A.J., (2005). Siting analysis of farm-based centralized 
anaerobic digester systems for distributed generation using GIS. Biomass and Bioenergy. 28: 591–
600. 

317. MacDonald, M. L., (1996). A multi-attribute spatial decision support system for solid waste 
planning. Computers, Environment and Urban Systems. 20(1): 1-17. 

318. Madadian, E., Amiri, L., Abdoli, M.A., (2012). Application of analytic hierarchy process and 
multicriteria decision analysis on waste management: A case study in Iran. Environmental Progress 
and Sustainable Energy. 32 (3):810-817. 

319. MAGRAMA, (2013). State Waste Prevention Programme 2014-2020. 27.11.2013. 49 Pages. Available 
in: http://www.magrama.gob.es/es/calidad-y-evaluacion-ambiental/planes-y-
estrategias/Programa_de_prevencion_aprobado_actualizado_ANFABRA_11_02_2014_tcm7-
310254.pdf. [In Spanish]. 

320. MAGRAMA, (2014). España, Informe Inventarios GEI 1990-2012 (Abril de 2014). Available in: 
http://www.magrama.gob.es/es/calidad-y-evaluacion-ambiental/temas/sistema-espanol-de-
inventario-sei-/Documento_Resumen_Inventario_1990-2012_tcm7-336746.pdf. [In Spanish]. 

321. Makan, A., Malamis, D., Assobhei, O., Loizidou, M., Mountadar, M., (2012). Multi-criteria decision 
analysis for the selection of the most suitable landfill site: Case of Azemmour, Morocco. International 
Journal of Management Science and Engineering Management. 7(2): 96-109. 

322. Malczewski, J., (2004). GIS-based land-use suitability analysis: a critical overview. Progress in 
Planning. 62:3–65. 

323. Mália, M., De Brito, J., Pinheiro, M.D., Bravo, M., (2013). Construction and demolition waste 
indicators. Waste Management and Research. 31 (3): 241–255. 

324. MARE, (2015). Medioambiente, Agua, Residuos Y Energía de Cantabria S.A (MARE). Company web 
Available in: http://www.mare.es. [In Spanish]. 

325. Marín, L.E., Torres, V., Bolongaro, A., Reyna, J.A., Pohle O.,Hernández-Espriú A., Chavarría J, García-
Barrios, R., Tabla, H.F.P., (2012). Identifying suitable sanitary landfill locations in the state of Morelos, 
México, using a Geographic Information System. Physics and Chemistry of the Earth. 37–39:2–9. 

326. Marrero, M., Solis-Guzman, J., Molero Alonso, B., Osuna-Rodriguez M., Ramirez-de-Arellano A., 
(2011). Demolition Waste Management in Spanish Legislation. The Open Construction and Building 
Technology Journal. 5 (Suppl 2-M7): 162-173. 

327. Martinez-Sanchez, V., Kromann, M.A., Aastrup, T.F., (2015). Life cycle costing of waste management 
systems: Overview, calculation principles and case studies. Waste Management.36:343–355. 

https://www.lme.com/
http://www.magrama.gob.es/es/calidad-y-evaluacion-ambiental/planes-y-estrategias/Programa_de_prevencion_aprobado_actualizado_ANFABRA_11_02_2014_tcm7-310254.pdf
http://www.magrama.gob.es/es/calidad-y-evaluacion-ambiental/planes-y-estrategias/Programa_de_prevencion_aprobado_actualizado_ANFABRA_11_02_2014_tcm7-310254.pdf
http://www.magrama.gob.es/es/calidad-y-evaluacion-ambiental/planes-y-estrategias/Programa_de_prevencion_aprobado_actualizado_ANFABRA_11_02_2014_tcm7-310254.pdf
http://www.magrama.gob.es/es/calidad-y-evaluacion-ambiental/temas/sistema-espanol-de-inventario-sei-/Documento_Resumen_Inventario_1990-2012_tcm7-336746.pdf
http://www.magrama.gob.es/es/calidad-y-evaluacion-ambiental/temas/sistema-espanol-de-inventario-sei-/Documento_Resumen_Inventario_1990-2012_tcm7-336746.pdf
http://www.mare.es/


REFERENCES 

- 231 - 

328. Martínez, E., Nuñez Y., Sobaberas E., (2013). End of life of buildings: three alternatives, two 
scenarios. A case study. International Journal of Life Cycle Assessment. 18 (5):1082-1088. 

329. Martınez Lage, I., Martínez Abella, F., Vázquez Herrero, C., Pérez Ordóñez J. L., (2010). Estimation of 
the annual production and composition of C&D Debris in Galicia (Spain). Waste Management. 
30:636–645.  

330. Marzouk, M. and Azab, S., (2014). Environmental and economic impact assessment of construction 
and demolition waste disposal using system dynamics. Resources, Conservation and Recycling. 
82:41– 49. 

331. Mar-Ortiz, J., Adenso-Diaz, B., González-Velarde, J.L., (2011). Design of a recovery network for WEEE 
collection: the case of Galicia, Spain. Journal of the Operational Research Society. 62:1471–1484. 

332. Masudi, A.F., Hassan, C.R.C., Mahmood, N.Z., Mokhtar, S.N., Sulaiman, N.M., (2011). Quantification 
methods for construction waste generation at construction sites: a review. Adv. Mater. Res. 163–
167:4564–4569. 

333. Maystre, L.Y., Pictet J., Simos J., (1994). Méthodes multicritères Electre, Description, conseils 
pratique setcasd’application u la gestion environnementale, Lausanne, Switzerland: Pressespoly 
techniques et universitaires romandes. [In French]. 

334. McBean, E.A., and Fortin, M.H.P., (1993). A forecast model of refuse tonnage with recapture and 
uncertainty bounds. Waste Management and Research. 11 (5): 373–385. 

335. McDonald, B. and Smithers, M., (1998). Implementing a waste management plan during the 
construction phase of a project: a case study. Constr. Manage. Econom. 16 (1):71–78. 

336. Melo, A.L.O., Calijuri, M.L., Duarte, I.C.D., Azevedo, R.F., Lorentz, J.F., (2006). Strategic Decision 
Analysis for Selection of Landfill Sites. Journal of Surveying Engineering. 132 (2): 83-92. 

337. Mercader-Moyano, P., and Ramírez-de-Arellano-Agudo, A., (2013). Selective classification and 
quantification model of C&D waste from material resources consumed in residential building 
construction. Waste Management and Research. 31 (5): 458–474. 

338. Mercante, I.T., Bovea, M.D., Ibáñez-Forés, V., Arena, A.P., (2012). Life cycle assessment of 
construction and demolition waste management systems: a Spanish case study. International 
Journal of Life Cycle Assessment. 17:232–241. 

339. Merino, M., Izquierdo, P., Weis, I., (2010). Sustainable construction: construction and demolition 
waste reconsidered. Waste management and Research. 28:118-129. 

340. Meyer, B., (2011). Macroeconomic modelling of sustainable development and the links between the 
economy and the environment - Final Report. GWS mbH. Available in:  
http://ec.europa.eu/environment/enveco/studies_modelling/pdf/report_macroeconomic.pdf 

341. MFOM, (2015). Statistical data on permits. Ministerio de Fomento/National department of 
Development. Available in: 
http://www.fomento.es/MFOM/LANG_CASTELLANO/ATENCION_CIUDADANO/INFORMACION_EST
ADISTICA/Construccion/. Accessed Feb 2015. [In Spanish]. 

342. Michelin, (2015). Route planner. Available in: http://www.viamichelin.es. [Accessed January 2013] 

343. Milosevic, I. and Naunovic, Z., (2013). The application of a multi-parameter analysis in choosing the 
location of a new solid waste landfill in Serbia. Waste Management & Research. 31(10):1019–1027. 

344. Milutinović, B., Stefanović, G., Dassisti, M., Marković, D., Vučković, G., (2014). Multi-criteria analysis 
as a tool for sustainability assessment of a waste management model. Energy. 74:190-201. 

345. Minciardi, R. Paolucci, M. Robba, M. Sacile, R., (2008). Multi-objective optimization of solid waste 
flows: Environmentally sustainable strategies for municipalities. Waste Management. 28:2202–
2212. 

346. Ministry of infrastructure, (2015). The price list for the truck transport. Monitoring Centre of costs 
from road transport. Available in: http://www.fomento.gob.es. [Accessed 2010-2013]. [In Spanish]. 

http://ec.europa.eu/environment/enveco/studies_modelling/pdf/report_macroeconomic.pdf
http://www.fomento.es/MFOM/LANG_CASTELLANO/ATENCION_CIUDADANO/INFORMACION_ESTADISTICA/Construccion/
http://www.fomento.es/MFOM/LANG_CASTELLANO/ATENCION_CIUDADANO/INFORMACION_ESTADISTICA/Construccion/
http://www.fomento.gob.es/


REFERENCES 

- 232 - 

347. Mitropoulos, P., Giannikos, I., Mitropoulos, I., Adamides, E., (2009). Developing an integrated solid 
waste management system in western Greece: a dynamic location analysis. Intl. Trans. in Op. Res. 
16:391–407. 

348. Moeinaddini, M., Khorasani, N., Danehkar, A., Darvishsefat, A. A., Zienalyan, M., (2010). Siting MSW 
landfill using weighted linear combination and analytical hierarchy process (AHP) methodology in 
GIS environment (case study: Karaj). Waste Management. 30(5): 912-920. 

349. Mokhtar, S.N., Mahmood, N.Z., Hassan, C.R.C., Masudi, A.F., Sulaiman, N.M., (2011). Factors that 
contribute to the generation of construction waste at sites. Adv. Mater. Res. 163–167: 4501–4507. 

350. Monfort E., Sanfélix V., Celades I., Gomar S., Martín F., Aceña B., Pascual, A., (2011). Diffuse PM10 
emission factors associated with dust abatement technologies in the ceramic industry. Atmospheric 
Environment. 45:7286-7292. 

351. Montero, A., Tojo, Y., Matsuo, T., Matsuto, T., Yamada, M.,  Asakura, H., Ono Y., (2010). Gypsum and 
organic matter distribution in a mixed construction and demolition waste sorting process and their 
possible removal from outputs. Journal of Hazardous Materials. 175:747–753. 

352. Morrissey A.J. and Browne J., (2004). Waste management models and their application to 
sustainable waste management. Waste Management. 24: 297–308. 

353. Munda, G., Nijkamp P., Reitveld, P., (1994). Qualitative multi- criteria evaluation for environmental 
management. Ecological Economics. 10: 97 – 112. 

354. Nagapan, S., Rahman, I.A., Asmi, A., Adnan, N.F., (2013). Study of site’s construction waste in Batu 
Pahat, Johor. Proc. Eng. 53: 99–103. 

355. Nas, B., Cay, T., Iscan, F., Berktay, A., (2010). Selection of MSW landfill site for Konya, Turkey using 
GIS and multi-criteria evaluation. Environmental Monitoring and Assessment. 160: 491–500. 

356. Nazari, A., Salarirad, M.M., Bazzazi, A.A., (2011). Landfill site selection by decision-making tools 
based on fuzzy multi-attribute decision-making method. Environmental Earth Sciences. 65 (6):1631-
1642. 

357. Navalcarnero, (2015). UTE planta de Navalcarnero. C&DW recycling plant. Tipping fees and sales 
price of secondary aggregates. Available in: http://www.uteplantanavalcarnero.es [Consulted 
October 2010]. [In Spanish]. 

358. Nie, X., Huang, G.H., Li, Y., (2009). Capacity Planning for Waste Management Systems: An Interval 
Fuzzy Robust Dynamic Programming Approach. Journal of the Air & Waste Management Association. 
59(11): 1317-1330. 

359. Nijkamp, P., Rietveld, P., Voogd H., (1990). Multi-criteria Analysis in Physical Planning. North Holland 
Publ. Co., Amsterdam. 

360. Nixon, J.D., Dey, P.K., Ghosh, S.K., Davies, P.A., (2013). Evaluation of options for energy recovery 
from municipal solid waste in India using the hierarchical analytical network process. Energy. 59:215-
223. 

361. Noche, B., Chinakupt, T., Rhoma, F.A., Jawale, M., (2010). Optimization Model for Solid Waste 
Management System Network Design-Case Study. The second International Conference on 
Computer and Automation Engineering, ICCAE 2010. 5: 230-236. 

362. Norese, M.F., (2006). ELECTRE III as a support for participatory decision-making on the localisation 
of waste-treatment plants. Land Use Policy. 23 (1):76–85. 

363. Nouri, J., Ali Omrani, Gh., Arjmandi R., Kermani, M., (2014). Comparison of solid waste management 
scenarios based on life cycle analysis and multi-criteria decision making (Case study: Isfahan city). 
Iranian Journal of Science & Technology. 38(3): 257-264. 

364. Nunes, K.R.A., Mahlerb, C.F., Vallea, R., Nevesa, C., (2007). Evaluation of investments in recycling 
centres for construction and demolition wastes in Brazilian municipalities. Waste management Appl. 
27:1531-1540. 



REFERENCES 

- 233 - 

365. Nuss, P., Gardner, K.H., Jambeck, J.R., (2013). Comparative Life Cycle Assessment (LCA) of 
Construction and Demolition (C&D) Derived Biomass and U.S. Northeast Forest Residuals 
Gasification for Electricity Production. Environ. Sci. Technol. 47:3463−3471. 

366. Olson, D.L, (1996). Decision aids for selection problems. Springer. XII, 194. ISBN: 978-0-387-94560-
6.  

367. De Dios, O. and Ruiz Puente, M.C., (2005). C&DW recycling plant. Master thesis. Cantabria University. 

368. Onut S., and Soner S., (2008). Transshipment site selection using the AHP and TOPSIS approaches 
under fuzzy environment. Waste Management. 28:1552–155. 

369. Ooshaksaraie, L., and Mardookhpour A., (2011). A Rule-Based Expert System for Construction and 
Demolition Waste Management. American Journal of Environmental Sciences. 7 (6): 492-498. 

370. Ordieres Meré, J.B., Vergara González, E.P., Alba Elías, F., (2003). Artificial neural network approach 
for modelling pm10 levels in Logroño area, (Spain), using the mixing layer height. VII Congreso 
Internacional de Ingeniería de Proyectos, Pamplona, pp 0944-0959. 

371. Ortiz, O., Pasqualino, J.C., Castells, F., (2010). Environmental performance of construction waste: 
comparing three scenarios from a case study in Catalonia. Spain. Waste Management 30 (4): 646–
654. 

372. Oughton, D.H., Agüero, A., Avila, R., Brown, J. E., Gilek, M. and Copplestone, D., (2008). Addressing 
uncertainties in the ERICA Integrated approach. Journal of Environmental Radioactivity. 99: 1384 – 
1392. 

373. Owen, S.H. and Daskin, M. S. (1998). Strategic facility location: A review. European Journal of 
Operational Research. 111:423 – 447.  

374. Oyoo, R., Leemans, R., Mol, A.P.J., (2013). The determination of an optimal waste management 
scenario for Kampala, Uganda. Waste Management and Research. 31 (12): 1203-1216. 

375. Özkan A., (2013). Evaluation of healthcare waste treatment/ disposal alternatives by using multi-
criteria decision-making techniques. Waste Management & Research. 31(2):141– 149. 

376. Park, K., Hwang, Y., Seo, S., Seo, H., (2003). Quantitative assessment of environmental impacts on 
life cycle of highways. Journal of Construction Engineering and Management. 129(1): 25-31. 

377. Patil M. P., Subramani, T., Patil S. A., Chakrabarti T., (2002). Multi-level screening of a proposed 
hazardous waste treatment and disposal facility site - A case study. Environmental Monitoring and 
Assessment. 76: 299–309. 

378. Perkoulidis, G., Papageorgiou, A., Karagiannidis, A., Kalogirou, S., (2010). Integrated assessment of a 
new waste-to-energy facility in central Greece in the context of regional perspectives. Waste 
Management. 30(7): 1395-1406. 

379. Peters, M.S., Timmerhaus, K.D., West R.E., (2003). Plant design and economics for chemical 
engineers. Fifth edition. New York: McGraw-Hill. 

380. Pinellas County, (2009). Innovative waste reduction & recycling grant ig8-06. MRFing our way to 
diversion: capturing the commercial waste stream. Materials recovery facility technology review.  

381. Pires, A., Martinho, G., Chang, N.-B., (2011). Solid waste management in European countries: A 
review of systems analysis techniques. Journal of Environmental Management. 92:1033 – 1050. 

382. Pohekar, S. D. and Ramachandran, M., (2004). Application of multi- criteria decision making to 
sustainable energy planning – A review. Renewable and Sustainable Energy Review. 8:365 – 381. 

383. Poon, C.S., (1997). Management and recycling of demolition waste in Hong Kong. Waste 
Management and Research. 15 (6): 561–572. 

384. Poon, C.S., Yu, A.T.W., Jaillon, L., (2004a). Reducing building waste at construction sites in Hong Kong. 
Constr. Manage. Econom. 22 (5):461–470. 

385. Poon, C.S., Yu, A.T.W., See, S.C., Cheung, E., (2004b). Minimizing demolition wastes in Hong Kong 
public housing projects. Constr. Manage. Econom. 22 (8): 799–805. 



REFERENCES 

- 234 - 

386. Preiss, P. and Roos, J., (2013). Lecture on “Global characterization factors for damage to human 
health due to particulate matter – based on the TM5-FASST model”. Universitat Stuttgart. 

387. Queiruga, D., Walther, G., González-Benito, J. and Spengler, T., (2008). Evaluation of sites for the 
location of WEEE recycling plants in Spain. Waste Management.28:181 – 190. 

388. Qureshi, M.E., Harrison, S.R., Wegener, M.K., (1999). Validation of multicriteria analysis models. 
Agricultural Systems. 62 (2):105-116. 

389. Rajgopal, J., (2001). Chapter 11.2- Principles and applications of operations research. Maynard's 
Industrial Engineering Handbook, 5th Edition. Edited by Kjell Zandin, Harold Maynard. McGraw-Hill 
standard handbooks. (June 5, 2001) pp. 11.27-11.44. ISBN-10: 0070411026.+ 

390. Ramírez-de-Arellano-Agudo, A., Llatas-Oliver, C., García-Torres, I., Linares-Romero, P., García-
Caraballo, E.I., Escobar-García, M., Carnerero Moya, M., Hernández-Juárez, R., (2002). Retirada 
Selectiva de Residuos: Modelo de Presupuestación (Selective Waste Disposal: Estimate Model). 
Fundación Aparejadores, Seville, Spain. [In Spanish]. 

391. REE, (2014). Spanish Electricity System. Available in: http://www.ree.es/en/publications/spanish-
electrical-system/spanish-electricity-system-preliminary-report-2014. [In Spanish]. 

392. Refsgaard, J.C., van der Sluijs, J.P., Hojberg A.L., Van Rolleghem P.A., (2007). Uncertainty in the 
environmental modelling process – a framework and Guidance. Environmental Modelling and 
Software. 22 (11): 1543 – 1556.  

393. ReVelle, C. and Eiselt, H., (2005). Location analysis: a synthesis and survey. European Journal of 
Operational Research. 165: 1 – 19. 

394. ReVelle, C., Eiselt, H., Daskin, M., (2008). A bibliography for some fundamental problem categories 
in discrete location science. European Journal of Operational Research. 184:817 – 848. 

395. Ridder, W., (2005). Sustainability A-Test Project: D5: Sustainability A-Test Inception Report. 
Amsterdam, Netherlands. Environmental Assessment. 1 – 104. 

396. Robu, B., and Macoveanu, M., (2009). Strategic environmental assessment for plans, programs, 
policies in Romania: Multi- criteria method. Environmental Engineering and Management Journal. 
8:1451 – 1456. 

397. Robinson, Jr. G.R. and Kapo, K.E., (2004). A GIS analysis of suitability for construction aggregate 
recycling sites using regional transportation network and population density features. Resources, 
Conservation and Recycling. 42:351–365. 

398. Rodríguez-Robles, D., García-González, J., Juan-Valdés, A., Morán-del Pozo, J. M., Guerra-Romero, 
M.I., (2014). Overview regarding construction and demolition waste in Spain. Environmental 
Technology. In Press. DOI: 10.1080/09593330.2014.957247. 

399. Rousis, K., Moustakas, K., Malamis, S., Papadopoulos, A., Loizidou, M., (2008). Multi-criteria analysis 
for the determination of the best WEEE management scenario in Cyprus. Waste 
Management. 28(10): 1941-1954. 

400. Roussat, N., Dujet, C., Méhu, J., (2009). Choosing a sustainable demolition waste management 
strategy using multicriteria decision analysis. Waste Management. 29(1): 12-20. 

401. Rubenstein-Montano, B., and Zandi, I., (2000). An evaluative tool for solid waste 
management. Journal of Urban Planning and Development. 126(3): 119-135. 

402. Saaty, T. L., (1980). The Analytic Hierarchy Process. New York, McGraw-Hill. 

403. Saint Gobain, (2014). Glass properties. Available in: http://www.saint-gobain-
sekurit.com/es/glazingcatalouge/propiedades-del-vidrio. [In Spanish]. 

404. Salman Mahini, A. and Gholamalifard, M., (2006). Siting MSW landfills with a weighted linear 
combination methodology in a GIS environment. Int. J. Environ. Sci. Tech. 3(4): 435-445. 

405. Salmedina, S.L., (2015). Salmedina C&DW recycling plant. Tipping fees and sales price of secondary 
aggregates. Available in: http://salmedinatri.com [Consulted October 2010].[In Spanish]. 

http://www.scopus.com/record/display.url?eid=2-s2.0-0033373929&origin=resultslist&sort=plf-f&src=s&sid=DBD5C390913822E3D66484B1D3498524.mw4ft95QGjz1tIFG9A1uw%3a1610&sot=autdocs&sdt=autdocs&sl=17&s=AU-ID%287202874879%29&relpos=26&relpos=6&citeCnt=52&searchTerm=
http://www.scopus.com/source/sourceInfo.uri?sourceId=15061&origin=resultslist
http://www.ree.es/en/publications/spanish-electrical-system/spanish-electricity-system-preliminary-report-2014
http://www.ree.es/en/publications/spanish-electrical-system/spanish-electricity-system-preliminary-report-2014
http://www.saint-gobain-sekurit.com/es/glazingcatalouge/propiedades-del-vidrio
http://www.saint-gobain-sekurit.com/es/glazingcatalouge/propiedades-del-vidrio
http://salmedinatri.com/


REFERENCES 

- 235 - 

406. Samanlioglu, F., (2013). A multi-objective mathematical model for the industrial hazardous waste 
location-routing problem. European Journal of Operational Research. 226:332–340. 

407. Santos, C., (2009). Análisis de viabilidad económico financiera de una planta de tratamiento de 
residuos de construcción y demolición. Supervisores: José María Rodríguez Fernández. Escuela 
Técnica Superior De Ingeniería. Proyecto fin de Carrera de Ingeniería En Organización Industrial. 
Universidad Pontificia Comillas. 

408. Santos Vieira, P. and Horvath, A., (2008).Assessing the End-of-Life Impacts of Buildings. Environ. Sci. 
Technol. 42:4663–4669. 

409. Santurtún Zarrabeitia, A. (2014). Contaminación atmosférica, tipos de tiempo y procesos 
respiratorios en Santander y Zaragoza. Memoria presentada para la obtención del grado de doctor. 
Universidad de Cantabria Facultad de Medicina Departamento de Fisiología y Farmacología Unidad 
de Medicina Legal y Forense. Supervisors: María Teresa Zarrabeitia Cimiano, José Carlos González 
Hidalgo. [In Spanish]. 

410. Sára, B., Antonini, E., Tarantinic, M., (2001). Application of Life Cycle Assessment (LCA) methodology 
for valorization of building demolition materials and products. Proceedings of SPIE - The 
International Society for Optical Engineering. 4193: 382-390. 

411. Sauri-Riancho, M.R., Cabañas-Vargas, D.D., Echeverría-Victoria, M., Gamboa-Marrufo M., Centeno-
Lara, R., Méndez-Novelo, R.I., (2011). Locating hazardous waste treatment facilities and disposal 
sites in the State of Yucatan, Mexico. Environ Earth Sci. 63:351–362. 

412. Scheuer, C., Keoleian, G.A., Reppe, P., (2003). Life cycle energy and environmental performance of a 
new university building: modeling challenges and design implications. Energy and Buildings. 
35:1049–1064. 

413. Schlierf, K., Aissani, L., Mery, J., (2013). The Incorporation of Results of Non-aggregated Life Cycle 
Assessment in Decision Making: Evidence from a Case Study in Local Waste Management in France. 
Waste Biomass Valor. 4:873–880. 

414. Schnellert, T. and Mueller, A., (2010). Separation Techniques for C&DW- Best practice. Development 
of a separation process for gypsum-contaminated concrete aggregates. Alternative separation 
technique for C&DW-optoelectronic separation. Bauhaus-University Weimar, Chair of Mineral 
Processing of Building Materials and Reuse, Germany. 

415. Scora, (2007). Scora engineers. Projecto construction of a C&DW recycling plant in San Lucar de 
Barrameda (Cadiz). Scora Web. Available in:  
http://www.proyectoasistido.com/index2.php?option=com_docman&gid=882&task=doc_view&It
emid=48 (2007) [Consulted October 2010]. [In Spanish]. 

416. Sener, B., Süzen, M. L., Doyuran, V., (2006). Landfill site selection by using geographic information 
systems. Environmental Geology. 49(3): 376-388. 

417. Sener, S., Sener, E., Nas, B., Karagüzel, R. (2010). Combining AHP with GIS for landfill site selection: 
A case study in the Lake Beysehir catchment area (Konya, Turkey). Waste Management. 30: 2037–
2046. 

418. Sener, S., Sener, E., Karagüzel, R., (2011) Solid waste disposal site selection with GIS and AHP 
methodology: a case study in Senirkent–Uluborlu (Isparta) Basin, Turkey. Environmental Monitoring 
and Assessment. 173:533–554. 

419. Shahabi, H., Keihanfard, S., Ahmad, B.B., Amiri, M.J.T., (2014). Evaluating Boolean, AHP and WLC 
methods for the selection of waste landfill sites using GIS and satellite images. Environ Earth Sci. 
71:4221–4233. 

420. Sharifi, M., Hadidi, M., Vessali, E., Mosstafakhani, P., Taheri, K., Shahoie, S., Khodamoradpour, M., 
(2009). Integrating multi-criteria decision analysis for a GIS-based hazardous waste landfill sitting in 
Kurdistan province, western Iran. Waste Management. 29(10): 2740-2758. 

421. Shi, J. and Xu, Y., (2006). Estimation and forecasting of concrete debris amount in China. Resources, 
Conservation and Recycling. 49:147–158. 

http://www.proyectoasistido.com/index2.php?option=com_docman&


REFERENCES 

- 236 - 

422. Simsek, C., Elci, A., Gunduz, O., Taskin, N., (2014). An improved landfill site screening procedure 
under NIMBY syndrome constraints. Landscape and Urban Planning. 132: 1–15. 

423. Smith, H., Laporte, G., Harper, P., (2009). Locational analysis: Highlights of growth to maturity. 
Journal of the Operational Research Society. 60:140 – 148. 

424. Solis-Guzman, J., Marrero, M., Montes-Delgado, M.V., Ramirez-De-Arellano, A., (2009). A Spanish 
model for quantification and management of construction waste. Waste Management. 29 (9): 2542–
2548. 

425. Soltani, A., Hewage, K., Reza, B., Sadiq, R., (2015). Multiple stakeholders in multi-criteria decision-
making in the context of Municipal Solid Waste Management: A review. Waste Management. 
35:318-328. 

426. Son L.H., (2014). Optimizing Municipal Solid Waste collection using Chaotic Particle Swarm 
Optimization in GIS based environments: A case study at Danang city, Vietnam. Expert Systems with 
Applications.41:8062–8074. 

427. Spanish observatory of electricity, (2014). Emission Factors of electric energy consumption for July 
2014. Available in: http://awsassets.wwf.es/downloads/oe_julio_2014_final_def.pdf. [In Spanish]. 
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Table A.1. Impact matrix for the Area II: Besaya  
 
 

Alternatives 
IIA IIB IIC IID IIE IIF IIG 

Criteria 

C1.Transport costs (€/ton) 4.90 3.43 2.80 3.76 2.64 4.20 2.02 

C2. Industrialization ratio 
(nº ind/km2) 3.78 2.97 5.00 0.53 2.52 1.02 11.87 

C3. Unemployed population 
(%) 0.2118 0.0000 0.0000 1.2849 0.0000 0.0000 0.0000 

C4. Ratio of affected 
population (inhab/km2) 9.95 9.74 9.86 8.22 10.16 9.60 12.50 

C5. Level of tourism activity 
(Nº lodging places /km2) 247.97 256.10 281.39 77.67 255.34 63.80 1,572.54 

C6. Protected land (%) 8.54 7.91 6.14 13.35 11.50 0.91 22.96 

C7. CO2 emission (ton CO2 / 
Km covered) 0.00244 0.00171 0.00139 0.00187 0.00132 0.00209 0.00101 

C8. C&DW quantities (ton) 4,918 6,868 2,993 1,659 4,842 1,366 33,028 

C9. Distance from existing 
facility (km) 42.80 37.20 18.90 30.40 30.30 38.60 23.90 

C10. Distance from inert 
landfill (km) 19.30 11.90 6.50 11.30 7.90 17.20 0.00 

C11. Type of road network 
(km) 27.40 4.50 22.10 22.30 24.60 14.10 88.60 

C12. Vacant land (%) 35.01 28.70 44.77 30.01 40.71 38.24 28.74 
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Table A.2. Impact matrix for the Area III: Eastern Area 
 

Alternatives 
IIIA IIIB IIIC IIID IIIE IIIF IIIG 

Criteria 

C1.Transport costs (€/ton) 4.68 4.11 5.31 6.72 6.74 5.07 4.52 

C2. Industrialization ratio (nº 
ind/km2) 1.11 1.56 1.73 0.63 0.94 15.78 0.18 

C3. Unemployed population (%) 3.0009 26.5024 0.7977 1.9547 10.9974 89.3027 9.5950 

C4. Ratio of affected population 
(inhab/km2) 11.73 10.75 10.63 8.47 12.56 11.99 9.48 

C5. Level of tourism activity (Nº 
lodging places /km2) 129.34 108.87 333.35 98.52 75.78 1,004.68 34.90 

C6. Protected land (%) 1.36 1.78 23.58 9.19 7.88 61.13 5.02 

C7. CO2 emission (ton CO2 / Km 
covered) 0.00233 0.00205 0.00264 0.00334 0.00335 0.00252 0.00225 

C8. C&DW quantities (ton) 2,472 2,357 19,063 2,513 1,566 6,846 1,603 

C9. Distance from existing 
facility (km) 50.40 38.60 69.30 31.50 59.30 44.60 47.30 

C10. Distance from inert landfill 
(km) 62.20 50.50 79.90 35.50 66.00 59.60 58.40 

C11. Type of road network (km) 21.70 41.40 50.00 17.30 2.80 7.20 19.70 

C12. Vacant land (%) 33.70 38.85 38.27 32.07 35.73 26.78 32.41 
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Table A.3. Impact matrix for the Area IV: South area 
 

Alternatives 
IVA IVB IVC IVD 

Criteria 

C1.Transport costs (€/ton) 2.71 2.16 9.19 4.20 

C2. Industrialization ratio (nº ind/km2) 0.58 16.10 0.05 0.07 

C3. Unemployed population (%) 12.5047 2.4355 1.7911 2.9992 

C4. Ratio of affected population (inhab/km2) 9.09 10.86 7.12 8.99 

C5. Level of tourism activity (Nº lodging places 
/km2) 

41.86 2,506.59 9.09 14.05 

C6. Protected land (%) 0.59 67.32 0.00 0.35 

C7. CO2 emission (ton CO2 / Km covered) 0.00050 0.00108 0.00457 0.00209 

C8. C&DW quantities (ton) 2,253 6,073 308 695 

C9. Distance from existing facility (km) 49.20 47.70 43.30 64.20 

C10. Distance from inert landfill (km) 48.70 45.40 45.90 56.00 

C11. Type of road network (km) 15.40 0.80 0.00 23.70 

C12. Vacant land (%) 47.83 24.76 0.00 21.97 
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Table A.4. Impact matrix for the Area V: Western area 

 

Alternatives 
VA VB VC 

Criteria 

C1.Transport costs (€/ton) 8.49 5.48 6.82 

C2. Industrialization ratio (nº ind/km2) 2.75 0.87 0.21 

C3. Unemployed population (%) 24.0522 21.5119 24.0523 

C4. Ratio of affected population (inhab/km2) 5.38 10.98 7.85 

C5. Level of tourism activity (Nº lodging places /km2) 197.77 55.33 23.67 

C6. Protected land (%) 55.92 37.39 15.00 

C7. CO2 emission (ton CO2 / Km covered) 0.00422 0.00273 0.00339 

C8. C&DW quantities (ton) 892.95 1,662.98 1,367.50 

C9. Distance from existing facility (km) 81.40 43.00 32.80 

C10. Distance from inert landfill (km) 84.30 44.90 30.90 

C11. Type of road network (km) 2.30 35.90 50.10 

C12. Vacant land (%) 33.17 36.48 36.20 
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