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Resumen

El sector de la construccidn tiene el potencial de contribuir en el logro de algunos de los objetivos
mads importantes del desarrollo sostenible, como el combate al cambio climatico, la defensa del
medio ambiente o el disefio de las ciudades. Este sector es responsable de generar altas tasas de
emisiones de gases de efecto invernadero y de residuos de construccién y demolicién, ademas
del consumo desmesurado de recursos abidticos y energia no renovables. En la busqueda de
mitigar estas consecuencias negativas se han desarrollado herramientas que permiten gestionar
estos impactos ambientales, una de ellas es el andlisis del ciclo de vida (ACV). Esta tesis tiene
como objetivo evaluar la aplicabilidad del ACV en el sector de la construccién; en especifico,
evaluar los impactos ambientales incorporados del ciclo de vida en la edificacién de vivienda y
de su entorno urbano. En esta tesis se evaluaron: i) veinte muros exteriores y se establecieron las
configuraciones mds adecuadas para el ambiente, asi como un sistema de ecuaciones que definié
su comportamiento; ii) dieciocho calles residenciales con alternativas que priorizaron el flujo no
motorizado y su influencia en los impactos ambientales (ambos estudios mediante un ACV de
la cuna a la entrega) y; iii) seis tipologias de vivienda, donde se variaron los materiales utilizados
en los muros y las ventanas (mediante un andlisis de la cuna a la tumba). Para este ultimo caso,
se abordaron también los retos ambientales del sector residencial en México. Las bases de datos
utilizadas fueron BEDEC, CYPE Latam (cuantificacién de los materiales) y ecoinvent (inventario
de ciclo de vida). Los métodos de impacto ambiental utilizados fueron CML 2001, Ecoindicador
99, IPCC 2013 y CED. En esta tesis se corrobord que el ACV es una metodologia aplicable en la
construccion, la cual con la constante actualizacion de la normativa ha permitido la obtenciéon
de resultados cada vez mas globales y transparentes, lo cual ha hecho posible la expansién del
ACV anuevas geograffas. Ademas, se encontré quela etapa de mayor contribucion al detrimento
ambiental es la de producto o las que involucran un producto (como el mantenimiento y el
reemplazo), mientras que las etapas referentes a los procesos tienen una menor contribucién, de
éstas el transporte fue la mas relevante. Los elementos con el mayor potencial de dafio ambiental
fueron las aceras de granito, las ventanas de aluminio, los aislamientos térmicos de XPS y el
galvanizado de la placa de yeso laminado. Se corroboré que los materiales mas tipicos de
construccién, como los elaborados con cemento (hormigdén, mortero, entre otros), las piezas
ceramicas de arcilla o el acero, son altos generadores de gases de efecto invernadero y
consumidores de energia. Por otra parte, se encontré que dar prioridad a la escala humana en el
disefio de las calles reduce los impactos ambientales. La elaboraciéon de ACV de la cuna a la
entrega (parciales) permitié establecer un mayor nimero de escenarios, compararlos y
encontrar la alternativa mas ambientalmente correcta; mientras que la elaboracion de ACV de
la cuna a la tumba, permitié conocer el comportamiento ambiental de todo el ciclo de vida; es
decir, los impactos totales de la vivienda y detectar donde se encontraban las oportunidades de
mejora (aunque esto significé la limitacién de los escenarios por la complejidad del estudio). Los
hallazgos de esta tesis permitieron concluir que el ACV tiene un potencial importante en la

consecucion de esquemas de evolucidn sostenible, por lo que su aplicabilidad en el sector de la



construccién es factible y recomendado (en paises emergentes o en vias de desarrollo resulta
idéneo). Por dltimo, se concluye que el ACV es una herramienta que puede contribuir a la
obtencién de los objetivos del desarrollo sostenible y que es esencial para hacer frente a los

cambios acelerados causados por el dafio ambiental que genera el sector de la construccién.



Abstract

The construction sector has the potential to contribute to the achievement of essential objectives
of sustainable development, such as the fight against climate change, the defense of the
environment or the design of cities. This sector is responsible for generating high rates of
greenhouse gas emissions and construction and demolition waste, in addition to the excessive
consumption of non-renewable abiotic and energy resources. In the search to mitigate these
negative consequences, tools have been developed that allow these environmental impacts to be
managed, one of them is the life cycle analysis (LCA). This thesis aims to assess the applicability
of LCA in the construction sector. Specifically, evaluate the embodied environmental impacts in
the life cycle in the housing construction and its urban environment. In this thesis were evaluated
i) twenty exterior walls and the most environmentally appropriate configurations were
established, as well as a system of equations that defined their environmental behavior, ii)
eighteen residential streets with alternatives that prioritized non-motorized flow, and their
influence on environmental impacts (both studies through an LCA from the cradle to handover)
and iii) six types of housing, where the materials used in the walls and windows were varied
(through an analysis of the cradle to the grave). For the latter case, the environmental challenges
of the residential sector in Mexico were also addressed. The databases used were BEDEC, CYPE
Latam (quantification of materials) and ecoinvent (life cycle inventory). The environmental
impact methods used were CML 2001, Ecoindicator 99, IPCC 2013, and CED. In this thesis it
was corroborated that LCA is a methodology applicable in construction which, with the constant
updating of the regulations, has allowed the obtaining of increasingly global and transparent
results, allowing the expansion of LCA to new geographies. Also, it was found that the stage of
the greatest contribution to the environmental detriment is that of the product, or those that
involve a product (such as maintenance and replacement), while the stages related to the
processes have a lower contribution, of these the transport was the most relevant. The elements
with the highest potential for environmental damage were granite sidewalks, aluminum
windows, XPS thermal insulation, and galvanized laminated plasterboard. It was confirmed that
the most typical construction materials, such as those made with cement (concrete, mortar,
among others), ceramic pieces of clay or steel, are high generators of greenhouse gases and
energy consumers. On the other hand, it was found that prioritizing the human scale in street
design reduces environmental impacts. The development of LCA from the cradle to handover
(partial) allowed to establish a higher number of scenarios, compare them and find the most
environmentally correct alternative; while the development of LCA from cradle to grave, allowed
to know the environmental behavior of the entire life cycle; that is, the total impacts of housing
and detect where the opportunities for improvement were located (although this meant the
limitation of the scenarios due to the complexity of the study). The findings of this thesis allowed
us to conclude that LCA has an essential potential in achieving sustainable evolution schemes,
so its applicability in the construction sector is feasible and recommended (in emerging or

developing countries it is suitable). Finally, it is concluded that LCA is a tool that can contribute



to the achievement of the objectives of sustainable development and that it is essential to cope
with the accelerated changes caused by the environmental damage generated by the construction

sector.
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INTRODUCCION

1.1. LASETAPAS DE LOS IMPACTOS INCORPORADOS

Enla década de 1980 la Organizacién de las Naciones Unidas introdujo el concepto de desarrollo
sostenible y lo definié como el “desarrollo que satisface las necesidades del presente sin
comprometer la capacidad de las generaciones futuras para satisfacer sus propias necesidades”
[1,2]. En este sentido, en 2015 aprobé la Agenda 2030 sobre el Desarrollo Sostenible, la cual
establece 17 objetivos que incluyen desde la eliminaciéon de la pobreza hasta el combate del

cambio climatico, la defensa del medio ambiente o el disefio de nuestras ciudades [2].

El sector de la construccion tiene un elevado potencial de contribuir en el logro o el fracaso de
algunos de los objetivos mas importantes de la Agenda 2030; ya que es un responsable
protagoénico del deterioro del medio ambiente, del cual destacan su contribucion al cambio
climatico, asi como al desmesurado consumo de recursos abiéticos y energias no renovables [3].
Investigaciones previas sefialan que este sector utiliza alrededor del 40% de la energia primaria

en el mundo y se le atribuyen el 30% de los gases de efecto invernadero (GEI) generados [4,5].

Para que el ambito de la construccion se lleve a cabo son necesarios un conjunto de industrias y
sectores, de los cuales la edificacion y el urbanismo desempefian un rol sobresaliente debido al
numero de actividades requeridas para su practica. El estudio de estos dos sectores deberia
considerarse como inherente, ya que su éxito individual serd potenciable si en su disefio y

ejecucion se consideran parametros conjuntos.

La edificacién es conocida por ser uno de los mayores contribuidores de impactos ambientales
en el mundo [6]. Los edificios juegan un rol importante en el consumo de energia y de recursos
naturales, asi como también en la generacién de las emisiones relacionadas a éstos [7]. Tan sélo
en Europa alrededor del 40% del total del consumo de energia le corresponde [8]. Ademas de
que produce el 33% de los residuos anuales [9]. En la busqueda de mitigar estas consecuencias
negativas se han desarrollado estudios sobre impactos ambientales o similares. Se tiene registro

de que las primeras investigaciones se llevaron a cabo en los afios 1960-1970, las cuales tenfan



CAPITULO 1

como objetivo evaluar y comparar una serie de productos consumibles [10]. A continuacién, se
introdujo la evaluacién de tecnologias y de andlisis de flujo de sustancias incursionando en lo

que se convertiria en el actual concepto de ACV [11].

El ACV como término se introdujo a partir de 1990 por la Sociedad de Toxicologia y Quimica
Ambiental (SETAC) [10,11], la cual creo un cédigo de buenas practicas [12]. Desde 1994 la
Organizacién Internacional de Normalizacién (ISO) ha participado en actividades enfocadas al
ACV, lo cual dio como resultado la serie de normas ISO 14040/44 publicadas por primera vez
en 1996 [10,13]. En las décadas de 1980 y 1990 el concepto de ciclo de vida aparece en el sector
de la construccién [7,10,11]. A partir de estos afios se han llevado a cabo numerosos estudios
mediante ACV a lo largo del mundo, teniendo resultados cada vez mas concluyentes y siendo

posible su estandarizacién en el sector de la edificacién y de la construccion en general.

Gracias a estos estudios ha sido posible establecer conclusiones relevantes sobre los impactos
ambientales que se generan en la construccién y en la edificaciéon. Por ejemplo, se sabe que
considerar materiales y elementos eficientes en la construccién de los edificios reduce los
impactos ambientales que éstos generan [14-16]; esto sin ser obligado el encarecimiento
excesivo de los impactos ambientales incorporados [7,17] y siendo estas tasas de aumento
remunerables a los pocos aflos de uso del edificio [18,19]. Ademads, se han encontrado ventajas
evidentes en considerar el entorno urbano en los parametros de disefio de las edificaciones [20—
22].

De igual forma, ha sido posible establecer que en el ciclo de vida de los edificios un 80-90% de
los impactos ambientales se suscita en su etapa operacional [23-31]; debido en su mayoria a la
energia utilizada por la calefaccién, ventilacién y aire acondicionado [23,32,33]. Aunque gran
parte de los estudios han establecido estas cifras, en otras investigaciones se ha encontrado que
la proporcion de la energia y de las emisiones incorporadas en el total del ciclo de vida dependen
en gran manera de la zona geografica y del clima [34,35]. Por ejemplo, la energia incorporada de
una vivienda nueva con aislamiento adecuado puede representar el 40% del total del consumo
de energia durante todo el ciclo [36] e incluso puede exceder a la energia operacional. O si se
considera la tendencia de adoptar edificios de energia cero [37-39], lo esperado es que los
impactos de las etapas incorporadas sean cada vez mas cercanos a 100%, o lo que es igual, las

etapas operacionales seran cercanas a 0% [40].

Porlo que, las etapas que consideran los impactos incorporados del ciclo de vida tienen y tendran
en un futuro préximo un papel imperante en el logro de la sostenibilidad de los edificios, ya que
la eleccion de sus materiales y elementos sera definitiva en el comportamiento del edificio a lo
largo de su vida dtil, tanto en su ahorro energético, como en las actividades de reparacion,
mantenimiento, reemplazo y remodelacién. Ademas, estos impactos con respecto a su tiempo
de ejecucion generan altos indices de detrimento ambiental, por lo que su estudio es

indispensable para lograr la tan buscada sostenibilidad en la construccion.



ANALISIS DEL CICLO DE VIDA EN LA CONSTRUCCION: EVALUACION DE LAS ETAPAS INCORPORADAS DE ELEMENTOS DE LA VIVIENDA Y DE SU ENTORNO URBANO.

Para el desarrollo de esta tesis es importante realizar la definicién y diferenciacién de los
impactos ambientales incorporados de un edificio (o de un producto de construccién) de los
impactos de operacién. Por lo que, es necesario definir un término ya establecido y estudiado

con relativa amplitud en estudios previos, la energia incorporada (EE).

Se define a la EE de un edificio como la energia embargada en edificios y materiales de
construccién durante todos los procesos de produccion, construccion in situ, actividades del uso
(mantenimiento, reparacion, reemplazo, remodelacién) demolicién, gestién de residuos y
eliminacién final. Mientras que la energia operativa (EO) es la energia gastada en el
mantenimiento del ambiente interior a través de procesos tales como calefaccién y refrigeracion,
iluminacién y operacién de electrodomésticos [35]. Por lo que, los impactos ambientales
incorporados seran todos aquellos que se deriven de las etapas definidas en la energia
incorporada. Algunos de los impactos incorporados que fueron evaluados en esta tesis se definen

a través de las siguientes categorias de impactos:

e DPotencial de calentamiento global (PCG): es el responsable del cambio climatico. Se
genera por el incremento de los GEIs atribuibles a las actividades humanas que se
originan por el forzamiento radiativo (absorcién infrarroja en la region del espectro
electromagnético entre 10 y 15 micrémetros). Estd relacionado con laliberacién de gases
a la atmosfera, los mas importantes son el CO,, el metano (CH,), el 6xido nitroso (N,O)
y los compuestos organicos volatiles (COV) [41].

e Agotamiento de los recursos abidticos (ARA): se presenta en tres niveles de actividad (i)
la reduccidn de las reservas hasta el punto de causar un agotamiento irreversible, como
en el caso de los metales, los combustibles fosiles y otros minerales; (ii) recursos
temporales o localmente agotables, tales como la turba (carbén ligero) y nutrientes del
suelo; y (iii) recursos no agotables que tienen disponibilidad limitada, como la radiacién
solar y la lluvia [42].

e Potencial de acidificaciéon (PA): se refiere a un exceso en la concentracién de iones de
hidrégeno (H+) en el sistema de agua y suelo (debido a procesos de lixiviacién o
bioquimicos). Las principales sustancias acidificantes son los 6xidos de nitrégeno
(NOx), los sulfuros (SO,) y el amoniaco (NH;) [41].

e DPotencial de eutrofizacion (PE): se refiere al enriquecimiento de nutrientes en las aguas
superficiales (rios, lagos y embalses). Las principales sustancias eutrofizantes son NOx y
NH; [43].

e Potencial de toxicidad humana (PTH): se refiere a los efectos de las sustancias toxicas en
el ambiente humano [44]. Los modelos de evaluacion de impacto ambiental consideran
sus factores de caracterizacién mediante la determinacion de entre 180 y 1250 sustancias
diferentes, pero que en general se pueden subdividir en sustancias organicas, inorganicas

y metélicas [45].
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Estos impactos junto con la energia incorporada se eligieron por considerarse relevantes para el
sector de la construccién, debido a la implicacién que representan en la emergencia climatica

que se estd viviendo en la actualidad.
1.2. EL ANALISIS DEL CICLO DE VIDA

Con el objetivo de abordar las tres dimensiones de la sostenibilidad (ambiental, econémica y
social) propuestas por Elkington en 1998 [46] se han integrado dos nuevas técnicas al ya
conocido ACV (ambiental); éstas son el analisis de costo de ciclo de vida (ACCV) [47-49] y el
analisis de ciclo de vida social (ACV-S) [50]. Estas tres metodologias conforman el analisis de
sostenibilidad del ciclo de vida (ASCV). E1 ASCV se refiere a la evaluacion de todos los impactos
negativos ambientales, sociales y econdmicos en los procesos de toma de decisiones hacia
productos mas sostenibles a lo largo de su ciclo de vida [51]. Walter Klopffer propuso la

combinacién de las tres técnicas y la puso en una férmula conceptual [52].
ASCV = ACV (ambiental) + ACCV + ACV-S

Considerar un ASCV es primordial en la gestién del ciclo de vida (GCV), y por lo tanto en el
pensamiento del ciclo de vida (PCV) [53,54]. Dado su caracter holistico, sistémico y riguroso, el
ACV (ambiental) es la técnica preferida para compilar y evaluar informacién relacionada con
los potenciales impactos ambientales de un producto [51]. Se define como la recopilacién y
evaluacion de las entradas, salidas y posibles impactos ambientales de un sistema de productos
a lo largo de su ciclo de vida [13]. Es una técnica aplicada por expertos en todo el mundo [51]

que consta de cuatro pasos fundamentales, los cuales se esquematizan en la Figura 1.
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Figura 1. Esquema de las fases del ACV. Tomado de ISO 14040 [13].

En la definicién del objetivo y el alcance se establecen los limites del sistema, la unidad funcional
y la calidad del inventario del ciclo de vida. La profundidad y amplitud del ACV puede diferir
dependiendo del objetivo particular; en el inventario del ciclo de vida (ICV) se recopilan los
datos de entrada/salida en relacién con el sistema bajo estudio; en la evaluacién del impacto del
ciclo de vida (EICV) los impactos ambientales de varios flujos de material y energia se asignan a
diferentes categorias de impacto, el factor de caracterizacién se utiliza para calcular la

contribucién de cada uno de los componentes para diferentes categorias; y por ultimo, en la
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interpretacion de los resultados se resumen y discuten los resultados del ICV o de la EICV o de
ambos como base para las conclusiones, recomendaciones y toma de decisiones de acuerdo con

el objetivo y alcance definidos [7,8,13].

Las cuatro etapas del ACV se llevan a cabo en procesos iterativos, de tal forma que éste es un
procedimiento flexible que permite regresar unay otra vez alas etapas previas y redefinirlas. Esta
misma flexibilidad ha sido un motivo de diversidad entre los estudios que se han realizado, una
caracteristica que se puede considerar una ventaja, pero que también genera incertidumbre en
la globalizacién de los resultados. Por este motivo, los procesos de normalizacién y
estandarizacién se han ido actualizando basados en las discrepancias generadas en

investigaciones realizadas.

1.3. NORMATIVA UTILIZADA Y LIMITES DEL SISTEMA DE LOS IMPACTOS
INCORPORADOS

Para poder garantizar transparencia y comparabilidad en los ACV, se requiere una definicién
clara de los limites del sistema temporal y fisico. En la actualidad existen normas internacionales
y europeas exclusivas para productos de construcciéon (ISO14025 [55] y EN 15804 [56]) y para
estructuras de edificios (ISO 21931-1 [57] y EN 15978 [58]). Ademds, existe el anexo 57 de la
IEA EBC, el cual establece los lineamientos para el estudio de los impactos de las etapas
incorporadas en la construccién. El anexo 57 complementa a los estandares anteriores

proporcionando mayor transparencia en el proceso del ACV (Figura 2) [5].
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adaptada por EN 15978: 2011). Tomado de H. Birgisdottir et al. (2017) [5].
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La figura 2 es una adaptacién de la EN 15978 para el estudio de las etapas de los impactos
incorporados de un edificio. Para llevar a cabo estos tres articulos se utilizaron los limites de
sistema que se ilustran en esta figura, atendiendo de esta forma los lineamientos del anexo 57 y
las normativas EN 15804 [56], ISO 21931-1 [57], EN 15978 [58] e ISO 14040/44 [13]. Algunos
de los parametros mas relevantes de la aplicacién de la metodologia (abordadas con detalle en el
capitulo siguiente) son la base de datos utilizada para el inventario de ciclo de vida, ecoinvent;
dos de los articulos se apoyaron en los datos de cuantificacién de materiales de BEDEC y otro
mas de CYPE Latam; y los métodos de impacto ambiental utilizados fueron CML 2001,
Ecoindicador 99, IPCC 2013 y CED.

1.4. OBJETIVO DE LA TESIS

Esta tesis tiene como objetivo evaluar la aplicabilidad de la herramienta metodolégica ACV en
el sector de la construccién; en especifico, en las denominadas etapas de los impactos
ambientales incorporados del ciclo de vida en la edificacion de vivienda y de su entorno urbano.
Para llevar a cabo esta tesis se realizaron tres articulos, los cuales comparten la herramienta
metodolégica utilizada en su desarrollo, asi como la normativa equivalente en su ejecucién. Se

plantearon tres problemas fundamentales en cada articulo.

1.5. OBJETIVO DE CADA ARTICULO

1.5.1.A Cradle to Handover Life Cycle Assessment of External Walls: Choice of
Materials and Prognosis of Elements: proporcionar datos que faciliten la futura
promulgacién de regulaciones que permitan la elecciéon de sistemas de muros
adecuados y sostenibles. El estudio se realizé desde una perspectiva centrada en la
construccién y; por lo tanto, analiza las etapas de producto y del proceso de
construccién de veinte muros exteriores [56], es decir, es un estudio de la cuna a
la entrega [5].

1.5.2.Life Cycle Assessment of residential streets from the perspective of favouring the
human scale and reducing motorized traffic flow. From cradle to handover
approach: evaluar los impactos ambientales con datos cuantitativos que se generan
al priorizar a los habitantes de una ciudad durante el proceso de disefio de una
calle. El estudio se realizé desde una perspectiva centrada en la construccién y; por
lo tanto, analiza las etapas de producto y del proceso de construccién de dieciocho
calles residenciales [56], es decir, es un estudio de la cuna a la entrega [5].

1.5.3.Environmental Challenges in the Residential Sector: Life Cycle Assessment of
Mexican Social Housing: este trabajo tuvo dos objetivos (1) identificar el estado de
los impactos ambientales mads relevantes que ocurren en México enfatizando en el
sector residencial y (2) lograr una aproximacién de los impactos ambientales
generados por este sector. Para lograr este tltimo objetivo se analizé una vivienda
social mexicana alo largo de todo su ciclo de vida, es decir, es un estudio de la cuna
ala tumba [5,57,58].



BREVE DESCRIPCION DE
LOS ARTICULOS

2.1. PRIMER ARTICULO

En 2016, después de consultar el estado del arte hasta ese afio, se encontré que era necesaria
informacion referente a las etapas de los impactos ambientales incorporados. Estos impactos
fueron considerandose en investigaciones previas, ya que algunos estudios demostraron que
representaban una proporcion significativa en el total de los impactos ambientales del ciclo de
vida [35]. En septiembre de 2016 la Agencia Internacional de Energia abordé la importancia de
evaluar la energia y las emisiones incorporadas, asi como la necesidad de crear pautas para
complementar la normativa existente, ya que este tipo de ACV variaba dependiendo las

condiciones individuales de cada estudio [40].

Al momento de plantear el problema del primer articulo se detectd la necesidad de utilizar
elementos de construccién que generen edificios eficientes en su operacién, en especifico en
edificios plurifamiliares. Se encontré que la demanda energética de un edificio esta vinculada a
la eficiencia de su envolvente [59]. De ésta, las paredes externas son partes esenciales, ya que su

disefio permite el control pasivo de las condiciones interiores del edificio [33].

Investigaciones previas sugieren que invertir recursos en las etapas de los impactos incorporados
del edificio vuelve mas eficiente su operacién [17,60,61], como por ejemplo el uso de aislamiento
para paredes externas [62-64]. Por lo que, en este estudio se buscd establecer qué muros tenian
el mejor comportamiento ambiental incorporado, sin alterar (en la medida de lo posible) sus
caracteristicas basicas; es decir, buscando que su comportamiento operacional fuera similar. Por
lo tanto, se estudiaron veinte configuraciones de muros exteriores que daban solucién
equivalente y cumplimiento de la normativa vigente del ambito espaiiol, con posible aplicacién

al ambito europeo.
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Los muros exteriores evaluados tuvieron variaciones en sus espesores y en los tipos de materiales
utilizados en cada capa. Las caracteristicas que se consideraron en su disefio fueron referentes a
las propiedades térmicas, las propiedades mecanicas basicas y la funcionalidad del muro

(espesor). Se busco la minima variacién en estas caracteristicas hasta lograr las veinte tipologias.

Este estudio se realizé mediante un andlisis de ciclo de vida “de la cuna a la entrega”, es decir, se
consideraron las etapas de producto (A1-A3) y del proceso de construccién (A4-A5); estudios
previos realizaron analisis similares con el objetivo de proveer de herramientas para la obtencién
de informacién referente a la construccion y a mejorar las practicas en ésta [6,65-72]. La unidad

funcional que se utiliz6 para el fin planteado fue un m* de muro.

Se utilizaron dos bases de datos para la obtencién de la informacién: BEDEC y ecoinvent.
BEDEC es una base de datos de materiales de construcciéon que incorpora informacién de
productos de edificacién y urbanismo [73]. Ecoinvent es una base de datos de inventarios de
ciclo de vida reconocida por ser transparente, actualizada y consistente [74]. A pesar de ser una
base de datos suiza su aplicacion es posible en el ambito espafiol por contener informacién de

Europa. Se ha utilizado en numerosos articulos con resultados favorables [75-77].

Las categorias de impacto analizadas fueron cambio climatico, agotamiento de los recursos
abidticos, potencial de acidificacion, eutrofizacion y toxicidad humana, oxidacién fotoquimica,
disminucién de la capa de ozono, todas ellas incluidas en la linea base del método de impacto
ambiental CML 2001 [44]. Este método expresa sus indicadores en kg de sustancia equivalente,
lo que los hace expresables en términos técnicos y objetivos, y facilita su comparaciéon con otras
investigaciones; ademads, sus factores de normalizacién son de alcance europeo y global. Como
apoyo para la obtencion de estas categorias se utilizé la herramienta informatica LCA Manager
1.3 [78].

2.2. SEGUNDO ARTICULO

Después de que se evalué un elemento indispensable en la configuracion de edificios sostenibles,
los muros exteriores, y de que se corroborara la importancia de estudiar los impactos
ambientales incorporados en la edificacién de vivienda plurifamiliar, se buscé ampliar la
investigacién y considerar no solo al edificio, sino también a su entorno urbano. Se detecté un

elemento tan basico como indispensable en su concepcidn: la calle.

La calle es uno de los elementos principales que definen la configuracién del entorno urbano;
éstas se encuentran en el corazén de las ciudades, dan forma a la salud humana y a la calidad
ambiental, y sirven como fundamento en la economia. En muchas ciudades conforman mas del
80% del entorno urbano [79]. Varios investigadores mostraron las ventajas que se pueden
obtener en un entorno que priorice la escala humana durante el proceso de planificacién urbana

[80-83].
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Similar al primer articulo se han encontrado estudios que realizan andlisis con aspectos
relacionados a las calles que favorecen los entornos peatonales; sin embargo, la mayoria se basan
en la etapa de uso [84] descuidando los impactos ambientales asociados a las etapas

incorporadas.

Por lo tanto, en este segundo articulo se realiz6 un estudio de la “cuna ala entrega” de dieciocho
tipologias de calles residenciales, en las que se variaron tanto las dimensiones, como los
materiales de sus elementos. Similar al trabajo anterior, se buscé que estas dieciocho alternativas
tuvieran equivalencia en servicio y en sus propiedades elementales, como las propiedades
mecdnicas y sus dimensiones totales (ancho). Los materiales seleccionados para el disefio de las
calles correspondian alos mas tipicos practicables en Espafia y algunas partes de Europa. A partir
de su disefio se llevo a cabo el andlisis. Con estas opciones se buscd establecer la tasa de variacion

en los impactos ambientales al aumentar o disminuir la peatonalidad y el flujo no motorizado.

Para llevar a cabo el analisis se utiliz6 como unidad funcional un metro lineal de calle con un
ancho constante de 13 m (1x13m). Al igual que en el articulo uno, las bases de datos utilizadas
fueron BEDEC y Ecoinvent. Fue un estudio aplicado al ambito espafiol con posibilidad de
aplicacién al resto de Europa. Para llevar a cabo el andlisis se utilizé la herramienta informatica
LCA Manager 1.3 [78].

Las categorias de impacto seleccionadas en esta ocasion fueron enfocadas a dafios finales, por lo
que se utiliz6 el ecoindicador 99 como método de impacto ambiental [44]. La premisa de este
trabajo parti6 de un congreso enfocado a salud humana, el cual tenfa participacién
multidisciplinar [85], algunas de estas disciplinas sin familiaridad con temas ambientales en el
sector de construccion. Al ser el ecoindicador 99 un método de impacto ambiental mads intuitivo
que utiliza ecopuntos como unidades se consideré mas apto para este estudio. Las categorias de

impacto se agrupan en las siguientes areas de protecciéon (AoP):

e (Calidad del ecosistema: acidificacién-eutrofizacién, ecotoxicidad y ocupacion de suelos.
e Salud humana: carcinégenos, cambio climatico, radiacién ionizante, agotamiento de la
capa de ozono y efectos respiratorios.

e Recursos: combustibles fésiles y extraccion de minerales.

2.3. TERCER ARTICULO

En el tercer articulo se retom¢ el estudio de la edificacion, pero en esta ocasion se identificd una
region territorial que requiere la exploraciéon de su estudio desde diferentes perspectivas. Es
decir, se evaluaron los impactos ambientales que se generan en un pais de América Latina y el
Caribe (ALC), México.

En México, mas del 88% del parque de vivienda corresponde a vivienda social [86]. Se estima

que en los proximos afios se construiran 600,000 viviendas anuales [87]. En afos recientes, se ha
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promovido el tema de la sostenibilidad en la construcciéon [88], por lo que, México se ha
destacado entre los paises de ingresos medianos-altos debido a su programa de finanzas para
soluciones en vivienda. En este programa se abordan parametros referentes a la operacion de la
vivienda, tanto a nivel edificio, como a nivel urbano [20]; sin embargo, no se consideran los
impactos incorporados. Por lo tanto, se aplicd el ACV de las etapas de los impactos incorporados
a una vivienda social mexicana. El caso especifico que se evalué se puede considerar como guia
para paises de ALC o paises con caracteristicas similares. Ademas, se abord¢ la problematica

ambiental del sector residencial en este pais y de forma general de ALC.

Las economias emergentes de ALC deben enfrentar importantes desafios ambientales para poder
evitar replicar el modelo de sociedad desechable de las naciones industrializadas [89]. De los
paises de ALC, México es el segundo mas poblado [90]. En los ultimos diez afios ha tenido un
crecimiento econémico del 2.2% [91] y hasta 2017 un aumento anual de la poblacién del 1.3%
[92]; por lo tanto, se prevé un aumento en las necesidades energéticas en los proximos afios, asi

como en las emisiones de GEL

En 2015 México emitié 683 millones de toneladas (Gg) de CO, eq. El inventario contabilizé 148
Gg absorbidos por la vegetacion, llevando el balance de emisiones netas a 535 Gg de CO, eq [93].
Es decir, generd el 1.4% del total de CO, y el 1.24% del total de CO, eq en el mundo (en el grupo
ALC solo superado por Brasil) [94,95]. De estas emisiones, el sector de la vivienda es responsable

del 3.1% de CO,eq (atribuidos a la energia de operacién).

Ademas, en 2017 México ocupd el puesto 16 en la lista de paises con el mayor consumo de
energfa. El consumo total de energia en este afio fue de 5362.8 PJ, derivado de las actividades
productivas del pais, de las cuales el sector residencial es responsable del 14% debido a los
requisitos operativos de la vivienda [96]. Existen otras emisiones y consumos de energia
relacionados al sector residencial (y de la construccién, es decir, los incorporados), los cuales

deberan ser obtenidos en estudios como el presente.

Por otra parte, México genera el 0.4% del total mundial de RCD y el 3.4% del RSU (segundo en
laregién de ALC). Aunque la suma de sus residuos es inferior a la de paises como China, Estados
Unidos e India, su impacto a escala nacional no debe ser ignorado ya que existen limitados

protocolos de gestion y se carece de la infraestructura para su procesamiento [97-100].

El ACV se ha utilizado en México desde finales de 1990 [101]. Las temdticas en las que se han
enfocado estos estudios son la gestién de residuos [101], la industria de la energia [102], de la
minerfa [103], del clinker [104], la optimizacién de agua de lluvia [105,106], la energia de
operacion en la edificacién [107], entre otros. De acuerdo con un estudio desarrollado por
Valdivia, hasta 2014 se habian desarrollado 101 articulos que utilizaron la metodologia [108].
Ademas del ACV se han utilizado herramientas que se apegan a los criterios del PCV, como las
declaraciones ambientales de producto [88,109] o los sistemas de evaluacion de la sostenibilidad
[20].
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Este articulo se llevo a cabo mediante un ACV dela cunaala tumba delos impactos incorporados
del ciclo de vida. La unidad funcional fue la vivienda. Los elementos que se incluyeron en el
estudio son lo que segun investigaciones previas mas relevancia tienen en los impactos del
edificio [26,27,49,110-113], la envolvente (vertical y horizontal), los muros interiores, las
puertas, las ventanas y los acabados basicos. Se evaluaron un total de seis tipologias, a las cuales
se les variaron los materiales utilizados en la configuracion de las ventanas, los muros exteriores

y los muros interiores. Se utilizaron dos bases de datos, CYPE latam y Ecoinvent 3.

Ademas, al estudiarse los retos ambientales que tiene el sector residencial en México y ante la
emergencia climdtica mundial, se identificaron problematicas cruciales como el cambio
climatico y el consumo energético. Por lo que, las categorias de impacto ambiental que se
obtuvieron fueron el potencial de calentamiento global y la energia incorporada, ambas de
cardcter global, mediante los métodos de impacto IPCC 2013 y CED, respectivamente. Ademas,

se obtuvieron dos categorias mas que se encuentran en el CML 2001, PTH y ARA.
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Abstract: This research focuses on a comparison of 20 external wall systems that are conventionally
used in Spanish residential buildings, from a perspective based on the product and construction
process stages of the life cycle assessment. The primary objective is to provide data that allow knowing
the environmental behavior of walls built with materials and practices conventionally. This type of
analysis will enable promoting the creation of regulations that encourage the use of combinations
of materials that generate the most environmentally suitable result, and in turn, contribute to the
strengthening of the embodied stages study of buildings and their elements. The results indicate that
the greatest impact arises in the product stage (90.9%), followed by the transport stage (8.9%) and the
construction process stage (<1%). Strategies (such as the use of large-format pieces and the controlled
increase in thickness of the thermal insulation) can contribute to reducing the environmental impact;
on the contrary, practices such as the use of small-format pieces and laminated plasterboard can
increase the environmental burden. The prediction of the environmental behavior (simulation
equation) allows these possible impacts to be studied in a fast and simplified way.

Keywords: LCA; cradle to handover; external wall; construction materials; building components; envelope

1. Introduction

The construction industry is responsible for the unsustainable use of natural resources, and is
an important source of air, soil, and water pollution [1]. Published data indicate that this sector uses
between 30-40% of primary energy worldwide [2], with these figures including the energy required
by the buildings [3-5]. The costs of the primary energy consumed by buildings for some countries
are 23% in Spain, 39% in the United Kingdom, 47% in Switzerland, 50% in Botswana, 40% in Europe,
25% in Japan, 28% in China, and 42% in Brazil [6]. Most of this energy consumption is due to heating,
ventilation, and air conditioning throughout the building’s operating life [7-9]. Studies have shown
that most of the environmental impacts occur in this phase, representing approximately 80-90% of the
total impacts generated in the useful life of the building [8,10-17].

Sustuinability 2018, 10, 2748; d0i:10.3390/su10082748 www.mdpi.com/journal /sustainability
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Currently, the energy demand of a building is closely linked to the efficiency of its envelope [6]
as well as its thermal properties. The envelope includes the walls, ceilings, doors, windows, and
any peripheral element of the building [18]. The thermal properties of the materials used will
determine their ability to absorb or emit longwave solar radiation, particularly the U-value (thermal
transmittance) [9].

Although there are relevant conclusions about the envelope’s influence on the energy efficiency
of a building, there is still no consensus about the implication of its construction and previous
phases (A1-A3 product stage; A4-A5 construction process stage, UNE-EN 15804:2012 +A1 [19])
in the overall environmental impacts of the building. This may be because stages A1-A5 generate a
lower environmental impact (between 8-20%) in the life cycle of the building [8,10-17]. It has been
established in previous studies that the operation phase must be included in the life cycle assessment
(LCA) as a priority [20], but without omitting the rest of the phases, since the impact cannot be
considered negligible [7,21]. Some researchers [20,22,23] consider that investing resources in the
embodied stages would lead to buildings becoming more efficient in the operational stage.

The external walls (EW) are essential parts of the building envelope, since they provide thermal
and acoustic comfort; their design allows passive control of the interior conditions of the building
through management of the external temperature transfer [9]. Previous studies have found that EWs
are important contributors of embodied energy, due to the use of the large amounts of material that
are required [24]. Some of the tested practices in the search for improved behavior include green walls
for facades [25], the use of insulation for external walls [26-28], and the use of appropriately sized
windows (glass with the correct thermal coefficients).

The correct choice of materials is capable of generating substantial environmental deflation
throughout the complete life cycle of the building [29-31]. However, the use of these alternative
technologies has been limited due to the incorrect assumption that buildings with high energy efficiency
are also more costly to construct, and thus, from an economic perspective, are of less interest to
developers [32,33].

The effects on the external wall due to environmental actions and the resulting impacts depend
on several factors. These include the wall configuration, the combination of materials within the wall,
the airtightness of the wall system, and the specifics of each building and location. This makes the LCA
of walls and related research a necessity. The LCA is a recently adopted method in the construction
industry; it is one of the dimensions of the life cycle sustainability assessment (LCSA) [34-36].

The LCA has allowed detailed studies of all stages in the life of a building (with reliable and
comparable results). Despite being a relatively young methodology in this field, the LCA may provide
a solution to the environmental challenges currently affecting the sector. These include the significant
consumption of energy and raw materials, solid waste management, and greenhouse gas emissions
(GHGs) [3,14,37-42], making this an essential instrument with a view to the future.

The studies in which the built-in stages of constructive elements are addressed in detail are
limited because the greatest environmental implication arises in the operation of a building. On the
other hand, there is also an important number of studies that analyze conventional and alternative
construction materials. However, it is necessary to analyze how these materials behave when they
are integrated in a constructive element of a building from a perspective specific to the design of
the element (stages A1-Ab5), and not as a consequence of its use. In this sense, this research focuses
on the study of that fundamental part of the envelope: the walls. The study was carried out from
a construction-focused perspective, and thus analyzes stages A1-A5 of the LCA of a building [19].
The main objective is to provide data that facilitate the future promulgation of regulations that allow
the election of adequate and sustainable wall systems.
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2. Materials and Methods

2.1. Aim and Scope of the Study

The aim of the analysis was to compare the environmental performance of 20 external wall
systems (of three layers) used in Spanish residential buildings through LCA, varying the materials
used for each layer (type of wall and thermal insulation), and define the results of the environmental
impact through a system of equations.

2.1.1. Systern, Boundaries, and Functional Unit

Fach analyzed system has the function of an external wall that is part of an envelope of a
residential building. The analysis proposed for this study is known as “cradle to handover” [43],
which includes the stages: raw materials supply (Al), transport (A2), and manufacturing (A3) (product
stage or cradle to gate); and transport from factory to site (A4) and construction process (A5) [19].
Figure 1 shows the flow chart of the life cycle inventory (LCI) process used in the studied external
walls. The stages of use (B1-B7) and end of life (C1-C4) have not been considered in this research, as
it is intended to define which walls are the most optimal (environmentally and thermally) from the
perspective of their production and construction, rather than as a consequence of their use.
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Figure 1. System boundaries of life cycle assessment (LCA).

In this sense, it has been taken for granted that the envelope of a building (especially the external
walls) is decisive for having an important environmental impact in the operation stage; however, this
hypothesis underestimates the impact of the envelope itself. In addition, considering the time in which
each stage of the life cycle occurs, stages A1-A5 are developed in considerably shorter periods than
stages B1-B7 (specifically Bé6 and B7). Therefore, the environmental implications of stages A1-A5 will
be greater in terms of environmental impact/building lifespan.

Recent studies have carried out analyses of different types of constructions, such as buildings [44-48] or
pavements [49-52], exclusively considering stages A1-A5 or similar (A1-A4 and A1-A3). The objective
of these works is to help researchers conduct environmental assessments in a fast, effective and
sustainable way [44], and provide tools that contribute to a better practice of the stages involved in
the construction.

In this sense, researchers have studied the carbon footprint of conventional buildings [44]
and the built-in energy of industrialized construction buildings that solve the growing demand for
housing [46]. Meanwhile, to address the lack of energy data in construction, hybrid LCI models have
been developed [47]. On the other hand, to promote the use of alternative materials, the environmental
impacts caused by the use of wood and conventional materials in buildings have been compared [4548].
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For the purposes of the comparative study, a square meter of external wall was chosen as a
functional unit; being a physical element, it is intuitive, easily understood, and easily compared.
In previous studies [8,53,54], this criterion has ensured that the functional unit would lead to
reliable results.

2.1.2. Data Inventory

Ecoinvent 3.2 was chosen as a database to obtain the LCI for the materials and processes used
in this study. Ecoinvent is recognized internationally as being exhaustive and transparent, with
up-to-date and consistent data for energy and material supply as well as for resource extraction, the
use of chemical products, metallurgy, agriculture, waste management, and transport [55]. It has been
widely utilized in previous building LCA studies [56-58]. Since Spanish-specific LCI data were not
available [59], its application to the scope of research may be considered credible and reliable when
considering information mostly referring to the European area.

To quantify the materials used in each component of the external walls, this study uses information
from the data contained in the Structured Bank of Constructive Elements Data (BEDEC) of the Institute
of Construction Technology of Catalonia (ITeC) [60]. BEDEC is a materials database with information
on construction products, which incorporates constructive elements of typologies such as building,
and contains technical characteristics referring to the Spanish area.

2.1.3. Impact Assessment Method and Categories

The CML 2001 (Leiden University’s Center for Environmental Science) [61] was chosen as an
environmental impact method, since it is considered for application in the Spanish sector and includes
normalization factors of both European and global scope. Additionally, its indicators are given in kg of
substance equivalent, which makes them expressible in technical and objective terms, and eases their
comparison with other research. The CML includes impact categories of collective interest such as:

¢ (limate change (CC) [62]

o Depletion of abiotic resources (ADP) [63]
¢ Acidification potential (AP) [62]

s  Butrophication potential (EP) [64]

¢  Human toxicity (HTP) [65]

¢ Photochemical oxidation (POCP) [62]

s  Stratospheric ozone depletion (ODP) [62,64].

The Software LCA Manager 1.3 [66] was used to support the management of information on
the environmental impacts, which allowed the resources used and their environmental effects to be
analyzed, ordered, grouped, and classified according to the LCA methodology [67]. This software has
been used in previous studies, with satisfactory results [12].

2.1.4. Assumptions

For the evaluation of A4-A5, the following assumptions were made. For A4, the site of Plaza
Catalufia was considered as the benchmark due to its central and strategic location. For A5, the
number of floors aboveground (weighted average) of buildings destined for housing in Barcelona was
established using the data obtained from its Department of Statistics [68]. A crane was considered
for the construction process, which allows access to the material for the conformation of the walls.
Therefore, buildings of one and two floors were discarded. Consequently, according to these criteria,
the average building in Barcelona destined for housing is of six floors. In addition, it was considered
that each of these levels has a between-floor height of three meters (2.5 m free between levels, with
upper and lower slabs of 7225 cm each) [69]. Therefore, the average height of reference (HR) used in
A5 in this study is 18 m (including the complete up—down cycle).
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3. Case Studies

For the present study, 20 external wall systems conventionally used in Spanish residential
buildings were selected. Although the data provided for the proposed alternatives (materials and types
of walls) correspond to the Spanish stock, these can be considered conventional, even in other European
countries [25,38]. The external walls are composed of an exterior layer (EL), which is generally exposed
to the thermal conditions produced by the climate; then, there is a thermal insulation (TI), which helps
provide adequate hygrothermal comfort as well as energy efficiency; finally, there is an interior layer
(IL) in contact with the habitable space of the system, which is subject to its own internal conditions.

The optimum comparative configuration of the external walls that were studied was carried
out by means of an iterative process, which involved evaluating the different geometric thicknesses
and the material types that make up each of the layers. With each proposed solution, the physical
and mechanical properties of each external wall were then evaluated. Finally, those that showed
equivalence in terms of a similar total thickness (EL + TT + IL), compression strength, and thermal and
fire resistance (i.e. equivalent functionality), were chosen. The configuration and properties of the
walls are shown in Figure 2.
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Figure 2. Configuration of the external walls.
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With regard to the thermal requirements of the walls, they were dealt with in accordance with
the basic document DB-HE-1 of the Spanish building technical code (CTE) [70] for the climatic zone
classified as C2, corresponding to the city of Barcelona (Table B.1 of the DB-HE-1, climate zones of the
Iberian Peninsula). The U-value in all of the external wall combinations studied was always below the
established limits for facade walls and enclosures in contact with the terrain (0.73 W/m2K).

Additionally, as a guarantee of equivalence among all of the systems studied, equivalent
construction solutions were provided that showed a lower variation of U-value (0.098 W/m2K)
in all of the comparisons. The minimum U-value was 0.61 W/m2K, and the maximum U-value was
0.70 W/m?K. The average of the 20 systems was 0.65 W /m2K. The thicknesses of each solution in their
total transversal section were adjusted until a maximum variation of 16% was attained, with extreme
dimensions of between 23.5-28 cm, these sections were considered conventional for external walls
in multi-storey Spanish residential buildings. The U-value and thickness for each external wall are
shown in Table 1.

Table 1. Properties of the external walls.

EwW 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

(‘%72:;1% 065 068 063 068 0656 064 061 07 066 061 061 067 062 061 069 062 064 070 068 069

Thickness (cm) 263 245 260 27.0 263 27.0 250 23.5 280 260 245 238 258 265 253 258 275 265 258 255

The options chosen for making up the exterior layers were elements of ceramic clay pieces (CCF)
and mortar pieces (MP) of grey cement. Ceramic clay pieces and laminated plasterboard (LPB) were
used for the interior layers. Materials derived from natural wool and petroleum, with similar physical
and mechanical performance, were chosen as thermal insulation. The specific physical characteristics
of the elements chosen for configuring the walls are shown in Table 2. The finishes to cover the
walls on their exterior and interior faces were of cement mortar (mor) and laminated plasterboard
(G). The normalized compressive strength for the exterior and interior layers was 10 N/mm? and
3-5 N/mm? respectively, and was considered null for thermal insulation.

Table 2. Properties of materials used.

Element AN *** Fire Density

of Wall» TPt Materal® qp i Resistance  (kgim®) Characteristics

High-density (HD) CCP with faced finish (FF) joined with industrial mor M7.5;

B, biah s 780 category TUNE-EN771-1 [71].
N CCP - 023 i i I:aigacrpy ygg—s;;%fls;g?) joined with mor 1:2:10 of cernent (CEM I);
MEB 118 A1 520-1230*  MB pieces with CF joined with mixed mor 1:2:10; category TUNE-EN 771-3 [72].
ME SMB 118 A-1 520-1230*  SMB pisces with CF joined with mixed mor 1:2:10; category I UNE-EN 771-3 [72].
HBs 032 A1 7 Low-density (LD) partitions with CF jeined with mixed mor 1:2:10; UNE-EN
771-1 [71].
CEP: HBd 0.32 A-1 ENE: LD partitions with CF joined with raixed mor 1:2:10; UNE-EN 771-1 [71].
& . e
Self-supporting structute of galvanized steel profiles (GP), uprights each 400 mm
LTB LTB 0.25 A-25-1, do 750-900 ** (60 mm width), channels (60 mm width) with laminated plasterboard (G);
UNE-EN 520 [73].
Natural RW 0.035 A1 BO # Rigid plate positioned without adhering, UNE-EN 13162 [74].
wool GW 0.036 Al 40 #as Semni-rigid plate positioned without adhering; UNE-EN 13162 [74].
TI EPS 0,036 B-51,do0 10-50 * Smooth surface faces and smooth edge, without adhering; UNE-EN 12163 [75].
Patrolaum XPS 0.036 B-51,do 25-50 Smooth surface faces and smooth edge, without adhering; UNE-EN 13164 [76].
SPE 0.028 B-81,d0 3060 ** Spray polyutethane foam. Amorphous and projected; UNE-EN 143181 [77].
- mor 055 Al 1000-1300 # g/é;flﬁf[ilglllwl of 1.5 cm thickness. Mot CSIT W0 of 1.5 em thickness; UNE-EN
G 0.25 A-25-1,do 750-900 %  Adhered with gypsum base over its entire surface [73].

*See Figure 2 for the definition of acronyms;** A = Thermal conductivity. Spanish building technical code (CTE) [79];
*** Technical sheet of local material supplier; *** Structured Bank of Constructive Elements Data (BEDEC) [60].
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The materials used have a limited or insignificant contribution to the spread of fire according to
their classification in UNE-EN 13501-1. As these materials are of petrous origin, they are considered
inert and incombustible, and are classified as A1 according to the Euroclasses for building elements [80].
The polymers (XPS, EPS, and SPF) are an exception, being combustible due to their organic nature, and
have been classified as “category E” in the most unfavorable cases (direct exposure). However, for the
final application of this work, they have been classified as B-51, d0 because of the finish used (plaster
and mortar) [81-83].

4. Life Cycle Inventory

4.1. Product Stage (A1-A3)

The inventory of the study was carried out after the samples had been defined, their equivalence
of functionality corroborated (taking into account their most important physical characteristics), and
the objectives and scope of the LCA established.

For the evaluation of the product stage (A1-A3), the quantities {(by weight) of material required
(WMpy) to configure each element of the external wall were determined per the selected functional unit,
the square meter. In each element studied, waste coefficients were applied. Only those components
that exceeded 1% by the weight of each wall were considered. As the materials studied are either inert
or the insulation of natural wools or petroleum derivatives, the percentage excluded does not represent
a potential risk (substances neither dangerous nor highly contaminating). Table 3 shows the quantities
for the boundaries established (A1-A3, A4, and A5) and the datasets selected from Ecoinvent.
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4.2. Transport from Factory to Site (A4)

The evaluation of A4 considers the WMpy (in tons) and the average distances from factory to site
(in km). The distances were established by using the factory location of each material as the starting
point and a central location in the city of Barcelona as an end point, for which a map application with
geo-referencing and a route optimizer (Google maps) was used. For each type of material, the average
of three factories, located in a radius of approximately 100 kin, is considered. The average distances
(AD) used were as follows: 70 km for CCP; 60 km for MT, 25 km for mor; 125 km for LPB; 100 for RW,
GW, and XPS; 50 km for EPS; and 60 km for SPF.

A lorry with the following characteristics was considered for transporting the external walls
components: load capacity (LCr) of 16 tons, cabin dimensions of 2.1 m wide by 2.2 m high, and
a distance between axles of 3.5 m. These specifications satisfied the requirements of weight and
maximum size for short-haul transport within a city [84]. Equation (1) was used for the environmental
evaluation related to the movement impacts of the lorry (MI in ton-kilogram, tkm):

Ml = AD x WMgp 1)

4.3. Construction Process (A5)

Stage A5 contemplates the use of machines to transport the material to each floor of the building
and the elaboration of the binders used in the manufacturing of the walls. First, Equation (2) was used
to estimate the time of use required (TU¢ [h]) for a two-ton crane (load capacity (LC¢) with an average
velocity (VA¢) of 16.5 m/min, a potency (Pc) of 7.5 kW, and a useful life (UL¢) of 10,000 h [55]) to
complete a full cycle to the center of the building (HR is 18 m). Similarly, two more parameters were
determined by means of Equations (3) and (4) for evaluating the crane’s impact: the portion of use
(crane: PUe [h/h]) and the operating energy required (EOe [kWh]):
( V\E\(/:IEU ) X HR

Ve

TUe =

~ TUe
PUc = TIC 3)

EOc = TUg x Pc 4)

Finally, with regard to the manufacture of the mortar mixes used in joining the ceramic pieces
and the finishes, as well as for the plaster mixes used in the adhesion of the laminated plasterboard
of each wall separately, the operating energy (EQOy [kWh]) of a continuous mixer was considered
(average flow capacity (FC) of 13 1/min and a nominal potency (Py;) of 2.2 kW). The volumes of binder
(Vg = sum of plaster and mortar in each wall) were quantified and, considering the FC, the time of use
required (TUyy) was obtained. The EOy required for the job was obtained by using the Py. By means
of Equations (5) and (6):

_ VB
TUm = ﬁ (5)
BOm = TUnm % Py (6)

5, Results of the Environmental Impact

5.1. Stages of Product (A1-A3) and of the Construction Process (A4-A5) in the Impact Categories

The environmental impact assessment establishes a link between the elementary inputs to the
system of the products and processes analyzed, and their potential environmental impacts [85].
Figure 3 shows the percentage of environmental damage generated by the average of the 20 external
walls (including all of their elements) in each stage analyzed. For all of the categories, the greatest
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environmental impact arises in the product stage (A1-A3), with an average of 90.9%, confirmed by
previous research [12,47]. The subsequent stage is the transport from the factory to the construction site
(A4), with 8.9% of the average impact. Lastly, the construction process stage (A5) generates less than
1% of the environmental load. The values obtained for transport and construction, despite depending
on the inventory data of this study and the regional characteristics established, are consistent with the
results of other investigations [30,38,49].

932 923 907 899 883

100 = B EP
mCC
O AP
114 B HTP
90 98
10 sy 7B ADP

032 429 g2

019 018 .!
0

Al-A3

Affectation of environmental damage (%)

Ad A5

Stage

Figure 3. Percentages of the environmental damage of the average of the external walls in stages
A1-A5 for all of the impact categories.

The impact categories with the greatest repercussion in the product stage (A1-A3) are EP
(93.2%) and CC (92.3%). This is because most of the GIHGs (mainly CO; and N,O) are part of
the chemical reactions that occur during the manufacturing of conventional products that are used in
the construction of walls, such as mortar and clay pieces. The high temperatures used in the firing of
the ceramic pieces, over 1300 °C [86], and the cement clinker, over 1400 °C, as well as the high content
of carbonates found in their most important raw materials (limestone and clay) are responsible for the
release of COs into the atmosphere [87]. Similarly, the production of nitrogenous gases is inevitable
due to the high temperatures reached in cooking the pieces [88]. In the stages of the construction
process, the ADP presents the highest values for A4, with 11.4%, and the AP for A5, with 0.32%.
This is because the transport sector is closely linked with the use of fossil fuels (sources of potentially
acidifying substances, such as NOx and SO; emissions) [89].

With regard to the POCP and the ODPF, the 20 walls only reached values of the order of 10E-3
(kg ethylene eq.) and 10E-6 (kg CFC-11 eq.), respectively, at their most polluting stage (A1-A3).
The first of the categories is due to the problem of air quality, which is caused by a combination of
high-density car traffic in urban areas, strong incidences of solar radiation, and the high frequency
of meteorological situations that inhibit air circulation (factors that impact on the formation of ozone
and toxic gases in the troposphere) [62]. On the other hand, with respect to ODP, the agreements
established in the Montreal Protocol limit the substances in this category to critical or essential uses [64].
The contribution to both impact categories generated by the use of external walls was considered as
null, because the activities that produce thern are not present in the analyzed stages.

5.2. The External Walls in the Envirenmental Impact Categories

The external walls with the best overall environmental performance were walls 1, 3, 5,7, 10, 15,
17, and 20, which presented the most favorable values in a minimum of four impact categories (and of
these, the walls 1, 3, 5, 10, 15, and 20 in the five categories). Figure 4 shows the results of the five impact
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categories for the 20 external wall systems, including the three elements that compose them and the
stages analyzed. As a selection criterion, the wall with the best environmental performance was taken
as a reference. Consequently, only those that were 10% above this value were selected, assuming that
these walls could be considered equivalent to the reference wall for each category. Walls 7 and 17 did
not meet this criterion in some of the five impact categories (seven in HTP, 17 in ADP), but they are
still considered acceptable, as their values continue to be close to this one,
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Figure 4. Total value of each indicator (a) climate change (CC), (b} depletion of abiotic resources (ADP),
() acidification potential (AP), (d) eutrophication potential (EP), (e) human toxicity (HTP) in stages
Al1-A5 for each EW (EL + TI + IL).

The walls with the best overall environmental performance (1, 3, 5, 7, 10, 15, 17, and 20) have the
use of large-format lightweight pieces in their conformation (such as LFPp or MB) in common, and in
some cases, the option of tongue and groove. The manufacture of lighter walls (mortar and clay) will
require less raw material, and therefore lead to a reduction in substance generation. In addition to the
optimization of the binders destined for their conformation, reductions could be made in the impacts
produced in the construction process (lighter walls generate up to 60% less pollution for CC, AP, and
EF, 70% for ADF, and 30% for HTP).

For the selection of the walls with the worst environmental performance, the wall with the most
unfavorable value was considered as the reference for each impact category, along with all those lower
than it by 10% (see Figure 4). The options 2, 16, 18, and 19 are the ones with the worst environmental
profile in the CC and in the ADP; they have the use of compact and small-format pieces for the
conformation of the walls in common. With respect to the AP, EP, and HTFE, walls 8, 16, and 19
presented the most adverse values; in addition to having dense and small-format pieces in the exterior
layer, they use LPB as the interior layer. Therefore, the impact is attributed to both the heavy walls and
the use of the galvanized profile of the LPB. The most unfavorable combination for all of the categories
are walls 16 and 19, with an exterior small-format layer and an interior layer of LPB.
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Considering not only the environmental profile, but also their U-value, the walls that
could be recommended as suitable systems are numbers 7 and 10 (U = 0.61 W/m2K [Uminl),
wall 3 (U = 0.63 W/mZK), wall 17 (U = 0.64 W/m?K), and walls 1 and 5 (U = 0.65 W/m?K), all of
which were below the average U (0.65 W/ m2K). The walls with the worst thermal and environmental
performance are 19 (U = 0.68 W/m?K) and 8 (U = 0.7 W/m2K). This suggests that the selection of
elements with better physical capacities can in turn generate a lower environmental burden; therefore,
this selection of elements and materials will be a determining factor in environmental optimization.
In addition, the use of external walls with better thermal capacities could lead to savings in the
operation stage of the building (B6); consequently, the environmental load will continue to be smaller.

When analyzing the five impact categories, two main groups emerged in terms of the trends
shown in the results obtained. On the one hand, CC and the ADP are proportionally related, since the
causes of GIIGs mostly originate in the use of abiotic resources. In the case of AP, EP, and HTT, the first
two, despite being different phenomena, are generated by the same substances (even the Eco-indicator
99 includes them in the same impact category).

5.3. The Constructive Elements (EL, TI, and IL) in the Product Stages (A1-A3)

The impacts of the different construction components (EL, TL, and IL) that make up each external
wall of the study in stages A1-A3 (due to the significance of their maximum environmental impact) are
presented in Figure 5. In this study, for the CC and the ADP, the amount of material (in weight) defines
the general behavior of the external walls (and secondly the type of material). Therefore, the exterior
layer generates the most environmental impact on these categories, followed by the interior layer and
the thermal insulation. In the case of impact categories HTE, AF, and EFP, behavior is influenced more
by the type of material than the quantity. On the horizontal axis of Figure 5, the type of material that
composes each element of the wall (see the nomenclature in Figure 2) can be seen, followed by the
external wall containing it (for example, Aa: perforated brick of 290 mm x 50 mm, incorporated in
walls 12 and 19). Figure 5d includes the AP and the ED, because the results for these categories show
the same trend (with different values).
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Figure 5. Detail of the elements of the EWs (and materials) in stages A1-A3 for the (a) CC, (b) ADP,
(c) HTP, and (d) AP and EP.

The results for the exterior layers are shown in the first segment of Figure 5a (CC) and Figure 5b
(ADP). The walls made with ceramic clay pieces generate 1.14 times more CC and 1.5 times more ADP
than those made with mortar pieces. This is despite cement, which is known for its high pollutant
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rates [90], being a fundamental component in the manufacture of mortar. However, the mortar pieces
only contain about 15% cement [55], and since the rest of its components are aggregates and water,
the ceramic options are more harmful for these impact categories. Previous research has found that
clay piece walls are more significant in terms of environmental impact than mortar piece walls [91].
In addition, the exterior layers made with small-format pieces (PB: 12,19, 9, 6, 11, 13, 8, 18; SMB: 14,
16} are up to 60%, and 70% more polluting than those of large-format (LEPp: 1, 5, 10, 17; MB: 3, 15, 20,
4,7,12) for CC and ADP, respectively.

In the second segment of Figure 5a,b, it can be seen that thermal insulations made from
hydrocarbons (XPS, EPS, and SPF) are on average 2.3 (CC) and three (ADP) times more harmful
than natural wool (GW, RW). Therefore, from this perspective, it would be preferable when building
external walls to use a thermal insulation such as GW and RW.

The third segment of the same figures shows that the interior layers made with ceramic clay
pieces generate 1.14 times more CC than those made with LPB, although they represent only 15% by
weight of the ceramic pieces. The interior layers of LB (8, 12, 16, and 19) generate 1.27 times more
ADP than the rest of the interior layers. In addition, the influence of G as finished (ILs 1, 5, 13, and 15)
can be observed.

In the first segment of Figure 5¢,d, the results of the exterior layers are shown regarding IITP
and AP-EP. The exterior layers that use mortar pieces generate 1.4 times more HTP than those
using ceramic clay pieces. This may be due to the heavy metals and volatile elements present in
cement production [88], or the use of alternative fuels that incorporate hazardous waste [92] (such as
potential generators of pelychlorinated dibenzo-p-dioxins (PCDD) and dibenzofuranes (PCDF) [93]).
Previous research has found similar results for HTP and AP [94]. The exterior layers made with
ceramic clay and mortar pieces have a similar behavior for AP and EP. This can be attributed to the
sulfurous processes that take place in the production of both types of industries for ceramic and
mortar pieces (due to the fuels used and the raw material) [86]. For the three previous categories, the
options made up of small-format pieces are up to 51% more polluting than those of large-format pieces
(MB and LFPp).

In the case of thermal insulations (the second segment of Figure 5¢,d), the natural wools generate
3.4 times more HTP than those derived from petroleumn. For the case of the AT, petroleum-based thermal
insulations are 1.15 times more polluting than those derived from natural wool. The contribution
that thermal insulations have in the EP was considered null for the quantities that are needed in the
configuration of these external walls.

The results for the interior layers are shown in the third segment; those made with LPB presented
2.5, 5.3, and 3.7 times more HTP, AP, and EP, respectively, than those made with ceramic clay pieces.
These values are 80% (minimum value for the three impact categories) due to the galvanized film that
covers the steel profile (also found in previous studies [12]); so, the laminated plasterboard (G) itself
does not represent a substantial problem in the generation of these categories. The interior layers of
large-format pieces (LFP) are on average 21% less polluting than those of hollow bricks (HB) for the
three impact categories.

6. Prediction of the Environmental Behavior of E Components

To establish the predictive behavior of the environmental effect that may be generated by the
different possible combinations of the components studied here, a statistical analysis of the information
obtained from the LCA was carried out, and the regression equations were determined by means of
numerical analysis.

The relationships between the quantity of material used in making the external walls and the
generation of indicators for each impact category studied are shown in Figures 6 and 7; from these, the
impact increase rates (IIR, by establishing linear regression equations) were obtained for each type
of material used in each component of the external walls. The general behavior of all of the studied
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variables is of a linear increase in the equivalent substance of each indicator with the increase of the
mass quantity of the material to be used (linear relationship).
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Figure 6. Linear regression for EL and IL in: (a) CC, (b) APD, (c) AP, (d) EP, and (e) HTT.
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Figure 7. Linear regression for TI in: (a) CC, (b) APD, (c) AP, and (d) HTP.

Once the linear regression models of each indicator have been established, the general equation
integrative (GEI, Equation (7)) can be proposed. This permits the estimation of the integrated behavior
of the different external walls that use the conventional spectrum of the proposed building materials.
In this equation, the independent variables are the quantity of materials (in kg) that are used to make
up the exterior layers (a), interior layers (b), and thermal insulations (c). The dependent variable is
the quantity of CO; eq. (Figures 6a and 7a), kg of antimony eq. (Figures 6b and 7h), kg of SO; eq.
(Figures 6¢ and 7c), kg of POy (Figure 6d) or kg of 1.4-DCB eq. (Figures e and 7d), which is generated
by each component of the external wall. Table 4 includes the coefficients of the linear regressions that
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provide a solution for the GEI and the RZ coefficients obtained in order to make a prediction of the
environmental impact of the five impact categories analyzed.
GEI = ax+by +cz +d 7
where: a, b, and c are obtained from Table 4; d is determined with the equation:
d=d+ dp+ ds (&)

where: dq, ds, and ds are obtained from Table 4.

The GEI allows an environmental profile to be obtained simply and practically of any element to
be used, either in the design or recovery (or maintenance) of a building, by selecting one or more of
the materials included in this study.

Table 4. Regression coefficients for the prediction of the general equation integrative (GEI) of the EWs.

cC ADP HTP AP EP

a di r? a dy R? a d; R? a djy R? a di R?
CCE 0225 1544 099 00008 0.0320 0% 0030 0380 099 00006 00022 099 00002 00015 099
MP 0191 0080 099 00006 00000 099 0042 0042 099 00006 00000 099 00002 0.0000 1.00

b dz R? b dz R? b d; R? b d; R? b dz R?
HB 0160 1830 0.9%9 0.001 —0011 058 0041 0431 097 00005 00020 099 00002 00020 096
LPB 0354 9210 1.00 0.003 0.074 100 0055 8194 1.00 00011 02630 100 00005 00650 100
LEP+mor 0155 1530 1.00 0.001 —-0009 100 0042 0361 100 00005 00016 100 00002 —00019 100
LFPp+G 0118 3120 0.99 0.001 0.020 0% 0036 0791 09 00004 00230 099 00002 00041 099

c da R2 c d; R? c d; R? c dj R?
XPS 3.880 0.000 1.00 0.043 0.000 100 0548 0000 1.00 00140 00000 100
SPE 43% 0,000 1.00 0.043 0,000 100 0421 0000 100 0019 00000 100
EPS 4470 0000 099 0.048 0,000 0%9 0456 0000 09 00180 00000 099
GW 1.390  0.000 1.00 0.013 0.000 100 1.087 0.000 1.00 00100 00000 100
RwW 1171 0,000 1.00 0.008 0,000 100 1127 0000 100 0009 00000 100

-
&
8

7. Sensitivity and Uncertainty Analysis

In LCA studies, merging sensitivity and uncertainty analysis are used to assess the robustness of
the results and their sensitivity to data, assumptions, and models [95]. The relevance of this analyses
has been pointed out by several researchers [50,25-101], which contribute to focused research efforts
and also provide support in the interpretation of LCA study results [102], particularly in studies when
the input data of the LCI has not been documented or are unreliable [100,103].

In this study, the information related to the input data comes from assured sources, which
are widely used in the daily practice of the construction industry. Also, the processes considered
correspond to what is stipulated by the Burope normative, which substantially reduces the uncertainty
because the information is sufficiently available, in addition to the use of the Ecoinvent database
already recognizing uncertainty in their probability distributions [95,100,102,103]. Due to the above,
and because the present study considers the cradle to handover approach, the stage that could present
a higher degree of uncertainty in data collection is the transport from the manufacturing plants to the
construction site (A4).

With the aim of determining the environmental and human health effects caused by the
extension of uncertainty propagation produced by the A4 stage, this study considers several
combinations between the locations of the manufacturing plants and different ecological performances
of the machines used for the transportation of materials at the construction sites (Table 5).
Previous studies [50] have presented similar approaches in conducting sensitivity analyses.

For the location of the manufacturing plants, the distances used in this work that are taken asa
reference are called "lorry"; from these, three alternatives are analyzed: lorry +50% of the distances,
and 200 km. On the other hand, the behavior of Euro 5 and Euro 6 engines [104] are compared with
Euro 4, which generates a total of 11 more scenarios than the base scenarios (scenarios B).
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Table 5. Scenarios according to the established parameters.

S Lorry Lorry Lorry Lorry
MOWHaRtOR ¢ gnag (Original) (+50%) (200 ki)
Buro 4 Scenarios A Scenarios B*  Scenarios O Scenarios IO
Buro 5 Scenarios B Scenarios F Scenarios G Scenarios H
Euro 6 Scenarios [ Scenarios | Scenarios K Scenarios L

* Base scenarios.

16 of 24

According to sensitivity analysis, results vary in relation to the function of the indicator. The same
occurs with the uncertainty percent that is presented in each of the cases according to the different
scenarios considered, in which: (i) CC shows values between 7.37% (case 8) and 10.65% (case 7);
(i1) ADP shows values from 10.25% (case 8) to 17.70% (case 7); (iii) AP shows values from 3.64%
(case 12) to 11.94% (case 6); (iv) EP shows values from 2.96% (case 12) to 8.75% (case 2); and finally,

(v) HTF shows values from 5.69% (case 12) to 15.37% (case 2).

The analysis highlights the relevance of the consideration of the A4 stage in the LCA, because the
results obtained by the external walls in the different scenarios (Figure 8) show significant variations,
which can mean increases of up to 42.18% and reductions of up to 8.06% in the environmental impacts
produced during stages involved in the cradle to handover approach (A1-A5). The ADP and AP

categories are those that present the most significant changes.
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Figure 8. Results from the sensitivity analysis.
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In terms of the ADF category, in which the largest increases occurred, the changes produced in
scenario H in relation to scenario B show different variations in the interpretation of the original results;
e.g., external wall 7 (which presented the best environmental performance in scenario B), would be
10.15% more polluting than external wall 12 (which presented the best environmental performance in
scenario H). Also, consider external wall 8, which went from producing 14.11% less environmental
impact than the case with the worst environmental performance in scenario B to producing only 1.57%
less environmental impact than the case with the worst environmental performance in scenario H.
In the case of both scenarios, the external wall with the worst environmental performance is external
wall 19. On the other hand, in scenario H, the external wall 3 would not be considered between the
external walls with the best environmental performance, because the impacts produced would be
higher than 15% of those produced by the external wall 12.

Regarding the AP, the category in which the most significant reductions occurred, the position of
each external wall in relation to the others was not affected. However, in this category, together with
EP, the change from the Euro 4 engine to the Euro 6 engine exhibited more significant reductions in the
environmental performance of the external walls.

Figure 8 also shows that variations in the locations of the manufacturing plants have a more
significant impact than changes in the motorization of the machines used for transportation, except for
the AP and EP categories, in which, the change from the Euro 4 engine to the Euro 6 engine generates
reductions between 0.19-1.33% despite increasing the distances in the locations of the manufacturing
plants by 50%. EP is the category with the most significant reductions; nevertheless, when the external
walls consider scenario H, the increments varied between 2.90-9.80% in the EP, and 4.31-15.81% in the
AF. Future studies could analyze the distance in which the change from the Euro 4 engine to the Euro
6 engine stops producing reductions in the environmental behavior of the external walls.

Among the results obtained by sensitivity analysis, it underlines that there is an increase in
environmental performance only in the CC and ADP categories when changing from the Euro 4 engine
to the Euro 5 engine. This increase varies between 0.04-0.13%; CC is the category in which the most
substantial increases occur. Notwithstanding the above, general results support that renewing the
vehicle fleet is an effective strategy to reduce its pollution effects [50,105,106], because all of the cases
present reductions when the change is from the Euro 4 engine to the Euro 6 engine.

8. Conclusions

This study has made a comparison of the life cycle in stages A1-A5 of external walls conventionally
used in Spanish residential buildings. The use of LCA established significant derivations among the
considered perspectives, showing itself to be an efficient instrument for promoting sustainability in
the construction industry.

The stages with the greatest environmental impact in all of the categories were A1-A3, which
were more aggravating in EP (93.2%) and CC (92.3%). In stages A4-A5, the ADP and AP presented the
highest values (11.4% and 0.32%, respectively for A4 and A5). Although transport (A4) depends on
specific conditions, it makes a considerable contribution to the impacts in the life cycle. This can be
verified in the studies that analyze it. Stage A4 can contribute to the reduction of the total environmental
load by selecting materials available close to the construction site.

The external walls with the best general environmental profiles were 1, 3, 5, 7, 10, 15, 17, and 20.
Although all of the systems are relatively equivalent, the external walls that could be recommended
asideal are 7,10, 3,17, 1, and 5 (in decreasing order with respect to U-value) because they generate
the lowest environmental load and have the best U-values. On the contrary, the most damaging
combination of elements is that which includes an exterior small-format layer and an interior layer of
LPB. The walls with this combination are 16, 19, and 8 (in increasing order of U-value).

This study leads to the conclusion that a selection of elements with better physical capacities can
in turn generate a lower environmental load. Therefore, the selection of elements and materials will be
a determining factor in environmental optimization.
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In the design of the external walls (choice of materials), simple strategies have been established
in order to reduce their environmental repercussions. These include the use of large-format pieces
(mortar or clay), which reduce the quantity of materials that are needed for making the wall pieces and
the binders used in their assembly (mor), and the controlled increase in the thickness of the thermal
insulation. Although individually, the thermal insulation does have an important impact compared
with the rest of the components, with regard to the external wall, this is moderate.

When making a comparison between the materials that make up each layer of the external wall,
it was found that: (i) the exterior layers made with ceramic clay pieces are more harmful than those
made of mortar pieces in CC (1.14) and ADP (1.5). On the contrary, the walls made with mortar pieces
generate more HTI than those made with ceramic clay pieces (1.4); (ii) the interior layers made with
LPB are more harmful than those made with ceramic clay pieces (HHTP: 2.5, AP: 5.3, EP: 3.7), this value
is 80% due to the galvanized steel profile; and (iii) the thermal insulations made from hydrocarbons
are more harmful than those from natural wool in all of the categories (CC: 2.3, ADP: 3, AP: 1.15),
exceptin HTP (3.4).

The prediction of the environmental behavior (simulation equation) allows the possible impacts
that the external walls may generate in the product stage to be studied with facility. This provides a
useful tool for those in charge of planning in the search for more environmentally-friendly options,
without detriment to the performance of the components.

The sensitivity and uncertainty analysis indicate that stage A4 performs a significant role in
reducing emissions within the cradle to handover life cycle. Also, further research studies could be
done with a more robust sensitivity and uncertainty analysis to support the conclusions or implications
of the present study.

Finally, as well as evaluating the data of the characterization of the model used, an analysis would
be needed of the impact of each of the categories involved (but from a comparative perspective) to
thereby establish the impact at different levels (national, European, or global). To achieve this, it would
be necessary to carry out a normalization of the impact categories with updated impact data. Similarly,
a weighting of each of the impact categories would be of interest for establishing the importance that
the construction of different external walls has for them.
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Abbreviations

Al-A3  Product stage

A4 Transport from factory to site
A4-A5  Construction process stage
A5 Construction process /installation stage
ADP Depletion of abioctic resources
ccC Climate change

CCP Ceramic clay pieces

EL Exterior layer

ER Eutrophication potential

EPS Expanded polystyrene

EwW External walls

G Laminated plasterboard

GW Glass wool
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HBd Double hollow brick

HBs Single hellow brick

HR Height of reference

HTP Human toxicity

IL Interior layer

LCA Life cycle assessment

LCI Life cycle inventory

LFP Hollow large format

LFPp Perforated large format partition wall
LPB Laminated plasterboard

MB Hollow mortar block

mor Mortar

MP Mortar pieces

oDP Stratospheric ozone depletion
PB Perforated brick

POCP Photochemical oxidation

RwW Rock wool

SMB Solid mortar brick

SPF Spray Polyurethane Foam

TI Thermal insulation

XPS Extruded polystyrene
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HIGHLIGHTS

+  The mmcrease in the homan scale and promoting non-rmotonzed mobilitsin a residenhal
Street (FS) generate lower ervironmmental irnpacts (EI)

¢  Dithng a detatled analyms of the errornemental consequences of material selection
for a specific zone of BS may occasion significant EI

+  The specific use of materals emploved in the construc tion of the RS has a sigraficant

influence on the EI

+  The um of granite should be lznited n confizunng and desigrang BS
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¢ Lpplving the Life-Cyrle Ssgessrnent (LOL) inthe design phase can lead o a reduction

in the EI generated in the production and construction stages of a RS

+  The LA acqmires an nportant role in the design of the whan ersdronment

ABSTRACT

Cunently, few studies have compared the vanatiors in exrirormental inpact heoaghoat the different
stages of the bife cycle of wrb an comtricton elerments, and of these, only a minority approach it from
the pesspectve of favoring mobility on a laman scale and weducing the space allocated to mcotorized
traffic flomr.

This stady, by means of quanhtative data, shoars the envirommental impheators associated with
prortzng the nonemotorized mobility of a city’s inhditarts dunng the design process of anuhan
construchon element, the s idential street [refernngs to the stages of the productionand the constaction
process: the “cradle to harndower” approach]. An erersing methodology nutban themes was used m
order to obtain the ervironrmental analwsis | Life Cycle Assessmert (LC A

The wsults shoar that the increase n the homan scale ard the favonng of on-notonzed mobilibr
generate a lowrer ervimamnertal inpact (comwdenne the s ame uses of materials for the different zones
of amalysis). Additonally, 1twas possible to establish the irfhience that the specific use of materals
enployed i the corstuchon of the streets may have, as well as the mportance that an LT A acquires in
the design of the wb i exprirormment.

Heyweords: Cradle to handover, Feoindieator 29 Frviromrental inpacts; Life qyele assesswen; Neom-

maotavized raife flow; Fedestyian envirormert: SNyeat desiery Sreet magterials; Urban plareing.

1. Imiroducton

The street iz one of the principal elernents that define the confizuration of the wban

ervironrnent: “Sireets lie at the heart of cormeaunities, shape human health and ersarontrental

guality; and serve as the foundation of whan econornies. In marcy cities, streets ake up ore
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than 80%. of all public space, and collectrrely have the potential to foster business actrnty™
(GDCT & MACTD, 2018). Several researchers (Gildethloor et al, 2015; Haider et al, 201%;
Eowan & Hasharm, 2016; Lindeléwr et al., 20143 show the adsantages that can acerne from an
ervironnent in which the homan scale 18 priontized dunng the desmgn process of urban
planming,

In recent wears, aspects related to the analvms of streets, which favor a pedeshian
ervironment ovet motorized traffic flow, have been studied and developed. Mevertheless, the
tnajorty of studies camied ont foous exclumvel vy on the nsage stage, neglecting to use integral
ervironrnetital data from the complete Life cyele (IWEndozs, Ohiver-5old, Gabarre], Rieradessall,
& Josa, 20012). If used, this data would allow the ervdrorenental load produced in the various

stagesof the life cywle of a specific street fo be known fiom the design process.

Sorne of the studies which justifsrthe conside ration of errirorenental criteria (Aradjo etal,
2014, Loijos et al., 2013; Ilendoza, Oliver-5old, Gabarrel, Fieradevall & Josa, 2012;
Moshadravan et al, 2013; Oliver-5old et al, 2009) foous on comparisons and the excluse
implications irwvoked in choosing the materials for a specific section of the street (usually
sidewalks or travel lanes). Howewver, from the perspecttee of favoring the hrman scale and
reducing the space allocated to motorzed traffic, no evidence has been found dbout the fizures
ot proportions that show the possible errdronmental impact of the stages incorporated in the

atreets.

Therefore, the aim of this work is, using guantitative data to show the ersvironental
ramifications when priotity is ghven to the inhabitants of a city dwing the desizn process of a
shreet (referring to production and constraction stages: the “cradle to handoser”™ approaclky. To
achieve this objec tive, a methodologvhas been used with whichitisexpected to cbtaina greater

perspecttve of its uge in the wban ervironrnent: LO&A.
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The analysis compares the errarorrnental behavior of 13 optons that are grouped into three
trpes of residential street sections: the correntional, favornng motor traffic flows, and teo
redesigned szctions that prionbize the human scale and non-motorized raftic flows. A1 use the

tyrpical urban infrastrochire banlding raterals.

2. Method and data
2.0 Depscripfion of Life Cpele Assessment
211 Aimand scope

The defined airn of the LCA 13 o compare three sheet sechons whose width varles as a
rezult of fovonng motorized and non-raotorzed flows, as well as the different matenials they
are made from. The aim of the stody is to establish the possible emviroreaental impacts
generated by the different streets, m addition to finding the rmost ersironmentally soitable

combination of materials and sections.

Previous works have related the “tradle to handower™ perspectve (or sitnilar: “cradle to
gate”™ and “cradle to site”™ (Idalracpdst et al, 201870 with the objechve of prosading inforation
which contributes to defining the reperrussions of the construction itselfl Some recent
rnanmacripts, which have considered these litnits of the swetem, are listed in Tahle 1. In this
sense, this research iz a “cradle o handover™ study —according to Annex 57 of the Intermational
Erergyhgency(Seoetal,, 20160 which includes the produc tion stages: extraction of the rawr
tnaterials (A1), transport (&2) and production of the rmaterials (A3). It also includes the
construe tion process stage, which iz composed of: transport from produc tion to the site (&) as
well as the bulding process itself (A5) — according to the Horm UNE-EN 13204 (AEHOER,

2014)—. Fig. 1 showrs the analysis of the flow in the 1ife cyrle irsvertor sy (LCT) wsed 10 this study.

&ddifionally, according to the configurations established from the streets under study, the
Linear roeter {ml) was the functional unit, since it iz the one that best defines the evaluation of

the erirorenental irmpacts of each integrated zone. Previous research (IWbreth et al, 201%;
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Fefit-Bowx et al., 20014) condinns that this fanchonal unit 15 2 relisble and objectre parameter

n this type of analysis. & constant total width of 13 meters was consdered for the 15 optons.

.12 Difa imenforp

The Econreent database, recognized infermationallyas a source of consistent and updated
data (Frizchkrecht et al, 2007), was used to obtain the LCL &pphed to the field of research it
tnostly deals with imforrnation related o the Earopean region, and it has been wide Iy used in
previous LOA studies (Garcia-Craita et al, 2012; Heinonen et al, 2016; Crtiz et al, 2010;

Thiers & Peuporhier, 2014},

The BEDEC rnaterials database (ITEC, 2017 was used to quantfythe maternals and enerey
of the processes needed to dewelop stages &1-A5 of each street. The BEDEC database
mcorporates elerments and constmacton materials of different types, whose techoacal

characteristics belong in praxis to the S panish arbit.

213 Impact assezswment mefhod and cale pories

The results of the ersdaronmental npact were processed using the Software L& Danager
1.2 (Sirapple, 20100, which allows the resowrces used and their ernironrnental effects o be
analyzedby means of the LCA e thodology (AENOR, 20067 LC A Ianager 1.3 hasheennsed

In previons research (Ontiz et al. 20107, with the results confirrning its relidhility.

The erviroranental impact method chosen was Ecoindicator 29, recoghized asbeing one of
the most used in performang the LOA . Ecoindicator 99 allows the ervirorenental load of a
product or process tobe expressed as an indridual score (Pré consultants, 2012). This e thod
hias been uzed in previous studies with relisble and corgarable results (Bisaas et al, 2017,
Faludi et al,, 2012; Kellerberger & Althaus, 2009; Pushkar, 2014; Siardpar & Doweald, 20143
The included categories of environme ntal tnyeact are of global interest and are grouped in the

following areas of protection {LoFy:
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+  Ecogystem quality(ECh: acidification-entrophdeation, e cotoxicity and land occupsation.

+  Hurnan health (HH): carcinogenics, climate change, iommng radiation, ozone lawer
depletion and respiratory eftects.

+ Resowrces (B5): fossil fuels and rmineral extraction.

2.2, Iify epele inventory

2.2 1 Producfion Fages (A1-A3)

In the analyms of stages A1-A3, a stody was made of all the materials of each street
configuration that gene rate dvariations in the results. Theywere then used to conforn the travel
lane (TL), the pedestrian zone (P2, the buffer zone (BE) and the bicwwle lane (BL), as well as
the materials nsed in the lower lavers (base and sub-base ). The materials oratted fror thas stodsy
were those used for the curths and those related to whan installations and fixtores (corimon
elernents in all the options studied, which do not show varnations i the comparattee analsis).
The data for guantifying the rmaterials was obfained from BEDEC and adapted to the

characteristics of this stody, for stages B1-83 as well as forstage &5

The streets ave banlt of the typical ine rrnate nals most coreaondyised m constuction. Most
are petrons in ongin himestone, class, sands, gravel, gravates, and artificial and natural graded
ageregates, among others; the exception 15 mastc asphalt, wlach contains the petrolenm
dertvative bitmrmen. A1 of them are svailable as constuction raterials i Ecolrecent. The
necessary quantity of each of these materials was ohfained in order to make a linear meter of
each opfion (1x13my), and then a waste coefficient (ITEC, 2017) was applied to them. Tahle 2

shows the data used for the analweed stages (A1-43, and 4257 and the Ecolrsent datasets,

222 Condrucfion process shages (A4-A5)
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The transport fror the factory fo the site stage (&) studies the impact connected with the

operation (O mn thrn) of the fransport vehicle nsed, by means Eq. (1)
0, = WD (1)

Where W iz the weight required by the functional unit for each material used in making the
steet, D is the distance from the factory to the roadworks The average distance firom a
roirdrenrn of tao factories to the final reference point (the theoretical center of Barcelona city,
Flaza Catalufia) was evaluated as T The walues of D were obtained using Google Iaps as a
georeferencing systern and were as follows: 60 ko for aggregates, 40 ko for concrete and
granite slabs, 20 ko for cement, concrete and asphalt. The lomry chosen for the transport
complied with all the specifications of weight and axirurm size for short jowmeys, as

established by the 5 parash Winistrsrof Developraent (Mirasterio de Forento, 2017).

The usaze share of the machinersy (P, Eg. (2)) was evalnated for the construction proce ss
stage (&3], as well as the operating enerzy(Eoin kg of diesel or K'Why, as the case mayhbe) of

the roactinery used inbnlding each option (Eq. (3.
Plhe = (TU/ UL ()
.Eﬂ. =TU:I:PM {3:'

Where T iz the usage fitne of each machine, Ulwis the useful life of the rmachine equal to
10,000 h {Frschknecht et al,, 2007); and Par can be either the fuel or the machine s potency,

depending on the situation; the machine rv's conmumption needs are shown in Tahle 3.

2.3 Case Fudies description
Three types of sections (Fig. 2) were designed, referring to types of secondaty streets fora
regidential avea {GDCT & HACTO, 20167; one corwerntional {(C0) and two redesigned (B8 and

EE}. Fach stods section can be described as follows: (1) in the reference case CO), priomty is
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grven to the TL for motorized wehicular traffic, while the pavernents (P2 and B coraply with
the ririrmurn widths recorarnended by the Global Designing Cities utiative (GDCT) and the
Mational &zsociation of City Transportation Officials (MACTO). (1) In the BA& case, emphasis
17 laid onincreasing the widths of P2 and B2 and the space dedicated to motorized traftic flow
17 cormposed of a TL and a parking lane (PL). Finallyy, (1) the secton of the BB cases is
designed tobe as respectiul as possible to the altematres o motonzed transport. In this last
cage, unlike the others, only one TL isincluded; and so the areas dedicated to PZ, including the

BL inhoth divections, are increased.

B means of alterations in their constituent materials, the three sections to be studied were
alzo evaluated to determine the ersiroranental effects they might provoke. The materials nsed
were of the type cormonly used as street components in European uthan ervironments: tao
for TL {asphalt and concrete); theee for PE (asphalt, concrete slabs and granite sldbs); two for
{asphaltand conc rete ) and finally, one for BE (slica sand). Fig, 3 de tails the desizn coraposition
of each rnaterial vanation nsed, all satizfang the established requirerne nts for their application
(&laberni Valent & Cuilemanyi Casadatnor, 1999; I

The corabination of the fheee types of section and the different materials produces 18
different case stodies { Tahle 4).

The indommation in table 4 iz orgarized into six corparative groups (Tahle ) taking into
account the sitnilatity of the materials used for each section. This was done with the aim of
commparing the ervdronmental consequences of ncreasing the percentage aitned at the hutnan
seale in a specific residential street, without the differences in materials being a factor of

variability.

3. Resulis and discussion
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In this sty it was found that priortzng the human scale leads to a reduction n the
ervironrnetital irapact, as long as corsentonal matenals such as concrete and asphalt are used
mn configurng residential streets. Inthe graphs of the corparattee groups C1-C4(Fie 4), 1t can
be seen that an 11 .54%, mcrease i the areas destined for hrnan scale (B& cases) matygenerate
reductions of hetween 6.94% (Z-4) and 11.09% (C-2). hearwhile, an increase of 30.77%
(including 18% of the space destined for BL) may generate reductions of be haveen 9 49% (C-5)

and 2227719, (2223 in the total ersdronmental irnpact (BB cases).

Fig. 4 alzo shows that, unlike the results of the C1-C4 grongs, the use of grante mcreases
the ersirorenental irgact even when the human scale 15 favored. For instance, 1f the B&
sections are uzed, the ersironraental inpact is increased by 4615 I C-5 and 6 25% in C-6; in
the case of the BB sections the increases are 9.26% 10 C-5 and 14.90% m C-6, all in respect of
the CO gections. This shows that the use of granite (as well as its production) generates
important ersvirorrnental issues and therefore, as there are alternative materials with equiralent
tunctional and service capacities, the use of granite should be hruted n configunmg residential

streets.

& comparison is made in Fig, 5 between cases 11 of the B8 and 17 of the BB, the cases
with the best general errirorene ntal e rformance, and the six desizn cases OO0 (1-6). From this
comnparizon it can be deduced that they establish a reductive ervirorenental rapact, which (i)
ranges from 728 (case 5) to T6.50% (case 3) with regard to case 11; and (i) from 11 445
frase 53 to T7.40%% (caze 3) with regard to case 17, Addiionally, comparing the BA& and BE,
the section that incettvizes greater non-rnotorzed traffic flows (case 17; including BL) shows
the best ersironmental behavior, reducing ropacts by 3.86%. This 1s congrent with Gebl’s
regearch (Crehl 2010%: “The desire for a healthy ity is strengthe ned drarmatically ift walking or

biking canbe a natural part of the patterns of daily activities™
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Sirralarly, the resultz of the came studies show the influence that the definition of the
tnaterials nzed in making the streets has; the use of granite in P2 (average of C5-C8) produces
nioticeable variations regarding the behavior of the cases i which 1t 15 not used (sverage of C1-
T, increamng the totalimapact by d70% (Fig. &). Previons studies have alzo showr that grarate
generates higher ersrorenental loads in comperizon to other materals used m urban
mfrastroctore (wendoza, Oliver-50la, Gabarrel Josa & Rieradesrall, 2012; endoza, Oliver-

Sold, Gabarrel Fieradeswall & Josa, 2012).

&ddibionally, when cornparnng the cases that ondy used asphalt and concrete as materials in
all sections of the street (Fig. & and Table ), 1t was seen that the v affected each of the &oF
differentlyexeept for EQ), where the variation iz reduced (2%%) in corpatison with B3 and HH.
Concrete generates T3% more tnpact on HH, with its most imgportant categories being the
impact on clirnate change and its respiratory and carcinoge rde side effects, which respec ttvely
produce 1139, 519 and T0%% more impact than asphalt. Sephalt has a greater impact on the
B3, generating 121%: more fossl fuel consurngption. Sorme anthors agree with the previonsly
established data, for example (MWendoza, Oloer-5oli, Gabarrel, Hieradewall & Joza, 2012)
discovered that the primaryenerzy demmand of asphalt is hizher than that of concrete, but its

contribution o global wartning is lower.

In the street sections where asphalt was used, the most affected S0P iz BS (=700, whereas
for concrete and granite it is HH (=30%, =70%, respectively, Fig. 6). These ervironrmental
implications ocour in mote than 20% of the A1-57 stages (greater erniroremental nplication);
therefore, their influence will define and establish the corgplete errirorene ntal profile of each

sheet, as has alzo been shown in previons studies (Cass & Ihikberjes, 201170,

Inthis stud s (Tahle Ty, &1-A75 repre sents =E5%, for the case s C1-C4and =065, for the cases
of ©5-C6, followed by A4 with =15% for C1-Cd and =4%, for C5-Cé; finally there is &5, with

le 2z than 3% mallthe cases. Although each studyis linite d byrits own conditions, 1tz important
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tor sirnilar research to consder the “cradle to handower”™ approach; despite the discrepancies
that may arize due to thess condihons, the extent of the 8485 stages” ernirorene ntal impact

shonld notbe underestmated, as other studies have alzo concluded (Eellerberger & &lthans,

Brremphasizng the weight of each of the categones evaluated by the Boomdicator 59 ( Fig,
T, it was found that the sreatest irapact of the materials nsed was on the exhaustion of fozsil
tuel supplies, respiratory disorders and climate change. Fegarding asphalt, ore than 72% of
the irmpact is due o fossl fuel conswnption (RS, 13.53% to respiratoryside e fiects and 6 335
to clirnate change. s it 15 a petrol derTratnee, it 15 conmdered a non-rene wable source. Previous
tegearch (Arado et al, 2014) mdicates that the most obrdons ropact of paving materials is their

conswnption of natural resources.

InFig 7, it can alao be seen that 42.48% of concrete’s ersitonmental rnpact corre sponds
to the exhaustion of fossil fuels, 26.58% to respiratory side effects, 17.60% 1o climate change
and 5.18% to cawinogenic effects. The use of fossil fuels is linked fo the hizgh temperatures
teeded in cement production. The ernission of parficles and-olatle elements, sachas me oy,
1z alzo an inherent part of this industry (Bustillo-Fevuelta, 2002) (inpact on HH). Previous
teseatrch has shown that concrete is an important contibutor to climate change (Venkatararna
Feddy & Jagadish 20033, due mainly to the GHGs generated by the chernical reactions in

clinker produc tion (Darmtoft et al, 20023,

Finally, the impact categories most affected by the use of granite (whether combined with
asphalt or concrete) ate respiratory effects, with almost 60%, climate change with 5%,
catcinogenic effects with 3.7 (HH) and fossl fuel consumption (BS) with 2635 (Fie T)
Fremaons studie s have atbibuted the ersarorenental load of harean toxicityto the stainless steel
nsed in saw blades, due to their cheomminm content. Sizdlarly, it has been found that the granite
telated processes emit significant quantities of GHGs (even more than concrete and asphalf)

(Mlendoza, Olrver-5old, Gabarrel, Josa & Fieradesall, 20123



CAPITULO 3

4. Comnlusions

The main findings of this ressarch are as follows. (1) Gring prionty fo the orman scale and
promoting non-motorized fratfic flow when confizung a residential street can lead fo a
reduction in the ervirorraental irnpact generated by the production and constmchon stages. (1)
It confirmns that omitting a detatled analyeiz of the ervironmental consequences of matenal
selection for a specific sechon of street may occasion agnificant ervrorznental effects. (1)
Lpplying the LCA in the design phase can lead to a reduction in the emvirotenental effects

generated in the production and constuction stages of a residential street.

Enowing the iapact generated in the produstion and construction stages of a residental
street designed on a hurnan scale, compared with a street that prionitizes motorized traffic (as
well az the impact generated byrvarang the blding matenals in each zone), It will reimdorce
the priorty (widely demonstrated in the usage stage) by developing a residential street desizn
oriented towards achieving a pedestrian ersirorenent. Like wise, the consequences of choosing
sperific materials are alzo shown. Chtairang flas will be a fuorther step towards desveloping rore

sustainable cities.

Despite the previous guidelines, the use of materials such as granite generates increases in
ervironrnental mpact of up to 14.9%% for a linear meter of PZ, even when an errirorene nt
favoring the human scale is prioritized. However, using corrventional materials such as concrete
and asphalt can gernerate reductions from 11% (increasing to 11 3% PZABF) to 2227
(ihcreasing to 31% PEABZABL). If the tleee analyzed materals are compared, granite
generates 270%, mote ervironmetital darnage than concrete and asphalt. The last teo, althouszh
the s have sirlar gerneral conseguences, occasionally show ditferent effects in each of the
impact categories stodied. For instance, asphalt consurnes 1219 mote fossil fuels than concrete,
which for its part canses 739 more harmn to hornan health (producing 11335, 51% and 79%

tnore climate change, respiratory and carcinogeric effects than asphalt).
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Finally, 1t 15 essential fo carryout more analysis such as thas, which will include different
trpologies as well as a wider studsrof alternative matenals (among which, those rincorporated
in the Life cyrle); this will lead to LO& becorng anintegral featire of the constuction indnstry

with regard to the process of whan plarrang.

5. Fuiure scope

Lfter analyang the ervirornenental advantages of the mcrease in non-motorzed flows
feradle to laborapproach), it is expected toinclude other wariables o be developed in the fute
of this research; for exarmple, to evaluate the mfluernce of the properties of materials on the
potential of reducing ersironrmental burdens throughout the all bt cycle. Previous research
indicates the advantages that concrete can have over the asphalt in aspects such as the reduction
of heat island and energy dernand i wban ervironments (Akpimar & Sevin, 20122, 20150
Besides that, the concrete also has greater durability, which foresees that it will require less
tnainte nance and repair (stage of use of LOA) (Mendoza, Oliver-3ola, Gabarrel, Rieradeseall &
Josa, 2012).

On the other hand, conditions such as the radicactivity generated by the granite (EPA,
2018), the potential capacity of reincorporation of each material that is used, or the possible
wariation that the reduc ion of the motorized flow would exert in the results (e.g., traffic speed)

wiold be appropriate o be considered.

&1 the above aspects would allow the obtairang of general arguwments regarding the
prormotion of mobility in the harnan seale and the reduc ion of the space destined for motorized

flovr in resdential streets.
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13.00 m

* Redesign A #

13.00 m

=

1
2.35 l 14151 2.50
BF PZ

TL
13.00 m

Abreviations: PZ: Pedestrian Zone; BF: Buffer Zone; TL: Travel Lane; PL: Parking Lane; BL: Bicycle Lane.

Fig. 2. Street sections (CO, RA y RB).
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AC, 2018).

Sidewalk layers:
Asphalt (PZ & BL):
Mastic asphalt, 2.5 cm;
Granular base, 15 cm;
Subgrade

Concrete slabs (PZ):
Concrete slabs, 6 cm;
Granular base, 15 cm;
Subgrade

Granite (PZ):

Granite slabs, 7 cm;
Mortar base, 3 cm;
Concrete base, 10 cm;
Subgrade

Concrete (BL):
Concrete layer, 16 cm;
Granular base, 10 cm;
Subgrade

Street layers:
Asphalt (TL & PL):

Subgrade

Concrete (TL & PL):

Subgrade

Abbreviations:
Bicyle Lane (BL)
Parking Lane (PL)

Pedestrian Zone (PZ)

Travel Lane (TL)

Mastic asphalt, 3.5 cm;
Granular base, 20 cm;
Sub-base material, 15 cm;

Concrete layer, 18 cm;
Granular base, 15 cm;

Fig. 3. Detail of surfaces for TL, PZ and BL.
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Fig, 4. Comparisons between cases showing stmilar ratios of materials.
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%0 Conventional (CO) Redesign A (RA) Redesign B (RB)
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Fig 5. Comparison of the CO cases (1-€) with those that produce less environmental impact in R4 (11) and RBE (17)

61



ANALISIS DEL CICLO DE VIDA EN LA CONSTRUCCION: EVALUACION DE LAS ETAPAS INCORPORADAS DE ELEMENTOS DE LA VIVIENDA Y DE SU ENTORNO URBANO.

Area of Protection - Points (Ecoindicator 99)

I Human health

120 -

o=
=]

=]
o

[=r]
o

s
o

~
(=]

o

Resources

HEI: Section with the highest environmental impact
LEI: Section with the lowest environmental impact

C-3
Concrete-Concrete
HEI: Conventional

LEl: Redesign B

c4
Concrete-Asphalt
HEI: Conventional
LEl: Redesign B

C-2
Asphalt-Concrete
HEI: Conventional

LEl: Redesign B

[ Ecosystem quality

E--@--@

C1
Asphalt-Asphalt
HEI: Conventional
LEl: Redesign B

Study case: Section typology

C-6
Concrete-Granite
HEI: Redesign B
LEI: Conventional

@Ee---H

sedBee A1-AZ [e]

Cc-5
Asphalt-Granite

HEI: Redesign B
LEI: Conventional

Ad4-A5

r 100%

80%

60%

40%

20%

0%

Life cycle stage - Percentage

Fig, 6. Comparisons of the cases showing similar ratios of materials used.
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Cc-1
Asphalt - Asphalt

C-3

Concrete - Concrete

71.89%

42.48%

26.58% .ﬁ
c-5

Asphalt - Granite

=]

57.98%

Fossil fuels (RS)
B Climate change (HH)
B Respiratory effects (HH)
B | and ocupation (EQ)

0.29%

59.88%

05%

5.18%

B Mineral extraction (RS)
B |onising radiation (HH)
B Acidification & eutrophication (EQ)

138

C-2
Asphalt - Concrete

Cc-4
Concrete - Asphalt

B Carcinogenics (HH)
. Ozone layer depletion (HH)
B Ecotoxicity (EQ)

Fig. 7. Percentage corresponding to each impact category, according to the average results of each comparisen
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Table 1

LCA studies that consider the stages directly related to the construction process.

Stage Authors Highlights
Cradle to gate (Cass & Mukherjee, 2011) Development of a method that quantifies pavement life cycle emissions.
(A1-A3) (Moretti et al.. 2018) Analysis of environmental impacts of two types of road cross-sections.
(Sandanayake et al., 2018) Comparison of greenhouse gas (GHG) emissions and energy consumption in wood and

concrete buildings.

Cradle to site (Gardezi et al., 2016) Development of an embodied carbon prediction tool for conventional housing,
(Al-A3+A4)
Cradle to handover (Smith & Durham, 2016) Environmental evaluation of pavements considering economic, environmental and
(A1-A3+A4-A5) mechanical performance criteria.

(Mohajerani et al., 2018) Evaluation of the impacts generated by the incorporation of biosolids in conventional

materials,
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Table 2

LCT for functional unit (one linear meter) of each street zone.

Sta | Material’pr | Conventional Redesign A Redesign B Ecomvent
ge | ocess materialproce
TL TL PE+ | PZ PZ TL+ | TL+ |(PZ+ [ PZ PE TL TL PZ+ | PZ PEZ BL BL .
Asph | Conc | BE +BZ |+BZ (PFL L BZ +BE | +BE | Asph | Comc | BEZ +BEZ +BZ | Agph | Comc
alt rete Asph | Conc | Gran | Asph | Conc | Asph | Conc | Gram | alt Tete Asph | Conc | Gran | alt Tete
alt rete ite alkr rete alt Tete ite alt rete ita
Al | Water (kg) | 89.7 [ 603 (345 |- 252 (705|474 (338 |- 283 (384|258 | 431 |- 315 | 181 | 12.0 | Tep water, at
- 8 8 0 0 4 4 1 3 8 8 3 1 g ooex
A3
Coarse 398|205 [ 117 - - 313|161 |[132 - - 171|088 | 147 |- - 0.62 | 410. | Gravel, crushed,
aggregates 55 e
(ton)
Cement 129. | - - - 315 (101 |- - - 354 (555 - - - 393 |- - Fortland cement,
kg) 63 0 L1 4 ) g strangth class Z
42.5, at plant
Concrete - - - 042 (042 |- - - 047 | 047 | - - - 053 (053 |- - Concreta,
base (111}) mormal at plant
Fine - - - 248 | 205 |- - - 279 [231. (- - - 310 [ 256. |- 2 Silica sand, at
aggregates 1 38 1 05 1 3 plant
(kg)
Asphalt 540. | - 220. | - - 424 |- M8 |- - 231 |- 275 | - - 115. | - Mastic asphalt,
(kg) 23 50 46 06 33 63 76 at plant
Concretele | - 132 |- 033 |- - 104 |- 037 |- - 057 | - 041 |- - 035 | Concrete,
oncrete exacting, at
slabs (m®) plamt
Granite - - - - T42. | - - - - 835. [ - - - - 928. | - - Matural stone
slabs (kg) 56 38 2 plate, polished,
at regional
storage
Sand (kg) - - 444 (4730 | 444 | - - TA44 | TOI. | 744 | - - T14. | 875, | T14. | - - Silica sand, at
for BZ 00 60 00 00 60 00 00 60 00 plant
A4 | Operation 253.| 181, | 100 | 97.1 | 87.7 | 199. | 142 |129. | 102. |113. | 108 | 77.7 | 136. | 113. | 119 (395 (417 | Transport, lomry
lomry (tkm) | 40 | 38 87 8 10 31 27 39 42 60 3 88 40 6 |0 1 16-32¢, EUEDS
A5 | Machinery | 20.5 [ 388 (765 (065 (882 | 161|304 |861 (0.73 (992 (881 | 166 | 956 | 0.82 | 11.0 | 4.02 | 954 | Building
E10-6 6 0 3 9 3 3 machme
(umit)
Energy (kg) | 2.38 | 246 | 0.86 | 0.01 |- 187|193 (097 | 001 |- 102|106 | 107 | 0.01 |- 045 | 0.57 | Diesslat
regional storage
Energy - - - - 0.06 | - - - - 0.07 | - - - - 0.08 |- - Electricity, low
(kWh) woltage,
production ES,
at grid / BS
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Table 3

Fuel consumption or potency of machinery.

Fuel consumption (kg/h)
Machine
or potency (kW)
Tanker truck 10 m® 8.3
Vibratory roller 10.8
Motor Grader 14.1
Dumper 22
Asphalt paver 8.7
Concrete paver 114
Vibrating tray 1.2
Concrete mixer 0.7
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Table 4
Case studies description.
Typology Case Zone - Total Width (m) — Material Most common material in:
MF* zones — GM® zones

Conventional 1 TL-7.00-Asphalt; PZ-4 00-Asphalt; BZ-2 00-Sand Asphalt - Asphalt
2 7.00-Asphalt; PZ-4 00-Concrete; BZ-2.00-5and Asphalt - Concrete
3 TL-7.00-Asphalt; PZ-4 00-Granite; BZ-2 00-Sand Asphalt - Granite
4 TL-7.00-Concrete; PZ-4.00-Asphalt; BZ-2 00-Sand Concrete - Asphalt
5 7.00-Concrete; PZ-4.00-Concrete; BZ-2 00-Sand Concrete - Concrete
6 TL-7.00-Conerete; PZ-4.00-Granite; BZ-2 00-Sand Concrete - Granite

Pedesign A 7 TL & PL-5.50-Asphalt; PZ-4.50-Asphalt; BZ-3 00-Sand Asphalt - Asphalt
8 TL & PL-3.50-Asphalt; PZ-4 50-Concrete; BZ-3.00-Sand Asphalt - Concrete
9 TL & PL-5.50-Asphalt; PZ-4 50-Granite; BZ-3 00-Sand Asphalt - Granite
10 TL & PL-5.50-Concrete; PZ4 50-Asphalt; BZ-3 00-Sand Concrete - Asphalt
11 TL & PL-5.50-Concrete; PZ-4. 50-Concrete; BZ-3.00-Sand Concrete - Concrete
12 TL & PL-5.50-Concrete; PZ-4. 50-Gramte; BZ-3.00-Sand Concrete - Granite

Redesin B 13 TL-3.00-Asphalt; PZ-5.00-Asphalt; BL-2.35-Asphalt; BZ-2.63-5and Asphalt - Asphalt
14 TL-3.00-Asphalt; PZ-5.00-Concrete; BL-2.35-Concrete; BZ-2.63-Sand Asphalt - Conerete
15 TL-3.00-Asphalt; PZ-5 00-Granite; BL-2.35-Asphalt; BZ-2 65-Sand Asphalt - Granite
16 TL-3.00-Concrete; PZ-5.00-Asphalt; BL-2.35-Asphalt; BZ-2 63-Sand Concrete - Asphalt
1 7] TL-3.00-Concrete; PZ-5.00-Concrete; BL-2.35-Concrete; BZ-2.65-Sand Concrete - Concrete
18 TL-3.00-Concrete; PZ-5.00-Granite; BLss-2.35-Concrete; BZ-2.63-Sand Concrete - Granite

“Alotorized flow; TL & PL BGreen mobility; PZ & BL.
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Table 5

Comparatives showing similar ratios of materials.

Comparative Most common material in: Case — Section typology
MFA zones — GMP zones

C-1 Asphalt — Asphalt 1-CO: 7-RA ; 13-RB
C2 Asphalt - Concrete 2-CO;8-RA; 14-RB
C-3 Concrete - Concrete 5-CO:11-RA; 17-RB
Cc4 Concrete - Asphalt 4-CO : 10-RA ; 16-RB
C-5 Asphalt - Granite 3-CO; 9-RA ; 15-RB
C-6 Concrete - Granite 6-CO: 12-RA : 18-RB

AMotorized flow; TL & PL BGreen mobility; PZ & BL.
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Table 6

Values of Ecoindicator 99 for the most important impact categories for concrete and asphalt.

Tmpact Category C-1 (Concrete) C-3 (Asphalt)
Carcinogenic 1.06 0.59

Climate change 3.60 1.69
Respiratory effects 5.43 3.60

Fossil fuels 8.68 19.16

Total 20.43 26.65
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Table 7

Values of Ecoindicator 99 for the AoP of the life cycle stages.

Asphalt (C-1) Concrete & Asphalt (C2&C4) | Concrete (C-3) Granite (C5&C6)
Area of protection Al-A3 | A4 AS Al-A3 A4 AS Al-A3 A4 A5 Al-A3 A4 A5
Ecosystem quality 1.14 0.30 0.02 1.17 0.26 0.02 1.19 0.22 0.02 3.01 0.26 0.02
Human health 4.64 1.20 0.08 6.90 1.05 0.07 9.16 0.90 0.07 59.22 1.05 0.07
Resources 16.17 2.58 0.51 11.37 2.26 0.44 6.57 1.93 0.37 20.79 2.25 0.36
Stage representativeness (%) | 84% 16% 2% 85% 15% 2% 85% 15% 2% 96% 4% 1%
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Abstract: Social Housing (SH) in Mexico has a potentially important role in reducing both the emission
of greenhouse gases and the use of non-renewable resources, two of the main challenges facing not
only Mexico but the planet as a whole. This work assesses the environmental impact generated by
the embodied stages of a typical SH throughout its life cycle (cradle to grave), by means of a Life
Cycle Assessment (LCA). Two types of envelope and interior walls and three types of windows are
compared. It was found that SH emits 309 kg CO, eq/m? and consumes 3911 MJ eq/m? in the product
stages (Al to A3) and construction process (A4 to A5); the most important stages are those referring
to the products, namely, Al to A3, B4 (replacement) and B2 (maintenance). Additionally, benefits
were found in the use of lightweight and thermal materials, such as concrete blocks lightened with
pumice or windows made of PVC or wood. Although the use of LCA is incipient in the housing
and construction sector in Mexico, this work shows how its application is not only feasible but
recommended as it may become a basic tool in the search for sustainability.

Keywords: life cycle assessment; social housing; embodied stages; embodied energy; embodied
greenhouse gases; residential sector; Latin America and the Caribbean

1. Introduction

The population of Latin America and the Caribbean (LAC) represents 8.55% of the world
population [1], of which 75% is concentrated in countries with emerging economies (32% Brazil, 20%
Mexico, and 22% for Colombia, Argentina, Peru and, Chile together) [1,2]. The high metabolic rates
of this region have obliged governments to design and introduce new approaches to separate their
economic growth from the use of resources and, consequently, their environmental impact [3].

Although the LAC countries have twice the population of the United States (U.S.), they produce
a lower global warming effect. This is similar to the case of the Asian giants, where India emits just
24% of the Greenhouse Gases (GHG) produced by China, despite each being home to 18% of the
world’s population. Regarding energy consumption, the USA, the European Union (EU), and China
consume 4.15, 1.89, and 1.26 times more than the world per capita average respectively, while India and
LAC consume 3.88 and 1.47 times less (Table 1). This indicates that the environmental impact indices
generated by each country (and region) are discordant with the number of people living in them.
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Table 1. Global basic indicators. Data from: [1,4-9].

c Total Urban CO, COzeq Energy Population Household
ountry/ 2 2 i P : .
Region Population Population Emissions  Emissions ConsumPtlon Growth Size
(People} [1] (%) [4] (%) [5] (%) [6] (kwh/Capita) [7] (Annual %) [8] (People) [9]
China 1,386,395,000 58 28.27 2327 3927 0.6 3.4
India 1,339,180,127 34 5.69 5.61 805 1.1 4.6
us 325,719,178 82 14.43 11.85 12,984 0.7 25
EU 512,461,290 75 9.85 8.78 5908 0.2 -
LAC 644,137,666 80 521 10.74 2129 1.0 -
World 7,530,360,149 55 100 100.00 3127 12 -

The emerging economies of LAC must face up to important environmental challenges in order to
avoid replicating the throwaway society model of the industrialized nations [10]. Among the most
important problems is the rise in annual temperature caused by the increase of GHGs and the wasteful
consumption of energy (from renewable and non-renewable sources); there are also the residues
generated by this consumption, such as Construction and Demolition Waste (CDW) and Municipal
Solid Waste (MSW), which play an important part due to the quantities involved.

To overcome their own environmental challenges, LAC countries need to set up schemes to
achieve economic and social growth that will avoid unsustainable environmental damage, that is,
plans in line with the objectives of the new sustainable development agenda, which are governed by
three cardinal axes: Eradicating poverty, protecting the planet, and ensuring prosperity for all [11].

Mexico has the second largest population of the countries in LAC, with more than 129 million
inhabitants (80% concentrated in urban areas) [1]. Over the last ten years it has had economic growth
of 2.2% [12] and, up to 2017, annual population increase of 1.3% [8] (Table 2); therefore, an increase in
energy needs and consumption of natural resources can be expected in coming years, as well as GHG
emissions and the CDW and MSW that generate them.

Table 2, Basic indicators in LAC. Data from: [1,4-9].

Country/ Total Urban CO; COzeq Energy Population Household
Region Population Population Emissions  Emissions Consumption Growth ° Size

(People} [1] (%) [4] (%) [5] (%) [6] (lkewh/Capita) [7] (Annual %) [8] (People) [9]
Argentina 44,271,041 92 10.7 6.6 3052 1.0 33
Brazil 209,288,278 8o 27.7 52.0 2601 0.8 3.3
Chile 18,054,726 87 43 21 3912 0.8 3.6
Colombia 49,065,615 80 44 3.0 1200 0.8 3.5
Mexico 129,163,276 80 25.1 11.5 2000 1.3 3.7
Peru 32,165,485 78 32 1.3 1308 12 3.8

LAC 644,137,666 80 100 100 2129 1.0 -

2. Environmental Challenges in Mexico

InMexico, the national inventory of greenhouse gases and compounds is closely linked to scientific
and technical criteria established by the Intergovernmental Panel on Climate Change (IPCC). It reported
that in 2015 a total of 683 million tons (Gg) of COp eq were emitted, of which 71% were Carbon Dioxide
(COy) and 21% Methane (CHy). The inventory also counted 148 Gg absorbed by vegetation (mainly
forest and jungle), bringing the net emissions balance to 535 Gg of CO5 eq (Table 3). Additionally, 1.4%
of the total CO; and 1.24% of the total COp eq in the world was generated in 2012 {in the LAC group,
only surpassed by Brazil) (Table 2).
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Table 3. National inventory of greenhouse emissions and compounds. Data from: [13].

Category Net Emissions Gg COzeq  Total Emissions Gg CO, eq
1 Energy 480,878.831 480,878.831
2 Industrial processes and use of products 54,111.761 54,111.761
3 Agriculture, forestry and other land uses —46,286.569 102,059.499
4 Residues 45,909.010 45,909,010
Total 534,613.033 682,959.101

Of all the emissions (Figure 1), the housing sector emits 3.1% of CO» eq, derived from compounds
of CO,, CHy and Nitrous Oxide (N2O) generated by the consumption of natural gas, liquid petroleum
gas, kerosene and diesel; there is also CHy and NyO due to the burning of firewood in homes,
the emissions generated by their operational energy. Other emissions related to the residential sector
are those caused by the energy needed for transport (25.1%) and the construction and manufacturing
industry (9.3%); the mineral and metal industries (5.5%]) and the elimination of solid waste (3.2%).
However, the corresponding proportional part of each must be obtained. It is essential to analyze
exhaustively the GHGs that generate the activities that are carried out throughout the life cycle of the
residential sector, especially social housing. Which, due to its high representation (88%) in the homes
of the country, is a dominant relevance.

Others; 0.3% 1A1 Energy industry

1A2 Manufacturing and construction industry
1A3 Transport

1A4 Othersedors

1A4b Residential

1B1 Solid fuels

1B2 Oil and natural gas

2A Mineral industry

2B Chemical industry

2C Metal industry

2F Substitutes for substances that deplete ozone layer
3A Livestock

3C Sources of non-CO, emission from the earth

3A; 10.3%

oF; 1.6%
2C;2.2%

1B2; 5.4%

4A Disposal of solid waste

2B; 0.7%, 4D Wastewater treatment and disposal

1B1; 1.1% Others
A

1Ad; 2.3%
Figure 1. National inventory of greenhouse gas emissions and compounds. Data from: [13].

Moreover, in 2017, Mexico ranked 16th in the list of countries with the highest energy consumption
in the world, reporting the third consecutive year with an energy independence index equivalent to
0.76; that is, 24% less energy was produced than necessary for the various consumption activities
within the national territory [14]. This is despite the country’s wealth of natural resources such as gas,
coal and renewable energy sources (water, wind, solar and marine energy); however, its economy and
energy supply are dependent on fossil fuels, which together with the lack of energy planning is a major
cause for concern [15].

The national energy balance in 2017 (Figure 2), shows that the national energy consumption for
this year was 9249.75 Petajoules (IP]), of which the 58% corresponding to total energy consumption and
32% to activities inherent to the energy sector (transformation, own consumption, and losses) stand out
(Figure 2a). The total energy consumption (Figure 2b) in this year was 5362.8 ], which is attributed to
the internal market or the productive activities of the national economy, of which the housing sector
is responsible for 14%, due to the operating requirements of housing [14]. Additionally, other data
needed for this sector is that referring to the proportional part of transport (44%) and industry (35%).
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Recirculations ‘\ \
8%
Others — "
/%'

Figure 2. (a) National energy consumption: 9249.75 PJ; (b) Total energy consumption: 5362.8 PJ. Data
from: [14].

Regarding the waste products (Table 4), Mexico generates 0.4% of the world total of CDW and 3.4%
of the MSW (second in the LAC region), and although the sum of its waste is lower than that of countries
such as China (1,130,000,000 t CDW; 328,922,213 t MSW), U.S (548,000,000 t CDW; 240,380,753 t MSW)
and India (530,000,000 t CDW), the impact on a national scale should not be ignored as it has limited
management protocols and lacks the infrastructure for waste processing [16].

Of the CDW generated in public and private works, 20% is disposed of in authorized dumps and
only 3% is recycled; the rest is used in site levelling, landfills and, inappropriately, in road or street
repairs [16]. In this respect, the NOM-161-SEMARNAT-2011 norm came into effect in 2013, stating that
construction waste shall be classified as special handling waste, requiring action to be taken for its
reuse and recycling or, where appropriate, for its proper disposal [17]. In the case of the 44 million
MSW generated annually [18], despite having the General Law for the Prevention and Management of
Waste, only 84% are collected, 78.5% are dumped in final disposal sites, and only 9.6% are recycled [19].

Table 4, CDW and MSW., Data from: [18,20-24].

Country CDW [20] MsSw MSW
Region (t/Year) (t/Year) (kg/Capita.Year)
Brazil 70,000,000 79,900,000 [21] 382 [21]
China 1,130,000,000 328,922,214 [24] 237 [24]
India 530,000,000 90,000,000 [23] 67 [23]
México 12,000,000 44,432,167 [18] 344 [18]
us. 519,000,000 240,380,753 [18] 738[18]
EU 830,000,000 247,518,803 [18] 483 [18]
LAC - 131,000,000 [22] 203 [22]
World 3,000,000,000 1,300,000,000 [24] 173 [24]

2.1. Life Cycle Assessment in Mexico

Various methods have been used in recent decades to measure the environmental performance of
human and natural activities. One of these is the Life Cycle Assessment (LCA). “LCA, has become a
key methodology to evaluate the environmental performance of products, services and processes and
it is considered a powerful tool for decision makers” [25]. In Mexico, the LCA was used for the first
time in the late 1990s and early 2000s, in a study on waste management carried out by the National
Institute of Ecology and Climate [26]. The methodology has been used in several economic sectors in
the country, such as the energy [27] or mining industries [28]. According to the study conducted by
Valdivia, until 2014 Mexico was the second ranking LAC country in terms of publications referring to
LCA (101 articles) [3].

Until 2010 research using LCA had a preferential focus on waste management issues; from that
year onwards, studies focused on topics such as the energy sector, the analysis of carbon and water
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footprints and the construction sector [26]. Within the latter, studies have been carried out on the
co-processing of municipal waste used as fuel for a cement kiln [29], as well as the publication of a
book on LCA in construction, where topics such as social housing (SH) are analyzed [30].

The housing sector began to attract attention in 2006, when the government introduced life cycle
thinking into the National Housing Law [31]. In this respect, Ceron-Palma et al. (2013) measured the
Global Warming Potential (GWT) of the operating energy of a SH [32]; as well as proposing strategies to
reduce energy demand [33], other studies have focused on optimizing rainwater [34,35]. In addition to
the LCA, other tools such as the Building Sustainability Rating Systems [36] and product environmental
statements [31,37] have been used.

Although in Mexico the use of LCA in the construction and residential sector is basically nil,
its application is feasible and can become a valuable tool in the search for environmental solutions as it
has been in various regions of the world [38].

2.2. Housing in Mexico

Housing types in Mexico are classified according to their constructed surface: Economic (30 m?),
popular (42.5 m?), and traditional (62.5 m?), known together as SH. There are also medium (97.5 m32),
residential (145 m?), and residential plus (225 m?) [39]. In the last five years, more than 2.58 million
housing units have been built, of which 88% are SH (11% economic, 47% popular, 30% traditional),
while the remaining 12% corresponds to the medium, residential and residential plus models [40]. It is
estimated that 600,000 new housing units will be needed annually during the next decade [41].

Due to the high representation of the SH, the National Development Plan 2013-2018 has promoted
the issue of sustainable construction in this sector [31]. As a result, in the last decade, Mexico has
stood out among the middle-high income level countries due to its Finance Program for Housing
Solutions, which aims to provide more sustainable SH. These actions have been considered exemplary
with respect to global good practices [36].

According to data compiled up to 2010 by the National Housing Commission {CONAVI), 86%
of the housing stock is in use (80.12% permanent use and 5.65% temporary use), while 14% is
unoccupied [42]. Until 2015, the inventory of occupied housing showed 31,949,709 private units with
an average of 3.7 habitants each [43]; of these, 73% are single-family, 19% are two-family, and 7%
are multifamily housing. Multifamily housing is mainly concentrated in the states with the highest
population density of the Republic (41% in Mexico City, 15% Mexico State, 7% in Jalisco and 5% in
Puebla), while it is practically nil in the rest of the country (an average of 1% per state) due to the
persistence of the single-family dwelling [44].

Housing in Mexico has great challenges to face; on the one hand, there are impacts generated
throughoutits use, and on the other hand, there are environmental impacts arising from the incorporated
stages of materials and processes necessary for construction. National inventories of energy and
greenhouse gases and compounds have clearly established the impacts generated by the residential
sector in its operation (B6, Operational energy [45]); however, it is necessary to define the environmental
burdens that are generated from the incorporated activities of its life cycle to consider a “from the
cradle to the grave” approach.

2.5. Objectives of the Study

The objectives of this research are (1) to identify the state of the most relevant environmental
impacts occurring in Mexico, emphasizing the residential sector, and (2) to achieve an approximation of
the environmental impacts generated by this sector. To reach the latter objective, an LCA methodology
applied to a representative SH of the Mexican ambit will be used; the elements that make up its
envelope will be varied, resulting in a total of six options to be analyzed throughout its life cycle.
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3. Materials and Methods

3.1. Goal and Scope of the LCA

The objective of the LCA was to establish the environmental impacts generated by a typical SH in
Mexico throughout its life cycle. For the analysis the constructive elements that make up the structure,
the envelope (opaque and transparent parts) and the internal partitions were considered, as well as
their basic finishes. Previous studies have analyzed the structure, the envelope [46-50] and the interior
walls [51,52] of a building because of their contribution to the total environmental loads generated by
their incorporated stages and also because of the impact these elements (especially the envelope) have
on the energy performance of the building’s operational stage.

The reference dwelling is a built and practical prototype in the Mexican ambit; five additional
alternatives are proposed by varying interchangeable and feasible materials and construction solutions
in the local practices. Of the six options to be analyzed, all have in common the structure (consisting
of foundation slabs, columns and beams of reinforced concrete, and roof slab of reinforced concrete
lightened with Expanded Polystyrene Pieces, EPS), the exterior and interior wooden doors, and the
basic finishes (1.5 cm thick mortar for exterior and interior walls, 1.5 cm thick plaster for roof slab,
and vinyl paint for all cases). The elements that differed were the exterior and interior walls (two types
of concrete pieces: (1) Hollow Block of 12 x 20 x 40 Filled with Expanded Perlite (PE) and (2) Solid
Partition of Lightened Concrete with Pumice Aggregates of 10 x 14 x 28 (PU)) and windows (three
types: Aluminum (AL), PVC (PV) or Wood (WO)). The nomenclature used is shown in Figure 3.

| Aluminium =N PE-AL (Ref)

windows

Exterior and interior walls:

__|Concrete block of 12 x 20 x
40 filled with expanded
perlite

F— PVC windows PE-PV

Wood windows PE-WO

Aluminium PUAL

windows

‘Wooden doors.
Basic finishes.
I

Exterior and interior walls:

vV v ¥y

L Solid concrete brick L4l PvC windows
lightened with agpregates

of pumice 10 x 14 x 28

PU-PV

Reinforced concrete structure
with slab lightened with EPS.

4 Wood windows |[—» PU-WO

Figure 3. Nomenclature and elements of the options analyzed.

The basic characteristics of the structure are illustrated in Figure 4, and Figure 5 shows the
configuration of the exterior and interior walls, as well as the location and dimensions of the doors and
windows of the SH.

The established functional unit was the 42 m? dwelling (Figure 5), with a useful life of 50 years
according to previous research [53-56]. Its dimensions correspond to those of popular housing,
which is nationally the most representative (47% which, together with the traditional and economic
housing, makes up 88% of the SII [40]). The analyzed elements allow an approximate estimate of
the environmental impact generated by a Mexican SH in all stages of its life cycle; in addition, any
changes of the proposed elements are required to be equivalent with respect to their thermal, structural,
and functional capacities, thus allowing for their possible comparison and the best environmental choice.
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2 i 4 ~ Foundations slab, F'e = 200 kg/em?

(\’/ (NMX-C-155-ONNCCE-2014).
Thickness 10 em, planned finish and
ceramic floor.

(2 FElectrowelded mesh 6x6-6/6. Fy = 5000
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—, Cement mortar finished, thickness 15
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layer.
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6000 kg/em? (MNX-B-290-CANACERO-
2013).
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vinyl paint.
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~" (NMX-C-137-ONNCCE-2010).

7 )
2/ Compression layer, thickness 5 cm of
concrete, F'e = 200 kg/em? (NMX-C-155-
ONNCCE-2014).

Figure 4. Cross section of basic characteristics of the structure.

I
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W2:1.0x0.8m = Cement mortar, L Cement mortar,
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Interior doors |
D2:21x09m {
D3:21x08m Dining/ |
living H | W
10.5 m? H 3 J‘ -
rd sx | U =107 W/mXK U =046 Wm2K
— F'c > 90kg/cm? F’c>90kg/em?

Wall thickness = 15 em Wall thickness = 13 cm

Figure 5. Social housing area, dimensions of doors and windows, and configuration of the exterior and
interior walls.

Despite the initiatives of CONAVI aimed at the construction of sustainable housing and related
programs, it has not yet been possible to comply with the regulations on energy efficiency in SH;
however, these efforts have led to the search for solutions and practices that show a continual
improvement, as reported in previous studies [36]. The walls of the reference prototype are one
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example of this. They have eco-technology used in SH (expanded perlite insulation to fill the concrete
blocks, with a thermal conductivity coefficient (A) of 0.042 W/mK); however, its Thermal Transmittance
(U), equal to 1.07 W/m?K, does not comply with NOM-020-2011 (U = 0.476 W/m?K for cities with
extremely hot climates to U = 0.909 W/m2K for cities with temperate-cold climates [57]). Therefore,
the construction of concrete walls lightened with pumice aggregates (A = 0.052 W/mK) was proposed,
with similar characteristics of functionality and compressive strength (13 cm thick, F'e > 90 kg/cmz),
but with improved thermal performance due to the intrinsic properties of the material. This results
in walls with a U equal to 0.46 W/m?K (complying with NOM-020-2011 for the least favorable case;
Figure 5).

3.2. Boundaries and Functional Unit

The analysis considered the Stages of Product (Al to A3) and Construction Process (A4 to A5);
Maintenance (B2) and Replacement (B4), Demolition (C1), Transport (C2) and Disposal (C4). The Use
(B1), Repair (B3), and Refurbishment (B5) stages were excluded, being considered dependent on the
user; Waste Processing (C3) was also omitted as immediate dumping is the single most used scenario
in the Mexican context [16]. The analysis may be considered cradle to grave, according to the proposal
of annex 57 of the IEA EBC for evaluating the incorporated energy and the CO5 eq emissions. Annex
57 complements the international ISO 21931-1 and European EN 15978 standards for the evaluation of
building structures to improve transparency for the multiple stakeholders in the LCA process [58].
The limits of the LCA system are shown in Figure é.

Product stage Construction Use stage End of life stage
: Al-A3 ¥ . process stage B2, B4 C1,C2 C4
Pumice Concrele block A4-A5

wilh pumice -

Transport from Demolition of

Gravel - i
~ factory to site Usa « Structure and
SF Concrete block - Repair i walls
— ’ Refurbishment §
_ Construction of
i 2, Ready mixed -~/ external walls ! ‘I'ransport from
Clay <o Cenent ~---) Sonarets and 7 and il.'\‘:ETiD!‘ site to disposal
martar i partitions o A Painting (nine
. aycles
Limestone < ; il
Sleel Disposal of
Tron i ) N ; inert material
{ TTHHHPUIT from
Expancled .,3 factory fe site . —
: perlite F ainting (two
Carbon b cycles)
T / Desintallation
ol dvors and
Perlite ] ass structure A .
L B : Replacement of s windows
vrndows and i
> doors
Alumina -~~~ Alunsinium . —"
Transpoct fiom
T " - sile lo disposal
EE N, -~ Chiorine - PVC 3 T“’_”?'?"_"' lff"" Painting (onc
2 lactory o sile cycle)
3, .’: ;.
Petroleum Ethylene © txpnn}'kd ; Disposal of
4 poiEDEEDE Installationof " wood, PVC,
I doors and Bllse aluminium
- S SEERERE Wood i windows B2 Maintenance
Cl Demolition
B3 Repair ‘
Al Extraction of rew materials i B4 Replacement C2 Transporl
-~ A2 Transport and haulage 24 Transport his C3 Waste processing
A3 Production of materials A5 Construction B3 Refurbishment C4 Disposal

Figure 6. The life cycle of SH in Mexico.
3.3. Life Cycle Inventory

Two databases were used, one specializing in the quantification of materials and construction
processes at the Mexican level, CYPE [59], and another specializing in life cycle inventories, ecoinvent
3.1 (2014) [60]. However, since ecoinvent initially included products and activities exclusively at the
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Buropean—in particular the Swiss—level, recent versions incorporate global, and sometimes specific,
processes from countries outside Europe, as in the case of Mexico or North America. Previous studies
conducted in Mexico using ecoinvent have obtained favorable results [29,32,61-64]; and although their
use might presuppose a limitation, this is in turn an available tool that generates reliable approaches to
environmental impacts.

3.3.1. Product Stage (Al to A3)

The product stage included the manufacture of the structure, the envelope, the internal partitions,
and the basic finishes. The weights obtained from the inventory were also considered with a 5% waste
rate. The required quantities of each material used and the corresponding dataset are shown in Table 5.
The processes and materials used (taken from ecoinvent) were adapted to the conditions of the SH;
however, in the specific case of the windows (AL, FV, and WQO), the dataset analyzed represents a more
efficient window than those used for the SH; although the weights and dimensions were adapted to
the conditions of the project, in the case of these elements, it is prudent to consider the results as values
of close environmental impact.

Table 5. Inventory of materials of the product stage.

Element Material Quantity Ecoinvent Dataset!
Structure Concrete (m?) 13.8 Concrete production 20 MPa, RNA only, RoW
Steel (kg) 975.4 Reinforcing steel production, RoW
EPS (kg) 1931 Polystyrene foam slab production, RoW
Block (kg) 1869.0 Concrete block production, RoW
Mortar (kg) 2118 Cement mortar production, RoW
Water (m?) 0.05 Tap water production, conventional treatment, RoW
Ceramic tile (kg) 776.3 Ceramic tile production, RoW
Cement (kg) 316.9 Cement production, Portland, RoW
Plaster (kg) 633.8 Stucco production, RoW
Doors Exterior doors (m?) 3.8 Door production, outer, wood-glass, RoW
Interior doors (mz) 5.5 Door production, inner, wood, RoW
PE wall Block 12 < 20 x 40 (kg) 12,199.5 Concrete block production, RoW
Mortar (kg) 6638.5 Cement mortar production, RoW
Water (m?) 0.3 Tap water production, conventional treatment, RoW
Expanded perlite (kg) 196.8 Expanded perlite production, RoW
; ; Alkyd paint production, white, water-based, product
Winghpitot (kg) s in 60% solution state, RoW
PU wall Pilsice Bl (kg) 4155.9 Lightweight concrete block production,
pumice, RoW
Water (in?) 0.3 Tap water production, conventional treatment, RoW
Mortar (kg) 6941.9 Cement mortar production, RoW
; : Alkyd paint production, white, water-based, product
Vinghpeint (kg) Lo in 60% solution state, RoW
Market for window frame, aluminum,
s . . 5; r Y
Windows  Aluminum-window (m=) 0.8 U = 1.6 Wim2K, GLO 2
Market for window frame, poly vinyl chloride
i 2  POY VLY, s
PVC-window (m<) 0.8 U = 1.6 W/m2K, GLO 2
; = 2
Wooawiindowr b 08 Market for window frér&e::), ;vood, U =15 W/m-K,
Glazing 3 mm (kg) 24 Market for glazing, double, U < 1.1 W/ mZK, GLO

! RNA: Northern America; RoW: Rest of the World; GLO: Global. 2 Its characteristics correspond to a window with
measurements of 1.6 x 1.3 m, with frame visible area = 0.5 m?, and U value of 1.6 W/m?K, weight per m? of frame
visible area of 50.7 kg for aluminum, 94.5 kg for PVC and, 80.2 kg for wood.

3.3.2. Construction Process Stage (A4 to Ab)

In Mexico the greatest impact on the demand for electricity in homes occurs in the northern and
coastal areas of the country—warm climates—where the use of cooling equipment is more common
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than heating equipment [57]; therefore, for better representativeness, the analyzed SH is assumed to be
located in the Northwest of Mexico, using in this work the proposed alternative that satisfies the most
unfavorable U-value corresponding to the cities of Hermosillo, Guaymas, and Mexicali (0.476 W/m?K).

The environmental impact generated by a truck operating with a load capacity of 7.5-16 t, measured
in Tons-kilometers (tkm), was determined for a complete travel cycle (round trip) of the material.
The maximum dimensions of the truck correspond to those established by the communications and
transport secretariat for long distance roads ET-A (maximum load of 17.5 t) and for short distance
roads D (maximum load of 11 ty and Euro 4 engine [65].

The values considered for the distances travelled were an average of the journeys between the
hypothetical center of each capital of the north-western states of the country (Baja California, Baja
California Sur, Chihuahua, Durango, Sinaloa, and Sonora) and the nearest factories of each type of
material previously established in the inventory (determined using Google maps). The resulting
values were: 15 km for concrete, steel, EPS, doors, and windows; 20 ki for vinyl paint; 400 km for
ceramic floors; 470 km for steel; and 510 ki for expanded perlite (methodology used in previous
studies [66,67]). The quantities required for each construction alternative are shown in Table 6.

Table 6. Inventory of processes of transport from factory to site (A4).

Process PE-AL PE-PV PE-WO PU-AL PU-PV PU-WO Ecoinvent Dataset

Transport, freight, lorry

Lorry operation (tkm) 3454 3455 3455 3141 3142 3142 7.5-16 metric ton, EURO4

For the assessment of the Construction Stage (A5), the processes and materials necessary for the
formwork of the structure (with wood and steel) were considered, as well as those for the transport,
discharge, and vibration of the concrete used in the structure and for mixing the mortar used in the
walls. The quantities used are shown in Table 7.

Table 7. Inventory of materials/processes of the construction process (A5).

Element Material/Process Use Time Ecoinvent Dataset

Formwork of the Steel (kg) 37.51 Reinforcing steel production, RoW
structure 3 Sawnwood production, softwood,

Waod (m) LE kiln dried, planed, RoW
. Machine operation, diesel, <18.64

PE alternatives Potency less than 18 kW (h) 8.73 KWW, steady-state, GLO
Machine operation, diesel, >74.57

Potency greater than 75 kW (h) 1.76 KW, steady-state, GLO
. Machine operation, diesel, <18.64

PU alternatives Potency less than 18 kW (h) 9.01 KW, stesdy-state, GLO
Potency greater than 75 kW (h) 176 Machine operation, diesel, >74.57

kW, steady-state, GLO

1 RoW- Rest of the World; GLO: Global.

3.3.3. Use Stage (B2, B4)

Of the stage of use, those stages corresponding to the useful life of each material during the
building’s 50 years of useful life were considered, that is, the Maintenance (B2) and the Replacement
(B4) of the elements. The maintenance intervals and replacement cycles obtained from the literature
are shown in Table 8.

The elements that needed Maintenance (B2) were the doors, the windows (painting every ten
years = 3 cycles) and the walls (painting every five years = 9 cycles). In the Replacement stage (B4),
the doors and windows are the elements with a useful life less than the SH, and so their replacement is
considered at 30 years (one replacement cycle in the total timeline of the SH). The quantities required
are listed in Table 9.
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Table 8. Maintenance intervals and replacement cycles for SH elements. Data from: [54,55,68-72].

Flement Useful Life Activity Maintenance Replacement
(Years) Maintenance Cycle Cycle
Reinforced concrete 50 [65] _ _ _
structure
External and internal walls >501[69,70] - - -
Ceramic tiles 50 [68] & = =
Interior and exterior doors 30[55,71] Faintevers Il 3 1
years [54]
3 Paint every 10
Windows 30 [54] vears [54] 3 1
Vinyl paint 5[72] Paint every 5 years 9 -

Table 9. Inventory of materials/processes of maintenance and replacement.

Stage Element Quantity Ecoinvent Dataset
Alkyd paint production, white,
Bz Paint doors (kg) 5.94 water-based, product in 60% solution state,
Row?
Alkyd paint production, white,
Paint windows WO (kg) 052 water-based, product in 60% solution state,
Row?
Alkyd paint production, white,
Paint walls (kg) 218.25 water-based, product in 60% solution state,
Row?
Transport for WO (PE/PU, tkm) 399 Transport, frelght]é ?@47.5—16 metric ton,
Transport for AL-PV (PE/PU, tkin) 807 Transport, frelght]é [1})&18747.5—16 metric ton,
B4 Exterior doors (m?) 3.8 Door production, outer, wood-glass, Row!
Interior doors (mz) 5.5 Door production, inner, wood, Row!

Market for window frame, aluminum,

; : 2
Aluminum windows (m®) 0.8 U = 1.6 Wim2K, GLO!
Market for window frame, poly vinyl
; 2 » POLY VINng:
NG asindamsio) 08 chloride, U = 1.6 W/m2K, GLO!
Market for window frame, wood
. 7 7] 2
Wood windows (m=) 0.8 U = 1.5 W/m3K, GLO!
; 2
Clazing 3 mm (kg) a4 Market for glazing, double, U <1.1 W/m<K,

GLO?

1 RoW: Rest of the World; GLO: Global.

3.3.4. End of Life Stage (C1, C2, C4)

The CDW management scenarios in Mexico are limited by the scarcity or even lack of infrastructure.
There is only one CDW recycling plant in the whole country, in Mexico City (Recycled concretes);
nevertheless, this is a pioneering initiative not only in Mexico but also in the LAC region [73]. The
NOM-161-2011 [74] sets out the requirements for special waste management (where the CDW are
included) and is obligatory for large-scale generators of waste (>80 m?).

In this sense, at the end of life stage, the energy required for the operation of the demolition
equipment of the structure and walls (C1) of the SH (pneumatic hammer, cutting equipment,
and portable compressor) was considered. Subsequently, the effect of the operation of the transport
truck (C2) was obtained by the same process previously established in A4. The average distance
between the hypothetical center of each reference city to the dump was 30 km. Finally, the total amount
of CDW generated by SH was calculated to obtain the impact of its landfill disposal (C4) (processing in
a recycling plant being currently impossible). The materials used were considered inert, as being of
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petrous, metallic, and petroleum origin, so their processing did not pose a potential risk. The quantities
are shown in Table 10.

Table 10. Inventory of materials/processes of the end of life. Data from: [60].

Stage Process Quantity Ecoinvent Dataset
c1 Use time PE alternatives (h) 1g754 ~ Machine e i
Use time PU alternatives (h) 185.33 Machine 2221:; 2zt(ilieéilbfl&64 W,
C2 Lorry operation PE-AL (tkm) 3477.44 Transport, freightélljog 47“5_16 metrleton,
Lorry aperation PE-PV (tkm) 3479.56 Transport, freightr; 5@475—16 metric ton,
Lorry-operatior: PEAWO) (o) 3478.87 Transport, freightr; [1;)&1’5{47.5—16 metric ton,
TisTy operition BUEAL (tkin) 304192 Transport, freighté [1;)&13{47.5—16 metric ton,
Lorry operation PU-PV (tkm) 3943 34 Transport, freighté [1;)&13{47.5—16 metric ton,
Lotry operation PU-WO (tkm) 3949 64 Transport, freighté [1;)&13{47.5—16 metric ton,
4 Inert waste PE-AL (kg) Gralos  ComEd Olfa?;gli"[jzt‘iﬁm e
Inert waste PE-PV (kg) 5795734 ~ Lreatment Olfaﬁglz"gzt‘i;fﬁm material
Inert waste PE-WO (kg) szoozey  Learment Olfaﬁglz"gzt‘i;fﬁm riatecil
Inert waste PU-AL (kg) 5402030 ~ reatment Olfaﬁglz"[jzt‘iﬁm material
Inert waste PU-PV (kg) samsgy  Leatment Olfaﬁglg”’[jsot‘iﬁm mitbesil
Inert waste PU-WO (kg) saoagoy  estment Olfaﬁglg”’[jsot‘iﬁm Al

1 RoW: Rest of the World; GLO: Global. 2 Module Treatment of inett waste, inert material landfill, RoW, contains
exchanges to process-specific burdens (energy, land use) and infrastructure.

3.4. Environmental Impact Assessment

More than 40% of world energy consumption and 30% of the GHGs can be attributed to the
construction industry [58]. Therefore, both effects measured in their respective impact categories have
been considered inherent to this sector and have been addressed in previous investigations [75-79].
In this sense, the categories of impact selected for analysis in this study are those referring to energy and
embodied emissions of SH, which are clitnate change and embodied energy. Additionally, to complete
the information, two more categories have been chosen, which like the previously mentioned have
been considered to have a global effect: Human toxicity and Abiotic Depletion Potential (ADP).
The environmental impact methods used were, therefore, [PCC 2013 for the GWP (climate change),
Cumulative Energy Demand (CED, for embodied energy), and CML 2001 for Human Toxicity Potential
(HTP) and ADP.

4, Results

The analyzed SH generates an environmental burden (including all the stages of A to C) of 17t
CO» eq, 252.5 Gigajoules (G]) eq, 104.3 kg antimony eq, and 9.4 t Paradichlorobenzene (1,4-DCB) eq
(average of the six options). Of these, just the construction of the SH (finished product Al to Ab)
generates a load of 13 t CO; eq, 165 GJ eq, 71 kg antimony eq, and 7 t 1,4-DCB eq (Table 11), i.e., more
than 70% of the average impacts of all the categories analyzed when the embodied stages of the life
cycle are considered.
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Table 11. Impacts generated by the SH in stages A, B, and C.

Impact PE-AL PE-PV PE-WO PU-AL PU-PV PU-WO  AVERAGE
1
Category” "4 B ¢ A B C A B C A B C A B C A B C A B C

GWP 13325 17 13.022 17 12921 17 13325 1.6 13.022 16 12921 16 13123 17
EE 170 54 35 167 51 35 168 53 35 164 54 34 161 51 34 162 53 34 165 53 344
ADP 73.7 196 15.6 71.9 17.8 15.6 709 169 15.6 71.3 19.6 149 69.4 17.8 149 685 169 149 71.0 18.1 153
HTP 79 27 05 68 16 05 68 16 05 76 27 05 66 16 05 65 le 05 7.0 20 05

1 GWP:t CO;, eq; EB: GJ eq; ADP: kg antimony eq; HTP: t 1,4-DCB-Eq.

The product stage is established as that of greatest contribution (A1 to A3: 57% CED, 61% ADF,
71% HTP-GWP), followed by that of replacement (B4: 6% GWTE, 8% ADP, 12% CED, 15% HTPF)
and maintenance (B2: 6% HTL, 7% GWTP, 9% ADP-CED); it is therefore established that the stages
with greater environmental effects are those involving finished products (Al to A3, B2 and B4: 78%
CED-ADP; 85% GWP; 91% HTP), in this case, those used in constructing the building, the paint for its
maintenance, and the replaceable objects (windows and doors). Meanwhile, the stages referring to the
processes produce significantly less effect; from greater to lesser, they are those relating to transport
(A4 + C2: 3.3% HTF, 7.7% GWF, 9.3% CED, 10.1% ADP), to construction/demolition (A5-C1: 3.7% HTP,
6.1% GWP, 7.6% ADF, 9% CED), and lastly, to their final disposition (C4: 1.5% GWP, 1.6% HTF, 3.7%
CED and 3.9% ADP) (Figure 7).

Previous research has dealt with the emhodied impacts of a building (or its elements), studying
different stages such as Al to A4 [80], Al to A5 [66,79,81], A and C [51] and A to C [48,49,82,83]; similar
to this study, these works found that the greatest environmental detriment occurs in stage Al to A3,
with values ranging from 85% to 99% for those who evaluated up to Al to A5 [51,66,79-81] and from
60% to 80% for those who evaluated the complete cycle (A to C) [48,49,82,83]. For the rest of the stages,
the results depended on the different criteria established in each study, so there are still discrepancies
in the results obtained. Nevertheless, the data obtained in this work is found within the previously
reported intervals; for example, the studies that evaluated B1-B5 reported values ranging from 11% to
25% [48,49], those that studied A4, from 1% to 9% [51,66,79-81], those that evaluated A5 from 1% to
8% [49,51,66,79-81], while those that studied the C stages showed intervals from 1% to 3% [48,51] up
to 23% [49], this stage showing the most variation.

Figure 7 shows how the greater variability occurs when a wood or PVC window is changed to
aluminum for the HTF, going from 11-12% to 19% of the total damage. This can be attributed to the high
amounts of contamination produced in the aluminum production process, which includes substances
such as COs, Sulfur Dioxide (50y), Polycyclic Aromatic Hydrocarbons (HAP), Perfluorocarbons (PFC),
Tetrafluoromethane (CF;) and Hexafluoroethane (CoFg) [84]. Similar to the study by Yasantha et al.
(2007), where it was found that although wooden windows have a better environmental (and economic)
performance, aluminum windows were preferred socially [85].

On the other hand, the damage caused by Al to A3 is more evident for the GWP (70-72%), which
is because the most representative materials used in the SH (concrete, steel, ceramic pieces, mortar) are
linked with the emission of GHGs [13,66,67,86], due to the chemical reactions in their manufacturing
processes and the high content of carbonates in their basic components, such as limestone or clay [87,88].
The greatest variation found in the impact categories was in stage Al to A3, with a difference of 14%
between the GWP (72%) and the CED (58%). This difference in the representation of the CED is spread
over the rest of the stages, above all in B4 and B2 (because the manufacture of paint and window
materials is more closely linked to energy consumption [86,89] than to GHG emissions) and in A5 and
C1 (for the energy used by the machinery).
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Figure 7. Percentage of environmental damage generated by each stage analyzed in the entire life cycle
for: (a) PE-AL, (b) PE-PV, (¢} PE-WO, (d) PU-AL, {e) PU-PV and, (f) PU-WO.

Analyzing each impact category separately (Figure 8), it was seen that the least favorable option
in all cases was that of the reference (PE-AL), which is more pronounced in the stages Al to A3 and B4.
Previous studies have found that the production of aluminum (stages Al to A3 or B4) requires high
energy consumption [89], up to six times that of steel per unit of weight [86], as well as the inherent
contaminants [84]. Therefore, the least favorable of the six combinations analyzed is that which
includes heavy material with a moderate load potential and light material with a high load potential.
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Figure 8. Environmental damage generated by each stage analyzed of the six alternatives of SH in the
four impact categories: (a) GWE, (b) CED, {¢) ADP and, (d) HTP.

Furthermore, when the stages with higher variability are discarded (Al to A3 and B4, Figure 8),
it can be seen that the options using PU are more favorable than those using PE, which can be attributed
to the fact that the pumice aggregates are lighter than the conventional ones [90]. This coincides
with previous research that recommends the use of volcanic materials—among them pumice—as
they may significantly reduce the environmental damage [91]. Therefore, the options with the best
environmental performance in all the impact categories were the PU-WO and the PU-FV.

Given the importance of the construction industry in the use of energy [47] and GHG emissions [92],
in Figure 9 these categories are dealt with separately, breaking the CED down into its proportional
Renewable (Re) and Non-Renewable parts (n-Re). The percentage of CED (n-Re) for all cases is
significantly higher than the CED (Re), being 84.8% for stage A, 67.6% for stage B and 98.8% for stage
C of the CED total. Of the three stages, B makes greater use of renewable sources due to the use of
wood in the doors and windows, followed by A, especially when the options PE-WO and PU-WO are
evaluated. Some authors mention the advantages of using wood due to the low energy requirements
of its manufacture [76]. Similarly, it can be seen that stage C is practically dependent on CED (n-Re),
due to the machinery (C1) and vehicles (C2) used.
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Figure 9. GWP, CED (Re), and CED (n-Re) caused at each stage of the SH: (a) Al to A5, (b) B2, B4 and,

{c)C1,C2, C4.

The results found for the CO, eq emissions and the consumption of incorporated energy are

figures that are found in the list of effects reported by other researchers (Table 12). The information has
been compared with that of residential, office, and commercial buildings, all of which have similar
characteristics in terms of the materials used in their construction (reinforced concrete framework
and traditional masonry). The majority evaluate the same components of the building (including the
structure and envelope) which enables comparison. In SH the interior partitions are also evaluated.

Table 12. kg CO» eq and M] eq generated by 1 m? of building in stages A, B and C. Data from:
[48,49,78,93-95].

kg CO; eq/m? MJ eq/m?
Study Database Building Type  Location A B e A B [
Current study ecoinvent34 UMM hadeo 300 51 40 som 1251 81
Iddon etal, [23] ICE 2.0 Dietachied UK 26 - : - -
house
Islam et al. [48] AusLCI Attached house Australia 257 64 - 3743 1257 -
Othman et al. [49] Athena Office building us. 480 77 127 5597 1133 2030
Goggins et al. (floor slab) [95] ~ Bibliography = Office building  Ireland 211 = ~ 1167 = 4
Residential
Gustavsson et al. [94] ENSYST e Sweden - - - 3569 - 159
building
Commercial .
Sandanyake et al. [78] AGGA/Alcom — Australia 524 - - - - -

The SH analyzed emits 309 kg CO, eq/m2 and needs 3911 M] eq to perform stages Al to A5; it also
emits 54 kg CO, eq/m2 and needs 1251 MJ eq for stages B2 and B4, similar to what was reported by
Iddon et al. {2013) [93], Islam et al. (2015) [48] and Gustavsson et al. (2010) [94]. Additionally, when
the impacts of the SH are compared with multi-story commercial or office buildings, although the
results alternate within the same level of effect, the values tend to be higher in an interval of 30% to
40%. The stage showing most variation was C; as each study focused on specific end of life scenarios,
their comparison was not feasible.

For stages A and B, the level of comparison is especially interesting, as each study was carried out
in different geographical regions and with different databases. Therefore, it can be argued that the
LCA is an objective methodelogy which allows global results in the residential sector to be obtained
and it has been possible to standardize them, above all in the Product Stage (Al to A3).

Considering the representativeness of the housing types in Mexico (11% economic, 47% popular,
30% traditional, 12% medium, residential, and residential plus [40], each of which was assigned 4%),
it was possible to obtain an approximation of the effects of their embodied stages. One square meter of
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construction (Al to A5) produces 309 kg of CO; eq and needs 3,911 MJ; as about 600,000 new housing
units are built annually in Mexico [41], the total annual effect of the residential sector in stages Al to
A5 (until the finished house) is 11,275.8 Gg CO; eq and 142.5 PJ eq of energy (Table 13).

Table 13. Gg CO; eq and PJ eq generated annually by the construction of housing in Mexico.

Gg CO, Annual Housing Gg CO,

Howsne e eqfm? Rl g/ Construction eq/m?> Y ifint
Econemic 30.00 928430 117,318.50 66,000.00 612.76 7.74
Popular 42.50 13,152.75 166,201.21 282,000.00 3709.08 46.87
Traditional 62.50 19,342.28 244,413.55 180,000.00 3481.61 43.99
Medium 97.50 30,173.96 381,285.13 24,000.00 72418 9.15
Residential 145.00 44,874.09 567,039.43 24,000.00 1076.98 13.61
Residential + 225.00 69,632.22 879,888.77 24,000.00 167117 21.12
Total 600,000.00 11,275.78 14248

Additionally, using the national inventory of CO; eq emissions and compounds, these figures
represent 2.1% of the net emissions (taking absorption into account), and 1.7% if total emissions are
considered. Added to the 4% emissions from the housing sector due to consumption of natural gas,
liquid petroleum gas, kerosene, diesel, and firewood in the operating stage [13], this means that 6.1%
of the annual emissions may be attributed to the residential sector. Similarly, as regards the national
energy inventory [14], the figures represent 2,7% of the annual consumption. This, when added to the
14% operational energy consumption, gives an estimated total of 16.7% of energy attributed to the
residential sector (Table 14).

Table 14. GHGs and energy of the residential sector necessary for the construction of housing (Al to
Ab5) and its operational energy (B6). Data from [13,14].

Impacts of Residential Sector in

Mexico (Stage) Quantity National Representativeness
Emissions Gg CO, eq (Al to A5) 11,275.8 21%1 1.7%2
Emissions Gg CO; eq (B6) [13] 21,279.9 4.0%1 3.1%2
Net emissions Gg CO; eq [13] 534,613.0
Total emissions Gg CO; eq [13] 632,959.0
Energy consumption PJ eq (Al to A5) 142.5 2.7%
Energy consumption PJ eq (B6) [14] 751.6 14.0%
Total energy consumption PJ eq [14] 5362.8

T Considering net emissions. 2 Considering total emissions.

Although it is evident that performance in the housing sector in Mexico is steadily improving, it is
essential to deal with the accelerated changes that are being caused by environmental damage, not only
at a regional level but also at a global one. The residential sector has an enormous potential to reduce
these environmental burdens (including those of greatest concern today, such as climate change and
the depletion of resources and non-renewable energy), throughout the various sectors that are required
for its praxis. In this regard, it is necessary to opt for locally available materials, with high percentages
of reuse, with thermal properties that enable energy optimization and, of course, that these should
come where possible from renewable resources or from the discreet use of non-renewable resources.

On the other hand, while the importance of SH in the residential sector is indisputable, there
is also a need to apply sustainability criteria to medium and residential housing. Although their
representativeness is lower, in this work it was estimated that the resources invested in them (because
of their size) could generate loads greater than 30% in GWPF and CED, and the application of
eco-technologies could be economically feasible (limitation present in the SH).

Moreover, while it is true that the LCA is a methodology that has been used in Mexico for
decades [26], extending its application to one of the country’s most demanding sectors would provide
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oppertunities for reducing environmental burdens. This, through knowledge of the most commonly
used materials and the processes required throughout the life cycle of a dwelling. This knowledge
would enable the best environmental performance options to be chosen, and the opportunities for
improvement would be identified.

5. Conclusions

The present study has assessed the environmental impacts generated by an SH throughout its
embodied life cycle; a comparison of six alternatives was made by varying their elements (walls and
windows), and it was possible to apply the LCA methodology to Mexico’s residential sector with
promising results. In addition, a review of the country’s environmental situation focusing on the most
relevant problems facing the residential sector was made.

It was found that throughout the cycle the SH analyzed generates an environmental burden of
17 £ COy eq, 252.5 GJ eq, 104.3 kg antimony eq, and 9.4 t 1.4-DCB eq; the requirements of stages Al to
Ab stand out, exceeding 70% of the impact in all the categories analyzed. In general, the stages with
the greatest environmental effect are those containing a finished product (Al to A3, B2, and B4: 78%
CED-ADPF; 85% GWP; 91% HTP), while the stages referring to the processes have a considerably lower
impact. For A4 + C2 the figures are 3.3% HTF, 7.7% GWF, 9.3% CED, and 10.1% ADP. For A5 + C1 they
are 3.7% HTP, 6.1% GWP, 7.6% ADP, and 9% CED. Finally, C4 has 1.5% GWPF, 1.6% HTPF, 3.7% CED,
and 3.9% ADP.

The greatest variability in the results comes from changing the wood or PVC windows for
aluminum windows in the HTP category, passing from 11-12% to 19% of the total damage, which is
attributed to the aluminum production process.

The most unfavorable of the six cases analyzed was the reference sample (PE-AL), while the
options with the best environmental performance were PU-WO and PU-FV for all impact categories.
Environmental advantages can arise from using aggregates that could lighten the concrete for
configuring the walls, as long as their environmental burden is equal to or less than that of conventional
aggregates, and their basic attributes are not reduced.

The SH evaluated emits 309 kg CO, eq/m? in Al to A5, 54 kg CO; eqfm? in B2 and B4, and 40 kg
COy eq/m2 in C1, C2, and C4. It requires 3,911 M] eq in Al to A5, 1,251 MJ eq in B2 and B4, and 815 M]
eqin C1, C2, and C4. This data was collated with recent studies and, although they were carried out
in different regions and developed with different databases, the results show consistency. Therefore,
it was concluded that the methodology generates objective and global results in the residential sector
and that, with the continuous improvement in standardization, it is increasingly possible to apply
around the planet, especially in stages Al to A3.

On the other hand, although ecoinvent regularly incorporates information from different regions
of the world, it is urgent to create local databases in Latin America or in the case of Mexico expand the
number of data for the existing one—mexicaniuh [96].

Considering the annual amount of the different types of dwellings built and their effect per m
obtained in this study, an estimate of the annual impact of the residential sector on the finished housing
(Al to A5) was obtained. This was 11,275.8 Gg COs eq, or 2.1% of net emissions. When added to the 4%
emitted in the operation of the dwelling (B6) and the compound emissions, according to the national

zas

GHG inventory, this gives a total of 6.1% emissions attributed to the residential sector. Similarly,
according to the national energy inventory, the estimated energy required by the residential sector in
its finished housing phases (A1l to AB) is 142.5 ], or 2.7% of annual consumption. When added to the
14% operational energy consumption, this gives a total estimate of 16.7% of energy attributed to the
residential sector.

Finally, it will be interesting in future research to obtain the CO; eq emissions of the residential
sector and the energy eq required to carry out phases B and C annually, as well as to know the
environmental impacts produced by public and commercial buildings (in addition to civil works), with
the aim of obtaining the total burden generated by the construction industry in Mexico.
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Abbreviations

1,4-DCB para-dichlorobenzene

Al to A3 Product stage

Adto A5 Construction process stage

ADP Abiotic depletion potential

AL Aluminum

Bl Use

B2 Maintenance

B3 Repair

B4 Replacement

B5 Refurbishment

C1 Deconstruction/demolition

c2 Transport

G Fg Hexafluoroethane

C3 Waste processing

C4 Disposal

cDW Construction and demolition waste
CED Cumulative energy demand

CF4 Tetrafluoromethane

CHy Methane

COy Carbon dioxide

CONAVI National Housing Commission
EPS Expanded polystyrene

EU European Union

Gg Millions of tons

GHGs Greenhouse gases

GJ Gigajoules

GLO Global

GWP Global warming potential

HAP Polycyclic Aromatic Hydrocarbons
HTP Human toxicity potential

IPCC Intergovernmental Panel on Climate Change
LAC Latin America and the Caribbean
LCA Life Cycle Assessment

MSW Municipal solid waste

N;O Nitrous oxide

n-Re Non-Renewable

PE Hollow block of 12 % 20 x 40 filled with expanded perlite

PEC Perfluorocarbons
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PJ Petajoules

PU Solid concrete brick lightened with pumice aggregates of 10 > 14 % 28

PV PVC

Re Renewable

RNA Northern America

RoW Rest of the World

SH Social housing

50, Sulfur dioxide

tkm ton-kilometer

u Thermal transmittance

u.s. United States

WO Wood

A Coefficient of thermal conductivity
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DISCUSION GLOBAL DE LOS
RESULTADOS Y CONCLUSIONES

4.1 DISCUSION GLOBAL DE LOS RESULTADOS

En esta tesis se abordaron los impactos ambientales de las etapas incorporadas de elementos de
la vivienda y de su entorno urbano. Se encontrd que la etapa de mayor afectaciéon ambiental es
la de producto (A1-A3), es decir, la concepcion del material que va desde la extraccion de la
materia prima hasta su produccién. Cuando se estudiaron los muros exteriores el promedio de
los impactos generados por la A1-A3 fue de 91%, cuando se evaluaron las calles fue desde 85%
hasta 96%, y cuando se evaluaron las viviendas sociales fue de 65%. Mientras mas amplios fueron
los limites temporales de los sistemas, menor fue la repercusién de la A1-A3; por ejemplo, al
realizar la evaluacién completa del ciclo, los impactos se distribuyeron al resto de las etapas,

como al mantenimiento (B2) y al reemplazo (B4).

Algunos materiales tienen potenciales de dafilo mayores que otros, esto se hizo evidente con el
granito utilizado en las aceras del estudio de las calles, en donde los impactos ambientales
ascienden desde un 85% de todo el ciclo cuando se utilizan hormigén y asfalto hasta un 96%
cuando se reemplazan por granito. Esto ocurrié también con el poliestireno extruido (XPS)
utilizado como aislamiento en los muros exteriores, el cual comparado con el resto de los
materiales utilizados es mas dafiino. Por lo que, los impactos ambientales de la A1-A3 variaron
en funcién de los limites temporales del sistema de ACV (a mas etapas consideradas, menor

impacto relativo) y del potencial de dafio individual de los materiales implicados.

Se encontré que las etapas referentes a los procesos (trasporte, construccion, deconstruccion,
entre otros) producen menores impactos ambientales que las etapas referentes a los productos,
siendo el transporte la mas relevante con porcentajes de dafio de hasta un 15%; a continuacion,
las etapas de construccién y demolicién con hasta un 6.6% (3% en los estudios donde sélo se
consider6 la construccion); y por ultimo, la disposicion final con menos del 4% (promedio de

todas las categorias de impacto evaluadas).
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En esta tesis se corrobor¢ la influencia que tiene la industria de la construccién en el cambio
climatico. Esto porque GEI como el CO;, y el N,O son parte intrinseca de las reacciones que
ocurren durante el proceso de manufactura de los materiales mds utilizados en la construccion,
como el cemento (utilizado para fabricar hormigén, mamposteria, mortero, entre otros) y las
piezas ceramicas de arcilla. Las altas temperaturas utilizadas en la cocciéon de las piezas
ceramicas, hasta de 1300° [114], y en la coccién del clinker, hasta 1400°, asi como el alto
contenido de carbonatos encontrados en sus materias primas elementales (como la caliza y la
arcilla) son responsables de la liberacion de CO, a la atmdsfera [1]. Ademas, la produccion de
gases nitrogenados es inevitable debido a las altas temperaturas alcanzada en la coccion de las

piezas [115].

Considerando el peso y la proporcion de los materiales que se evaluaron en esta tesis, se pueden
nombrar como principales a: 1) piezas de mamposteria de hormigdén y piezas ceramicas de
arcilla; 2) elementos de la calle de hormigén, elementos de asfalto mastico y elementos de
granito; y 3) piezas de mamposteria de hormigén y de hormigén aligerado con pumicita. El
comportamiento ambiental de éstos varié dependiendo la categoria de impacto evaluada, por

ejemplo, se encontré que:

1) Las piezas ceramicas de arcilla generan 14% mas potencial de calentamiento global
(PCG) que las piezas de hormigdn; y que el hormigén, genera 113% mas PCG que
el asfalto.

2) Las piezas de hormigdén generan 40% mas potencial de toxicidad humana (PTH)
que las piezas ceramicas de arcilla y 70% mads que el asfalto. Ademds, 51% mas dafios
a los efectos respiratorios.

3) El asfalto consume 121% mas combustibles fésiles que el hormigén y las piezas
ceramicas de arcilla contribuyen 50% mas al agotamiento de los recursos abidticos
(ARA) que el hormigén.

4) El granito genera en promedio 270% mads dafio a las dreas de proteccion salud
humana, recursos y calidad del ecosistema que el asfalto y el hormigoén.

5) Aligerar las piezas de hormigén con aridos de pumicita genera ventajas
medioambientales, por ejemplo, disminucién del 3% del consumo energético y del
potencial de toxicidad humana en la etapa de producto; ademas, al ser mas ligero
sus ventajas se trasladan a otras etapas como el transporte y el final de la vida,
mientras que sus propiedades térmicas son superiores a las de las piezas de

hormigén convencional.

Ademas de los materiales anteriores se evaluaron otros que en peso y proporcién son menores
que los principales. Estos son: 1) piezas ligeras ceramicas de arcilla, placa de yeso laminado,
aislamientos provenientes de hidrocarburos (XPS, poliestireno expandido (EPS), poliuretano
proyectado) y de lanas naturales (lana de roca y lana de vidrio); 2) ventanas de aluminio,

ventanas de PVC y ventanas de madera. De estos materiales se encontrd que:
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1) Los muros elaborados con placa de yeso laminado contribuyen mas al PTH, al
potencial de acidificacién (PA) y al potencial de eutrofizacién (PE) que los muros
elaborados con piezas ceramicas de arcilla (2.5, 5.3 y 3.7, veces respectivamente,
éstos valores se deben en un 80% al galvanizado del perfil de acero).

2) Los aislamientos térmicos elaborados con hidrocarburos generan mas PCG, ARA
y PA que los elaborados con lanas naturales (2.3, 3, 1.15, veces respectivamente);
mientras que las lanas naturales generan 3.4 mas PTH.

3) Al evaluar las viviendas sociales, la mayor variabilidad se dio para el PTH cuando
se cambiaron las ventanas de madera o PVC, por ventanas de aluminio, pasando
de un 12% a un 19% del dafio total de la vivienda.

4) Las ventanas de aluminio son: 2.8 y 2.1 veces mds generadoras de PCGy, 6.6 y 4.7
veces mas de PTH. Son 2.5 y 1.4 veces mas consumidoras de energia no renovable
Y, 2.7y 1.7 veces mas de recursos abidticos que las ventanas de maderay de PVC,

respectivamente.

Por lo tanto, los impactos ambientales de la A1-A3 tienen que ver en primer plano con la
naturaleza del material utilizado y en segundo, con las dimensiones del elemento. Por ejemplo,
el uso de piezas de gran formato, en especial las piezas machihembradas, reduce el mortero
utilizado en la conformacién de los muros, lo que reduce los impactos ambientales; o el
incremento controlado del espesor del aislamiento térmico. Ambas medidas son estrategias

simples que permiten el control de los impactos finales.

Los resultados anteriores se refieren a la comparacion de las afectaciones que generan los
elementos en conjunto, es decir, a las cantidades equivalentes que se requieren para cada caso
particular de cada articulo y no se deben ala afectacion con respecto a cada kilogramo de material
utilizado. Para este tltimo fin, en el primer articulo se propuso un sistema de ecuaciones que
permiti6 predecir el comportamiento ambiental que producen los muros exteriores o cualquier

elemento disefiado con éstos materiales.

El sistema de ecuaciones ademds de ser una herramienta util para los responsables de la
construccién en la busqueda de opciones ambientales amigables, proporciona la variacién con
la que aumenta el dafio ambiental entre kilégramo de material utilizado. Las graficas de los
aislamientos térmicos son las que presentaron la mayor pendiente en todas las categorias de
impacto (mayor carga ambiental), para el resto de los materiales dependerd de la categoria de

impacto evaluada (este resultado se puede consultar en el articulo 1, capitulo 6).

A pesar de que la A1-A3 es la que mayor afectacion genera en todas las categorias de impacto
analizadas, el resto de las etapas tienen la capacidad de aligerar las cargas ambientales, ya que la
mayoria de éstas suceden en lapsos reducidos de tiempo y dependen de acciones mas simples
que la complejidad que comprende la etapa de producto. En este sentido, este analisis subrayo¢ la

importancia de considerar al transporte.
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En el primer articulo se realizé un andlisis de sensibilidad y se detecté que el transporte era la
etapa que presentaba mayor grado de incertidumbre. Se realizaron doce combinaciones de
estudio donde se variaron las ubicaciones de las plantas de produccién y los rendimientos
ecologicos de los camiones utilizados para el transporte de los materiales a los sitios de
construccion. El andlisis destaca la relevancia de considerar esta etapa en el ACV, ya que los
diferentes escenarios propuestos muestran importantes variaciones, lo que puede significar
aumentos de hasta un 42% y reducciones de hasta un 8% en los impactos ambientales producidos

durante las etapas de la cuna a la entrega (A1-A5). El ARA y PA son las categorias mas sensibles.

Ademads de destacar la etapa de transporte, en esta tesis se evidencid la importancia de considerar
las etapas del uso, por ejemplo, el mantenimiento y el reemplazo en conjunto generan impactos
que van desde el 13% hastael 21% de todo el ciclo de vida dependiendo dela categoria de impacto
evaluada. Estas tienen intrinsecas etapas de sus propios productos, por ejemplo, las ventanas, las
puertas, la pintura del mantenimiento, entre otros elementos o actividades que se requieren

atender mas de una vez en la vida de un edificio.

Por otra parte, al evaluar el entorno urbano se encontré que dar prioridad a la escala humana
promoviendo el flujo de trafico no motorizado cuando se configura una calle residencial, puede
conducir a una reducciéon en el impacto generado en el medio ambiente. La configuracién de la
calle debera realizarse de forma cautelosa sin olvidar la importancia que tiene la seleccion de los
materiales, puesto que las tasas de contaminantes del granito son muy elevadas comparadas con

materiales como el hormigdn y el asfalto.

El comparar los impactos ambientales incorporados que genera una calle disefiada parala escala
humana con respecto a la calle que prioriza el flujo motorizado, refuerza la iniciativa de disefiar
calles enfocadas a crear un ambiente peatonal por las ventajas que se pueden generar en la etapa
de uso. Cuando se aumentan los espacios para el flujo no motorizado, la reduccién en los
impactos ambientales puede ir desde un 11.5% hasta un 22.3% para las configuraciones de calles
analizadas en el articulo dos, siempre que se utilicen materiales convencionales como el

hormigén o el asfalto.

Por otra parte, se encontré el desempefio ambiental de una vivienda social para cuatro categorias
de impacto evaluadas. Si bien serd necesario en un futuro evaluar nuevas y diferentes tipologias
de vivienda social para poder que este estudio sea comparable y concluyente, los resultados que
se obtuvieron son un inicio prometedor sobre la aplicacién de la herramienta ACV en la

construccién del dmbito mexicano.

Los resultados de energia y emisiones incorporadas fueron cotejados con informacién de
estudios realizados en edificios (entre ellos de vivienda). Se encontré que la vivienda evaluada
emite alrededor de 309 kg CO,eq/m*y que las viviendas con las que se comparé oscilan en estos
valores. Los edificios de varios niveles destinados a otros usos, como comercial y de oficinas,

presentaron valores mayores en un intervalo del 30 al 40%. Por lo que se considera que los datos
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obtenidos mostraron congruencia con la bibliografia ya publicada. La etapa que no fue posible
comparar fue la del final de la vida, dada la notable diferencia que se tiene con otros paises

respecto a la gestion de residuos y de disposicidn final.

Después de haber obtenido los datos sobre energia y emisiones de la vivienda social por m* y
considerando la cantidad anual de los diferentes tipos de viviendas construidas, se obtuvo una
estimacion del impacto incorporado anual que produce el sector residencial (s6lo hasta la
vivienda terminada, es decir A1-A5). Se encontrd que la construccion anual de las viviendas en
México equivale al 2.1% de las emisiones netas del pais, que sumado al 4% de la operacién de los
hogares (dato del inventario nacional), suma un 6.1% imputable al sector residencial. Se realizé
el mismo procedimiento con el consumo de energia, la construccién de vivienda equivale al 2.7%
anual del consumo total del pais, que sumado al 14% de su operacién (dato del inventario
nacional), suma un 16.7% imputable al sector residencial. A estas cifras serd necesario incluirle

los impactos correspondientes de la etapa de uso (B1-B5) y de final de la vida.

Los anteriores son algunos de los resultados mas relevantes obtenidos en esta tesis. Parte de éstos
son comunes debido ala utilizacién de la misma metodologia y parametros, mientras que otros
son especificos de cada articulo. Para mayor informaciéon sobre resultados particulares, se

recomienda revisar el capitulo 3, donde se expone cada uno de los articulos.
4.2 CONCLUSIONES

En esta tesis se corrobor6 que el ACV es una herramienta aplicable a la construccioén, tanto al
ambito de la edificacién, como del urbanismo. Pone de manifiesto que es una metodologia
flexible que permite utilizar diferentes recursos adaptados a las peculiaridades de cada analisis.
Atn con esta flexibilidad se considera que los resultados son confiables y replicables no sélo en

una region geografica, sino en el mundo.

Asimismo, con la implementacién y la actualizacién de la normativa, la metodologia se
estandariza dia con dia; la ejecuciéon de estudios que comparten similitudes al basarse en
normativas equivalentes (tanto las europeas, como las internacionales) deriva en estudios
comparables con resultados cada vez mads globales. Sobre todo, esta estandarizacién se logra en
la etapa de producto, la cual gener6 la menor variacién tanto en este estudio, como en los

estudios que sirvieron de marco teérico.

La evolucién de la metodologia en el sector de la construcciéon desde 2015 que se inici esta
investigacion hasta el presente afio ha sido progresiva, ya que los parametros que representaban
limitaciones, como la terminologia, la escala temporal del sistema y los datos del inventario de
ciclo de vida, ahora muestran mas transparencia, claridad y se expanden a nuevas geografias.
Permitiéndole ser una metodologia no sélo de paises desarrollados, sino que su campo de
aplicacién es factible (y ademds recomendado) en paises emergentes y en paises en vias de

desarrollo. E1 ACV tiene un potencial de contribucién de esquemas de evolucion sostenible.
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Por otro lado, el realizar ACV parciales o con enfoques que abarquen sélo una linea del tiempo
permite concluir resultados mas particulares, por ejemplo, qué materiales son mas convenientes,
conocer a detalle la sensibilidad de alguna etapa (y como oscilard en dependencia de las variables
que se establezcan), proponer mayor niumero de escenarios, entre otros. Por su parte, evaluar
todo el ciclo de vida de un producto o proceso genera ventajas obvias, como evitar transportar
cargas no deseadas a otras etapas del ciclo de vida, conocer la implicacién real de un producto o
proceso a lo largo de su ciclo de vida, conocer en qué parte del ciclo de vida sera conveniente la

aplicacién de estrategias, esfuerzos y recursos para obtener mejores resultados.

Lo anterior se evidencié con ambos enfoques que se utilizaron en esta tesis, por ejemplo, al
evaluar sélo los limites de la cuna a la entrega fue posible establecer un mayor numero de
escenarios y compararlos hasta encontrar la alternativa correcta para el medioambiente;
mientras que, al evaluar la linea de la cuna a la tumba, los escenarios tuvieron que ser limitados
debido ala complejidad del estudio, sin embargo los resultados fueron del ciclo completo, lo que
permiti6 detectar las oportunidades de mejora. Por lo que se recomienda la realizacién de ACV

completos, y posteriormente, ACV parciales en las areas de detecciéon de mejora.

La comparabilidad de los resultados obtenidos en el articulo tres, con investigaciones previas
(comparacién de la vivienda social con edificios residenciales, comerciales y de oficinas) tuvo
peculiaridades destacables, debido a que los estudios de comparacion fueron realizados con
bases de ICV distintas a ecoinvent y fueron llevados a cabo en diferentes regiones geograficas,
teniendo en comun los elementos analizados (marco de hormigén reforzado y muros de

mamposteria).

En los tres articulos presentados se puso de manifiesto que una de las limitaciones del ACV con
el tiempo se ha ido superando (es decir, la falta de comparabilidad por causa del ICV) debido al
importante nimero de investigaciones que se han realizado y, sobre todo, debido a la
estandarizacion exhaustiva de la metodologia. Para el caso especifico de México, a pesar de que
ecoinvent ha incorporado datos de paises diferentes a Europa (como paises de ALC) sigue siendo
necesario realizar analisis con datos propios del proceso, en especial para aquellos casos de
materiales especificos (como nuevos materiales) o aquellos en donde los procesos sean

dependientes de la region donde se estén utilizando.

Los ACV realizados permitieron conocer las cargas ambientales de algunos de los materiales mas
utilizados en construccién e identificar aquellos que tuvieron los potenciales de dafio mas
elevados, asi como proponer estrategias para limitar estas cargas. A partir de los resultados se
pudieron establecer ecuaciones de regresion lineal del comportamiento ambiental de cada
material y realizar combinaciones adecuadas en la configuracién de elementos residenciales, en
este caso especifico, de los muros de la envolvente. Ademas, el analisis de sensibilidad realizado

permitio identificar las zonas que mayor variabilidad tuvieron en el estudio.
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En esta tesis se exhibieron las ventajas que tiene el priorizar la escala humana en el disefio urbano,
no sélo por los beneficios que ya se han establecido en investigaciones previas referentes a las
etapas de su uso, sino también desde el punto de vista de su construccion. La variacion en las
dimensiones de las calles, las aceras y las areas verdes influye en los impactos ambientales totales,

los cuales se pueden intensificar si ademas se utilizan materiales con cargas ambientales elevadas.

Por otro lado, si bien la importancia de la vivienda social en el sector residencial es indiscutible
en paises como México, es necesario aplicar de igual forma criterios de sostenibilidad a viviendas
medianas y residenciales. Aunque su representatividad en el parque habitacional nacional es
menor, en este trabajo se estimé que los recursos invertidos en éstas podrian generar cargas
superiores al 30% en el potencial de calentamiento global y en la energia incorporada. Ademas,
en estas tipologias de vivienda, la aplicaciéon de ecotecnologias es econdmicamente factible

(limitacion presente en la vivienda social).

Por lo encontrado en estos tres articulos, se recomienda optar por materiales con disponibilidad
local, con altos porcentajes de reutilizaciéon, con propiedades térmicas que permitan la
optimizacién energética y, por supuesto, que estas tengan como origen (en la medida de lo

posible) a fuentes renovables o que utilicen a discrecidn los recursos no renovables.

Estas conclusiones son algunas de las particularidades que se obtuvieron con el ACV, las cuales
fueron dependientes de las categorias de impacto que se analizaron o de los métodos de impacto
ambiental seleccionados, asi como de la base de datos que se utiliz6. En esta tesis, el ACV se pudo
aplicar tanto a la edificaciéon, como al urbanismo, arrojando resultados satisfactorios con
potencial de mejora en los rubros que se evaluaron. Permitié proponer y establecer estrategias
para que los responsables de la construccion apliquen de una forma mas simple el pensamiento
de ciclo de vida. Aporté informacién relevante y una linea de investigaciéon potencialmente

fructifera para la continuacién del estudio.

Esta tesis puso de manifiesto que el ACV es una herramienta que puede contribuir a la obtenciéon
de los objetivos del desarrollo sostenible de la Agenda 2030 y que es esencial para hacer frente a
los cambios acelerados causados por el dafio ambiental, no solo a nivel regional sino también a
nivel mundial. Los sectores residencial y urbano tienen un enorme potencial para reducir las
cargas ambientales que mayor preocupacién causan en la actualidad (como son el cambio
climatico y el agotamiento de los recursos y la energia no renovable) y que son inherentes a todos

los sectores que se requieren para la praxis de la construccion.
4.3 INVESTIGACION A FUTURO

Después de analizar elementos de edificacion y urbanismo se espera que el trabajo de esta tesis
se continde desarrollado. Por ejemplo, se pretende evaluar en trabajos futuros la influencia de
las propiedades de los materiales en la reduccion de las cargas ambientales durante la vida de los

elementos urbanos considerando aspectos como la isla de calor, la demanda energética de los
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entornos urbanos y la durabilidad de los materiales utilizados, es decir su etapa de uso. Ademas,
evaluar la influencia que tienen algunas condiciones especiales, como la radiactividad del granito
en la salud humana o la posible variacién que la reducciéon del flujo motorizado ejercerd en
parametros como el aumento del trafico por la modificacién de la velocidad y de los carriles
destinados para el uso del automdvil. Estos aspectos permitirfan obtener argumentos mas

globales sobre las ventajas de aumentar la peatonalidad de las calles.

Por otra parte, respecto al estudio de la vivienda social en México es necesario estudiar un mayor
numero de casos practicos de la vivienda social para obtener resultados comparables y
concluyentes; donde se incluyan nuevas geografias nacionales, asi como incorporar nuevos
materiales a estos estudios. Ademds, debido a la extensa drea territorial del pais, el transporte y
la distribucién de las fabricas son un tema que se debe abordar con detalle. Asi como también,
se requiere un estudio exhaustivo de la etapa del final de la vida, por las ventajas que podrian
generar las posibles gestiones de los residuos y, sobre todo, de la infraestructura que existe para

su disposicion final.

Por otra parte, serd interesante evaluar la etapa de energia y agua de operacidn, asi como
proponer mayores escenarios de la etapa de uso del edificio para complementar los ya obtenidos
resultados de este estudio. Incorporar ecotecnologias y analizar la variabilidad que generan en la
operacion, asi como la influencia que tendran los materiales con los que se proyecta la vivienda
en las etapas de operacion y del final de la vida. Con estos datos seria posible establecer los

impactos que genera una vivienda durante todo su ciclo de vida.

Ademas de la vivienda social, es necesario incursionar en el estudio de la vivienda media y
residencial; incluso incorporar nuevas herramientas de analisis que complementen el ACV,
como ACCV, el ACV-S, los sistemas de evaluacion de la sostenibilidad, entre otros. Por ultimo,
es imperioso conocer los impactos ambientales producidos no sélo por el sector residencial, sino
también por los edificios ptblicos y comerciales (ademds de obra urbana y civil) con el objetivo

de obtener la carga total generada por la industria de la construcciéon en México.
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