
  

 

 

 

 

 

TREBALL FINAL DE GRAU 

 

 

 

 

  

  

Estudiant:  Noelia K. Llantoy Huamán 

 

Titulació: Grau en Enginyeria Mecànica 

 

Títol de Treball Final de Grau:  

Comparative Life Cycle Assessment of insulation materials for the building sector 

 

 

 

Director/a: Dra. Luisa F. Cabeza 
                         Marta Chàfer        

 

Presentació 

Mes: Setembre 
 

Any: 2019 



1 
 

 Abstract 
 

The building industry constitutes 40% of the society total energy demand and 

approximately 44% of the total material use. Life cycle assessment (LCA) is applicable 

on all system levels in the building sector, but normally, LCA focusses in two applications 

for the building sector: on the building material selection and considering the entire useful 

life as a starting point for improvements. 

LCA is an important strategy nowadays, a methodology very used in order to calculate 

the potential environmental of products or services, with no restriction in regards to the 

geographic area. In general, the main aim of a LCA is to decrease the environmental 

impact of products through focus the decision-making process towards more sustainable 

solutions. The more critical phase in a LCA study is the life cycle impact assessment 

(LCIA) where the life cycle inventory (LCI) results of the considered substances related 

to the study of a certain system are transformed into understandable impact categories 

that represent the impact on the environment.  

In this study, the overall structure clarifying the steps that should be followed in order to 

conduct an effective LCA study is presented based on the ISO 14040 and ISO 14044 

standards framework. Regarding the building sector, a bibliographic review was also 

done in order to establish the main guidelines when carrying out a LCA of a building. In 

this study two environmental indicators were used: ReCiPe and IPCC GWP20a and 

GWP100a, this last indicator is used to evaluate climate change in kg CO2 equivalent. 

Furthermore, this study also presents a case study of four house-like cubicles located in 

Puigverd de Lleida (Spain). These cubicles only differ in the insulation material which 

are: polyurethane (PU), mineral wool (MW), polystyrene (XPS), and one reference 

cubicle without any insulation material. 

The total results demonstrate the all-out environmental effect based on ReCiPe indicators 

and the climate change GWP impact category of the system considered have the highest 

impact for the XPS insulation, and the lowest for the MW insulation. With regards to the 

energy consumption during the annual operational phase, the consumption is significantly 

reduced for the cubicle with PU and MW. On the other hand, an environmental payback 

of the four cubicles is evaluated, and the cubicle with MW insulation has better behaviour 

among all insulation materials studied, with a payback environmental of 7 years. 

Recommendations about possible improvements and suggestions for further research 

work regarding the use of LCA methodologies are discussed as well. 
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 Resumen 
 
La industria de la construcción constituye el 40% de la demanda total de energía de la 

sociedad y aproximadamente el 44% del uso total de materiales. La evaluación del ciclo 

de vida (ACV) se aplica a todos los niveles del sistema en el sector de la construcción, 

normalmente, el ACV se centra en dos aplicaciones para el sector de la construcción: en 

la selección de materiales de construcción y considerando la vida útil completa como 

punto de partida para las mejoras. 

El ACV es un método integral que, en la actualidad, es el marco teórico más utilizada 

para calcular el potencial ambiental de cualquier producto o servicio, sin límite en cuanto 

a la ubicación geográfica. En general, el objetivo principal del uso de ACV es reducir el 

impacto ambiental de los productos a través del proceso de toma de decisiones hacia 

soluciones más sostenibles. La fase más crítica en un estudio de ACV es la evaluación 

del impacto del ciclo de vida (AICV), donde los resultados del inventario del ciclo de 

vida (ICV) de los elementos considerados relacionadas con el estudio de un determinado 

sistema, se transforman en categorías de impacto que representan el impacto en el 

ambiente.  

En este trabajo, se representa una estructura general que aclara los pasos que deben 

seguirse para llevar a cabo un estudio de ACV de manera efectiva basadas en las 

normativas ISO 14040 y ISO 14044. Con respecto al sector de la construcción, se ha 

realizado una revisión de la literatura para establecer las pautas principales cuando se 

lleva a cabo un ACV en un edificio. En este estudio se trabajó con dos indicadores 

ambientales: ReCiPe e IPCC GWP20a y GWP100a, este último es utilizado para evaluar 

el cambio climático en kgCO2 equivalente. Así también, se evalúa el ACV para un caso 

real de cuatro cubículos ubicados en Puigverd en Lleida (España), cubículos idénticos 

que solo se diferencian en el material aislante, que son poliuretano (PU), lana mineral 

(MW) y poliestireno extruido (XPS) y un cubículo de referencia sin material aislante.  

Por último, los resultados generales muestran que el impacto ambiental total basado en 

los indicadores ReCiPe y la categoría de impacto GWP de cambio climático del sistema 

considerado es más alto para el cubículo con XPS, y más bajo para el cubículo con MW. 

Con respecto al consumo de energía durante la fase operativa anual, se reduce 

significativamente el consumo para el cubículo con PU. Por otro lado, se evalúa una 

amortización ambiental de los cuatro cubículos y se observa que el cubículo con MW 

tiene un mejor comportamiento entre todos los aislantes estudiados, con una amortización 



3 
 

ambiental de 7 años.  Además, se discuten recomendaciones sobre posibles mejoras y 

sugerencias para futuros trabajos de investigación relacionados con el uso de las 

metodologías de ACV y AICV. 
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1. General introduction 
The overall contribution of buildings (residential and commercial) to the energy 

consumption increased significantly reaching figures between 20% and 40% in developed 

countries. It also surpassed the other sectors: industrial and transportation. Different 

studies state that the tendency to increase the demand for energy will continue in the 

future due to population growth, the increase in demand for comfort levels in 

construction, together with the increase in the time that people spend within their homes. 

For this reason, energy efficiency in buildings is today a primary objective for energy 

policy at regional, national and international levels [1]. The intensification of energy 

consumption in air conditioning systems is relevant, which in parallel intensified the 

demand for thermal comfort, which was once considered a luxury. These HVAC systems, 

comprising heating, ventilation and air conditioning, represent the highest final energy 

consumption. For homes it represents half of the total energy consumption. Moreover, it 

is expected that worldwide energy demand will increase by up to 71% between 2003 and 

2030 [2]. Therefore, it is important for the governmental authorities around the world to 

take the initiative and to apply the necessary practices and regulations to reduce the 

energy consumption and hence the impact on the environment. Nowadays, the Energy 

Performance of Buildings Directive [3] includes environmental information about the 

reduction of CO2 emissions, and other regulations concerning the necessity to reduce the 

energy consumption, and concentrate on renewable energy resources as well as the 

efficient management of the demand side.  

The study of LCA in the construction sector is increasingly used for many reasons, in 

addition to the concern about reducing energy consumption, there is the debate about 

climate change. In the last three decades, different researchers used the LCA methodology 

to assess the environmental potential and understand more about the use of energy in 

buildings [4]. With regards to the reduction of energy demand, insulation became the 

main technology to reduce the need for heating in cold climates. However, there is less 

research on the analysis of the life cycle of buildings in their use stage, and about which 

houses need adaptation to comfort conditions in summer during excessive heat and in 

winter due to low temperatures [4]. LCA studies help companies in the decision-making 

process, from an environmental, social, and economic point of view. 

In the LCA of a product or service, the phases of the study are divided into: manufacturing 

phase, operation phase, and the end of life phase. In general, each of these phases consume 
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a certain amount of energy and subsequently emit a harmful impact on the environment. 

These impacts on the environment mainly affect three areas of protection: ecosystem 

quality, human health, and resources. In general, there is a need to reduce energy 

consumption and the impact on the environment throughout all stages of the product life 

cycle, which is why the concept of life cycle analysis emerged. 

Until the decade of the 1990s the LCA methodology was not fully developed, SETAC 

(Society for environmental toxicology and Chemistry) was the one who established the 

first criteria of the methodology, which served as the basis for the development of the 

first LCA standards [ISO 14040-14044] published between 1997 and 1998 [5]. 

Life cycle is a set of activities during the useful life of a product or service, which begins 

with the extraction of raw material, including manufacturing, use, maintenance and 

finally ends with the final disposition. The objective of life cycle analysis studies is then 

interpreted to identify opportunities for better products from an environmental 

perspective, and better use of resources at all stages of the life cycle.  
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2. Life cycle assessment (LCA) 

  Definition 
The construction sector generate potential environmental impacts along all phases of the 

useful life, starting with the extraction of raw materials and transportation, the energy 

consumption required in the manufacturing phase and transportation until the building 

site, soil movements and possible wastes produced during the building construction, 

energy and water consumption to meet the needs for the use, maintenance and finally the 

demolition/disposition of all the construction elements used on the end of life. Moreover, 

every one of these phases of the life of the structures is interrelated, as a consequence, the 

effects in one of the phases conditions the effects of the next phases [6].   

Different research studies affirm the building sector constitutes 30-40% of total energy 

demand [7], in consequence the environmental impact is high during the use phase. 

Despite previously stated, it is also essential to analyse the other life cycle phases, all that 

with the aim to be able to contemplate all opportunities for current and future 

improvements. Moreover, it is necessary to take into account the application of the current 

regulation framework, this regulation will force a decrease in impacts at the use phases 

of the buildings. Therefore, reducing the environmental impact of buildings requires the 

application of appropriate impact assessment methodologies, of a global nature, and that 

include all stages of the life of a building [6]. 

According to SETAC, LCA is the most utilized methodology to investigate the potential 

ecological impact of all activities, product or services without geographic limit o 

functional, since it discusses all processes followed by the raw materials, from their 

extraction, transformation, and use until their return in the waste form [8]. 

LCA is a methodology which its fundamental objective is to assess the environmental 

impact of a product or a building, during its entire useful life. Figure 1 shows the general 

phases of the existence cycle of a product. 
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Figure 1: LCA of a product (adapted from [6]). 

 
There are studies of LCA of industrial products for more than 4 decades, however, its 

application to the building sector is relatively recent and requires a research effort for the 

correct adaptation of the methodology that guarantees its widespread use by users of the 

building sector. 

The application of LCA in the building entails greater complexity with respect to other 

simpler systems, such as the manufacture of products and components, which takes place 

in more controlled environments, where more information is available. In general, it can 

be affirmed that buildings constitute a very special type of product, since they have a 

relatively long life that mostly exceeds 50 years [6]. 

LCA allows to give answers to questions, i.e. about the construction system or choice of 

materials of a building. It helps in making decisions when choosing which is the best 

combination of materials for the construction of the facade, or knowing what structure is 

more environmentally friendly. Moreover, it answers questions as: what is the most 

optimal insulation thickness? Or how long is the environmental impact reduced? The 

latter is important since it refers to environmental payback, for example, in our case study, 

we have four house-like cubicle, one without insulation and the others with different 

insulation material, as will be explained in this manuscript, the construction without 

insulation initially has less environmental impacts, but it is obvious that over time the 

other constructions will have an environmental recovery quite effective because the 

insulation helps in reducing energy consumption. 
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  Relative concept to LCA 

The bases and methodology of the LCA are related, in addition to some concepts that 

actually are very useful in the environmental and sustainability sector. Then the most used 

concepts in relation to LCA are described below: 

• Buying Green: This concept is related to making decisions taking into account the 

environmental economic, social, and technical effects, of a product or service, 

during all its life cycle in the process of buying or contracting it [9]. 

• Ecodesign: is an extended version of the methods for product improvement, 

through which a company learns out how to create them in a progressively 

organized and normal way. Ecodesign leads to sustainable production and 

increasingly rational utilization of resources [10]. 

• Eco-label: Ecological labels or eco-labels are a form of labelling that refers to the 

environmental performance of a product and is usually represented by symbols, 

the main objective of these tools is to ensure reliable environmental 

communication, avoiding greenwashing [11]. 

• Greenwashing: It is a regular activity among companies and increasingly hard to 

distinguish by clients. Many companies have realized that increasingly citizens 

are claiming companies to be responsible with the environment. These companies 

sell their products like environmentally friendly and most of them are not. 

• Ecological footprint: It is the effect that our habits and actions have on the 

environment; with this concept an activity can be defined as sustainable or not 

[12]. 

• Carbon footprint: The carbon footprint is the number of greenhouse gas emissions 

that humans produce when manufacturing a product or performing their daily 

activities, it is the footprint we leave on the planet. It is expressed in tons of CO2 

emitted [13]. 

• Environmental Product Declaration EPD: The environmental profile is an 

increasingly important criterion for public, private, and consumer choice. 

Companies have various mechanisms to accredit and communicate the 

environmental excellence of their products and services, among which the 

Environmental Product Declarations (EPD) in accordance with International 

Standard ISO 14025. For construction products and services, the European 

Standard EN 15804 [14]. 
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  Background of LCA 
Life Cycle Assessment (LCA) was developed in the 1960s, through a collaboration 

between universities research and the industry sector. LCA studies were known as 

Resource and Environmental de Profile Analysis (REPA) or Eco-balances until the name 

LCA appeared; this became a recognised methodology in the 1990s. The methodology 

was developed in the US and for the most part occurred there [5].  

The first methods of LCA were inspired by material flow accounting, focusing on making 

inventories on the use of energy and fossil resources, emissions, and generation of solid 

waste. Moreover, since the “oil crisis” of the 1970s, a large number of more detailed 

studies were carried out aimed, above all, at the optimal management of energy resources. 

In the 1970s, the first studies of LCA based on processes where product packaging was 

analysed were carried out, as it was a great consumer concern in the 1970s. For example, 

The Coca Cola Company made a pioneering study in 1969 where plastic bottles were 

compared with rechargeable glass bottles, with the aim of reducing the consumption of 

resources and the number of emissions to the environment (the results were mainly used 

for internal purposes) [5].  

With regards to the construction sector, in 1982 a study was published where an approach 

to the life cycle using a flow chart of inputs and outputs, which highlighted the depletion 

of natural resources caused by this sector [6] was carried out, as shown in Figure 2. 

However, until the decade of the 1990s the methodology of LCA was not sufficiently 

developed, so its application was quite limited. SETAC was founded in 1979 with the 

objective of developing a methodology and criteria for LCA, and they established the first 

official definition of LCA: "it is an objective process to evaluate environmental loads 

associated with a product, or activity identifying and quantifying the use of matter and 

energy and discharges to the environment, in order to determine its impact on the 

environment and evaluate and implement strategies for environmental improvement". In 

addition to this institution, in the first methodologies and guidelines for making 

inventories of the life cycle were published in the decade of the 1990s and the first 

inventories for dissemination were organised [5,6]. In 1996, SETAC produced the 

Towards a Methodology for Life Cycle Impact Assessment report, which served as the 

basis for the development of the first LCA standards [ISO 14040-14044] published 

between 1997 and 1998 [6]. 
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Figure 2: Life Cycle Assessment of the building sector (adapted from [6]). 

 

  Different steps for LCA 
The general methodology of a LCA consists in four main steps, as shown in Figure 3: 

• Goal and scope definition. 

• Life Cycle Inventory (LCI). 

• Life Cycle Impact Assessment (LCIA). 

• Interpretation. 

The methodology of the LCA is iterative, which implies that each of the four-step is 

interrelated. Thus, when the main outcomes are obtained, the theory done during each 

step can be changed and can be redefined. The results can be useful inputs for various 

decision-making processes. 

The goal and scope definition is the first step of an LCA and determine the purpose of a 

study in detail. Moreover, establishes the functional unit and system boundaries. The life 

cycle inventory analyses in detail the system, in this step is doing a collected and synthesis 

of information. In the life cycle impact assessment take into account environmental 

impacts of various flows of material and energy are assigned to different environmental 

impact categories, the characterization factor is used to calculate the contribution of each 

of the components for different environmental impact categories (climate change, ozone 

depletion, ecotoxicity, human toxicity, photochemical ozone formation, acidification, 

eutrophication, resource depletion, and land use). Lastly, interpretation of results span 

from both the life cycle inventory analysis and life cycle impact assessment[15]. 
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Figure 3: Main steps of the LCA (adapted from ISO-UNE 14040 [16]) 

 

 

2.4.1 Goal and scope description 
The goal of a LCA study establishes the intended application and different reasons to 

carry out the LCA study. Due to the iterative nature of the LCA, the scope may have to 

be adjusted during the study (UNE-EN ISO 14040:2006 standard [16]). 

The scope includes information on the functional unit, system boundaries, data quality 

requirements, limitations in the study, as well as which impact categories the study 

focuses on. Below, some definitions with regard to the scope are detailed: 

• Function of the system: It is important to highlight that a system can have more than 

one function, the choice depends on the goal and scope. Therefore, if a comparison of 

two different systems is required, they must develop the same function [16]. 

• Functional unit: The scope of a LCA should specify the performance characteristics 

of the system under study, the functional unit must be consistent with the objectives 

and scope of the system [16,17], since one of the main purposes of the functional unit 

is to provide a reference for normalization of the input and output data. The objective 

and scope cannot be part of a generic LCA methodology, so it will not be appropriate 

to select a generic functional unit that covers the services of interest. however, it is 

recommended that all cases that can be addressed for the functional unit of interest 

are listed [7]. In the literature you can find some examples of functional unit that is 
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used for the construction sector, for example, when the objective of the study is to 

reduce energy consumption in the use phase, the functional unit can be 1m2 of the 

surface of wall during its useful life of 50 years, or when evaluating the environmental 

impact of HVAC systems, the functional unit can be the amount of kWh of cooling 

and heating energy produced by the unit during its useful life [4]. 

• Declared unit: The declared unit is used instead of the functional unit when the exact 

function of the product or the scenarios at the building level is unknown. The declared 

unit provides a reference that allows to normalize (in a mathematical sense) the 

material flows of the information module of the construction product, in order to 

produce data expressed through a common base [14]. 

• System Boundary: The system boundaries describe the unit processes to be included 

in the system. In general, the product system should be modelled so that the inputs 

and outputs at their limits are elementary flows. However, it is not necessary to spend 

resources to quantify such inputs and outputs that will not produce significant changes 

in the final conclusions of the study. In many cases the system limits initially defined 

will have to be adjusted [18]. The most popular system boundary used in the building 

sector is “Cradle to grave”. There are many bases for selecting a system boundary for 

buildings [19]. Figure 4 shows the different phases of a building and its possible 

system boundaries. 

 

 
Figure 4: System boundaries of a building [6]. 

 

Main impact categories for the building sector: The methods of evaluation are different 

depending on the impact category that is used and the importance given during the 

weighting. Table 1 Shows the main impact categories that are strongly recommended to 

include when performing an LCA on a building. 
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Table 1: Main impact categories for building sector [6]. 

IMPACT CATEGORIES 
Global warming 
Ozone depletion 

Land and water acidification 
Eutrophication 

Water and terrestrial ecotoxicity 

 

2.4.2. Life cycle inventory (LCI) 
Life Cycle Inventory (LCI) is defined as a phase of LCA involving the compilation and 

quantification of inputs and outputs for a given product system throughout its life cycle 

[20]. The unit processes quantify inputs and outputs, where the input includes the energy 

consumption and raw material, while the output includes emissions to the atmosphere, 

water, soil, and the generation of waste. In summary, the main idea is to make a flow 

balance where the inputs and outputs of the system are taken into account, together with 

the useful life, finally relating the entire flow balance to the chosen functional unit. Figure 

5 presents a scheme of this idea. 

 

 
Figure 5: Life cycle inventory LCI (adapted from [21]). 

 

With regard to the calculation process of the LCI, explaining it in a simplified way, this 

consists in acquiring the data of the materials per unit of mass and this data   is multiplied 
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by the total mass of each material [22]. Provided that an investigation is made preliminary 

to carry out the sizing of the system to study. 

 
2.4.3. Life cycle impact assessment (LCIA) 

Life cycle impact assessment (LCIA) aims to assess how relevant the potential 

environmental are using the results of the LCI. In general, this phase includes the 

association of inventory data with the categories of environmental impacts and with the 

indicators of those categories to understand the impacts [16]. LCIA must include 

mandatory elements and optional elements, as shown in Figure 6, there are six phases: 

selection of impact categories, classification, characterisation, normalisation, grouping 

and weighting [16,18]. According to ISO standards [16], characterisation, based on 

scientifically justified factors, is considered the last mandatory step of an LCIA. In 

characterisation, different environmental interventions (emissions, resource extractions, 

and land use) are added to impact category indicator results on the basis of the relevant 

environmental processes. Impact points are expressed in units, which differ between 

impact categories. From the company perspective (or stakeholder), impact category 

indicator results are more manageable than inventory results but due to  [23]. 

It is the calculation of the magnitude of the results of the category indicator with respect 

to certain reference information and is intended to better understand the relative 

magnitude for each result of the indicator of the study system [24]. Additionally, 

normalisation is used to check for inconsistencies, to provide and communicate 

information on the relative significance of the indicator results and to prepare for 

additional procedures, such as grouping, weighting or life cycle interpretation. The 

following equation is adequate for both approaches: 

 

Equation 1:                                     Ni = Si / Ri 

 

where i is the impact category, Nis the normalised results, S is the product system results, 

and R is the reference value [23]. 
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Figure 6: Elements of the phase LCIA (adapted from [16]). 

 

According to the ReCiPe methodology, as well as the requirements of this study, the 

environmental impact is assessed and expressed through of 11 damage categories 

(acidification and eutrophication, ecotoxicity, land occupation, carcinogenics, climate 

change, ionising radiation, ozone layer depletion, respiratory effects, fossil fuels, and 

mineral extraction). Those damage categories are further aggregated into three areas of 

protection that express the main aspects of environmental and societal concern (human 

health, eco-system quality, and natural resources). After extracting the inventory data 

needed from the Ecoinvent database, the evaluation of each impact category is given by: 

 

Equation 2:                                     𝐼𝐼𝐼𝐼𝐼𝐼𝑗𝑗 = ∑ 𝑑𝑑𝑘𝑘𝑗𝑗 ∗ 𝐿𝐿𝐿𝐿𝐼𝐼𝐾𝐾𝑘𝑘  

 

where IMPj is the j damage category, dkj is the coefficient of damage extracted from the 

considered database associated with the component k and damage j, and for last the LCIk 

is the life cycle inventory entry (i.e. kg of polyurethane). These results of impact are single 

score indicators representing the potential impact on the environment through different 

damage categories [25]. 
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In this study only the endpoint damage indicator was considered to simplify the 

assessment, as shown in Table 2.  

 

Table 2: Endpoint damage categories [26] 

Eco system quality Human health Resources 
Terrestrial acidification 
Terrestrial ecotoxicity 
Agricultural land 
occupation 
Freshwater eutrohication 
Urban land occupation 
Freshwater ecotoxicity 
Natural land 
transformation 
Marine ecotoxicity 
Climate change, 
ecosystems 

Climate change, human 
health 
Human toxicity 
Photochemical oxidant 
formation 
Ozone depletion 
Particulate matter 
formation 
Ionising radiation 

Fossil depletion 
Metal depletion 

 

2.4.4. Interpretation of the results. 
The interpretation is the combination of the previous results, both of the inventory 

analysis and of the impact evaluation, in addition, the interpretation must provide results 

consistent with the previously defined goal and scope. This is important because it may 

involve a review and update of the scope by the iterative nature of the LCA. The analysis 

includes improvement measures, in the design, in the product or in waste management. It 

is important in the decision-making process, not only with regard to the environmental 

impact but also economic or social criteria.  

According to the UNE-ISO 14044:2006 [18], the interpretation phase of LCI or LCIA 

includes: 

• The identification of significant matters. 

• Evaluation that considers the verification of the integrity, sensitivity and 

coherence analysis. 

• Conclusions, limitations and recommendations. 

In addition, the interpretation must also consider the adequacy of certain definitions, 

functions of the system, functional unit and the limits of the system, as well as the 

limitations identified. 
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2.5.  LCA of the building sector 
Most of LCA studies applied to the construction sector were always focused on the 

demand of energy needed in the life cycle of the building, in its construction, use, 

rehabilitation, and demolition phases [4].  

The LCA applied to the construction sector is of vital importance in the decision-making 

process of companies or organizations of the same sector, which helps to visualize the 

opportunities recognizing the environmental effects produced by the sector, also helps to 

establish priorities for the eco-design or eco-rehabilitation. The application of the LCA 

methodology also helps to determine techniques for waste treatment and transportation 

of construction materials. Also, the LCA in the construction sector gives important 

contributions to new research and development (R&D) projects. Table 3 shows one list 

of the prospective users of LCA in the building industry.  

 

Table 3: Prospective users of LCA in the building sector [6]. 

USER CONSTRUCTION 
PROCESS PHASE 

LCA MAIN GOAL 

Urban planners 
and municipal 
advisers 

Preliminary phase 

Establishment of goals in a 
municipal or estate scale. 
Inform about construction 
and rehabilitation policies. 
Establishment of goal for 
developing areas. 

Developers and 
clients Preliminary phase 

Choose the building 
location. 
Calculate building design. 
Establish specific 
environmental goals. 

Construction 
Product 
Manufacturers 

First and detailed 
designs 

Evaluation of the impact 
during the production of 
the materials. 
Eco-labelling and 
Environmental Product 
Declarations (EPDs). 

Architects, 
engineers and 
consultants 

First and detailed 
designs of new 
buildings in 
collaboration with 
engineers. 
Rehabilitation 
projects 

Comparing between 
different design options. 
Comparing with past 
researches. 
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The help of software tools is needed to simplify the elaboration of the LCI and LCIA, so 

when working with tools adapted for the construction sector, the interface is simplified, 

which simplifies the process and facilitates data entry and interpretation from the results. 

An important aspect when using these types of tools is that they must contain a 

sufficiently accurate database. 

Table 4 presents a list of the most used databases for the elaboration of the LCI and LCIA, 

where it can be affirmed that Ecoinvent is one of the most complete international 

databases [27,28]. 

 

 

Table 4: LCI databases [6] 

DATABASE CONTENT 

ELCD core database 
v.II (2009) 

Materials, energy, transportation 
and waste management 

US Life-Cycle 
Inventory database 
v.1.6.0 (2008) 

Energy and material flows for the 
most common unitary processes 

Ecoinvent v.3.5 (2018) 

Huge variety of processes including 
energy, transportation, construction 
materials, chemical products, waste 
management. 

IVAM LCA Data v.4.06 
Dutch data about materials, 
transportation, energy and waste 
management 

Boustead Model v.5.0.12 Materials and fuel and energy 
production database 

Athena database v.4 
(2009) 

Energy consumption and emissions 
of construction products along their 
active life 

Idemat (2001) Dutch database, compiled with data 
from different sources 

Gabi database 
Includes agricultural, construction, 
chemical and electronic processes, 
energy, alimentation 

ETH-ESU (1996) Swiss database focused on energy, 
transportation and waste 

GEMIS 4.5 (2009) 

Free database that includes energy 
and transportation processes, 
materials, recycling and waste 
management 
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3. Impact analysis 
The methodology used in this study applies the recommendations from the international 

standards mentioned before to a case study. The scope, assumptions, and limitations 

should remain wide enough to allow comparisons of the results with future building 

assessments. Furthermore, this methodology integrates the analysis of energy demand 

with the evaluation of environmental impacts. In addition, it implements a sensitive 

analysis of materials for the insulation of a building, highlighting the importance of 

insulating materials in reducing energy consumption. In this work, quantitative 

environmental impacts will be calculated using two main methods of impact assessment 

called ReCiPe and IPCC GWP100a. 

 

3.1. ReCiPe method 
ReCiPe method was developed based on an updated version of CML and Eco-indicator99 

[25]. The primary objective of the ReCiPe method is to transform the large table of 

emissions resultant from the LCI, into a limited number of indicator scores chosen by the 

user. These indicator scores show the relative contribution on an environmental impact 

category. Therefore, in ReCiPe indicators are determined at two levels [26]: 

• Eighteen midpoint indicators, that are relatively robust, but not easy to interpret. 

• Three endpoint indicators; easy to understand, but more uncertain endpoints. 

Midpoint categories are based on a scientific background but can sometimes be difficult 

to interpret, while endpoint categories are damage oriented an easier to interpret, but have 

higher uncertainty [29]. An overview of the structure ReCiPe is shown in Figure 7. 

Table 5 specifies the characterization factors as well as impact categories and damage 

categories. 

Human health, ecosystem quality and resource scarcity were selected in ReCiPe2008 as 

the three areas of protection. It was decided to keep the same three areas of protection for 

the implementation of the ReCiPe2016 methodology and the endpoints are related to the 

three areas of protection [26]. 
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Table 5: Recipe methodology. Characterization factors. 

Impact Categories Unit  Damage Categories 
Unit 
endpoint 
categories 

Climate change  kgCO2 eq  Climate change: human 
health 

DALY* 

Ozone depletion kgCFC-11 
eq  Ozone depletion 

Terrestrial acidification kgSO2 eq  Human toxicity 

Freshwater eutrophication kgP eq  Photochemial oxidant 
formation 

Marine eutrophication kgN eq  Particulate matter 
formation 

Human toxicity kg1.4-DB 
eq  Ionising radiation 

Photochemial oxidant 
formation kgNMVOC  Climate change: 

Ecosystems 

SPECIES** 
YEAR 

Particulate matter formation kgPM10 eq  Terrestrial acidification 

Terrestrial ecotoxicity kg1.4-DB 
eq  Freshwater 

eutrophication 

Freshwater ecotoxicity kg1.4-DB 
eq  Terrestrial ecotoxicity 

Marine ecotoxicity kg1.4-DB 
eq  Freshwater ecotoxicity 

Ionising radiation kgU235 eq  Marine ecotoxicity 

Agricultural land occupation m2a  Agricultural land 
occupation 

Urban land occupation m2a  Urban land occupation 

Natural land transformation m2  Natural land 
transformation 

Water depletion m3   
Metal depletion kgFe eq  Metal depletion $*** 

$ Fossil depletion kgoil eq  Fossil depletion 
*DALYs (disability adjusted life years), relevant for human health, represent the years that are 
lost or that a person is disabled due to a disease or accident. 
** SPECIES YEAR the unit for ecosystem quality is the local species loss integrated over time. 
*** $ the unit for resource scarcity is the dollar, which represents the extra costs involved for 
future mineral and fossil resource extraction. 
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Figure 7: Overview of structure ReCiPe from RIVM [30]. 

 

3.2.  IPCC GWP method 
In order to quantitatively compare the greenhouse effect of different greenhouse gases, a 

global warming potential (GWP) index which is based on the ratio of the radiative forcing 

of an equal emission of two different gases, integrated either over all time or up to an 

arbitrarily determined time horizon can be used. The GWP index is analogous to the 

ozone depleting potential (ODP) index [31]. 

GWPs are a quantified measure of the globally averaged relative radiative forcing impacts 

of a particular greenhouse gas. It is defined as the cumulative radiative forcing integrated 

over a period of time from the emission of a unit mass of gas relative to some reference 

gas (IPCC 1996). Carbon dioxide (CO2) was chosen by the IPCC as this reference gas 

and its GWP is set equal to one. GWP values allow to compare the impacts of emissions 

and reductions of different gases. So to be clear, GWP values are applied to units of mass 

not to units of volume. 

There are three key factors that determine the GWP value of a GHG [32]: 
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• The gases absorption of infrared radiation. 

• Where along the electromagnetic spectrum (i.e., what wavelengths) the gas absorbs 

radiation. 

• The atmospheric lifetime of the gas. 

Only GWP values for gases that have a long atmospheric lifetime (i.e., in years) are 

typically used. Because only these gases last long enough in the atmosphere to mix evenly 

and spread throughout the atmosphere to form a relatively uniform concentration. GWP 

values are meant to be “global,” as the name implies. So if a gas is short-lived and does 

not have a global concentration because it is destroyed too quickly to even mix throughout 

the atmosphere, then it cannot really have a GWP. This given time used by GWP depends 

on if it is desired to predict the emissions long-term effects (GWP100 or GWP500) or 

their short-term effects (GWP20 or GWP50), and the values are periodically published 

by the Intergovernmental Panel on Climate Change (IPCC). The most widely used are the 

GWP100 and the GWP20.  
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4. Case study: Life cycle assessment of insulation materials for 

buildings in Mediterranean climate 

 

4.1. Introduction 
This case study is based on an experimental set-up that consists of house-like cubicles 

located in Puigverd de Lleida, Spain [33]. Research studies are being done in order to 

investigate the thermal performance and the potential energy savings that can be achieved 

using different insulation materials. For our study, four cubicles were selected. The 

insulation materials used were of the traditional type, such as polyurethane, polystyrene, 

and mineral wool. Previous studies carried out in this set-up obtained significant energy 

savings, within the range of 37% in winter and 64% in summer, in comparison to other 

cubicles that have no insulation [33]. Similar studies can be found in the literature; for 

example, Soubdhan et al. 2005 [34] investigated the use of insulation materials on the 

roofs in comparison with radiant barriers in terms of different heat transfer modes, where 

insulation materials such as fibreglass and polystyrene shows significant heat flux 

reductions through building roofs.  

 

 
Figure 8: General overview of the cubicles located in Puigverd de Lleida [33] 

In those previously mentioned studies, the inclusion of insulation materials was studied. 

Results show that although traditional insulating materials (polyurethane, mineral wool, 

and polystyrene) reduce the energy consumption during the operational phase, they have 

high embodied energy causing high environmental impact during manufacturing phase 

[22,35]. 

Traditional insulating materials (polyurethane, polystyrene, etc.), although helping in 

reducing the energy demand, they also have high impact on the environment particularly 

during the manufacturing phase, which encompasses the industrial and chemical 
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processing of raw materials. This high impact is represented in different emissions, 

releases and wastes that affect the human health and the ecosystem quality [36,37]. 

 

4.2. Case study 
The construction system of those cubicles are made the following layers on the walls 

(Figure 9): perforated bricks, plaster, hollow bricks, and cement mortar; and a roof based 

on a concrete precast beam, 5 cm of concrete slab, plaster, insulating material, cement 

mortar, and double asphalt membrane [38]. The internal dimensions of the cubicles are 

2.4 m × 2.4 m × 2.4 m, with an external surface of 9 m2. The description, justification, 

and construction process (Figure 10) of this experimental set-up is detailed in published 

literature [34,39].  

The cubicles differ only in the insulation material which is used, a reference cubicle 

without insulation, a cubicle insulated with polyurethane, a cubicle insulated with 

extruded polystyrene, and a cubicle with mineral wool [33]. The insulation materials are 

installed in all the walls and on the roof. Beside the insulated cubicles, there is a reference 

cubicle that is included in the study as well. This cubicle has no insulation in the walls, 

and has only layer of polyurethane insulation on the roof. This cubicle is included in the 

study in order to have a total overview about the increment in the environmental impact 

that can be caused by adding insulation materials and also to see the differences in the 

operational phase. 

 

  

 
(a) 

 
(b) 

Figure 9: Section of the constructive solution [33]: (a) Reference cubicle; (b) Cubicle 

with insulation. 
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The cubicles studied are detailed below (Figure 10): 

(a)  Reference cubicle: This cubicle has no insulation. 

(b) Polyurethane cubicle (PUR): The insulation material used is 5 cm of spray foam 

polyurethane. 

(c) Mineral wool cubicle (MW): the insulation material used is 5 cm of mineral wool. 

(d) Polystyrene cubicle (XPS): The insulation material used is 5 cm of extruded 

polystyrene. 

The thickness of 5 cm as it is the minimum thicknesses according to the Spanish building 

code [40] for Lleida climate zone. 

The dimensions and shape of these cubicles were chosen to optimize the energy efficiency 

of the cubicles, also allowed testing the technologies in a realistic scenario reducing costs 

related to the construction of a building [41]. Moreover, the orientation of all cubicles is 

North-South, with insulated doors and condenser units from heat pump always facing 

north [41]. The experimental methodology used to evaluate the thermal effects of each 

insulating material and the energy performance in the cubicles in comparison to a 

reference cubicle is described.  To control the temperature, a heat pump is used for cooling 

and heating, the data is registered at five minutes interval and the HVAC (Split Wall 

Inverter model ASG 7 Ui) is connected 24 h per day.  

The electrical energy required to reach a set point of 24 ºC for the summer period and 21 

ºC for the winter period, by the heat pump are compared between cubicles. Temperatures 

are measured with 6 temperature sensors (Pt-100 DIN B calibrated with a maximum error 

of 0.3ºC), on each wall, floor and roof, and also an internal sensor of temperature and 

relative humidity (ELEKTRONIK EE21, accuracy 2%)) at 1.5 m height. 
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(a) 

 
(b) 

  

 
(c) 

 
(d) 

Figure 10: Construction process of the cubicles [33]. (a)Reference cubicle; (b)Cubicle 
Insulated with PUR; (c)Cubicle insulated with MW; (d)Cubicle insulated with 
polystyrene XPS. 

 

4.3. Description of the insulation materials 
The main physical and thermal properties of the insulation materials used for this study 

are shown in Table 6, the lowest thermal conductivity is presented by PU. These 

properties are referenced in an experimental work of the year 2009, in which the 

performance of the insulating materials in a Mediterranean climate was evaluated [32], 

which serves as a starting point, after 10 years, to apply the methodology of LCA and 

compare the environmental behaviour of the same insulating materials. 

 

Table 6: Thermal and physical properties of the selected insulation materials [33]. 

Insulation materials Thermal conductivity 
(W/m·K) 

Density  
(kg/m3) 

Thickness 
(cm) 

Thermal diffusivity 
(m2/s) 

 

Mineral wool 0.035 100 5 3.5×10-7  

Polystyrene XPS 0.034 48 5 7.08×10-7  

Polyurethane PU 0.028 35 5 8×10-7  
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4.3.1.  Mineral wool (MW) 
The porous and elastic structure of the wool also absorbs noise. Mineral wool is 

incombustible and does not fuel fire or propagate flames. Moreover, it is produced by 

melting at 1600 ºC several kinds of rocks, such as dolostone, basalt and diabase, obtaining 

fibres that are then bound together using binders, usually resins, food-grade starches, and 

oils. Mineral wool is commercialized as panels, felts, pipe sections, or rolls [42]. These 

commercialized materials are usually characterized by their low cost in the market and 

they can be easily handled by operators without losing thermal performance. Values of 

thermal conductivity ranging from 0.033 to 0.040 W/m·K. Research studies demonstrated 

that the thermal insulation performance of mineral wool materials for building application 

is negatively affected by water vapour condensation [42,43]. Furthermore, it can be 

recycled and therefore reintegrated in the productive cycle [44]. 

 

4.3.2.  Extruded polystyrene (XPS) 
Extruded polystyrene (XPS) is manufactured by melting polyester grains into an extruder, 

with the addition of a blowing agent [42]. XPS is characterized by higher specific heat 

(between 1.3 and 1.7 kJ/kg·K). Moisture affects negatively the values of thermal 

conductivity [45]. Recycling process of these materials is achieved by specialized 

industries, because these materials are easily flammable and burning releases dangerous 

gases, a fire retardant is often added in the manufacturing process [42]. 

 

4.3.3. Polyurethane (PUR) 
Polyurethane (PUR or PU) is manufactured through an exothermic reaction between di-

or polyisocyanate with a polyether polyol [42]. Its main properties are a thermal 

conductivity ranging from 0.022 to 0.040 W/m·K, a density ranging from 15 to 45 kg/m3, 

and a specific heat between 1.3 and 1.45 kJ/kg·K. Its thermal conductivity is affected by 

the cell size and decreases when the cell size decreases [39]. Regarding recycling as XPS 

also needs to be carried out by specialized industries [42]. 
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4.4. LCA methodology 
 

4.4.1. Goal and scope 
As mentioned in the previous section, the energy savings based on the results of previous 

studies were satisfying using traditional insulation materials like polyurethane foam and 

mineral wool [33]. However, in other studies, it was verified that the environmental 

impact of using polyurethane foam contributes with a high percentage to the impact on 

the environment during the manufacturing and disposal phases, which reflects its high 

embodied energy [46]. For that reason, the main aim of this study is the compare the 

environmental impact of the different insulated cubicles in the Mediterranean climate. 

Besides, for the study of one year of energy consumption, only is considered four months 

in summer and four months in winter. This study of energy consumption is made through 

monitoring the temperature with two set-point, 24ºC during the summer period and 21ºC 

during the winter period. The lifetime of the cubicles is assumed to be 50 years, which is 

consistent with most of the published case studies [47,48]. 

 

4.4.2. Functional unit 
In this study, two different functional units are defined and evaluated. The first functional 

unit was 1 m2 of livable floor per year based on publications of LCA studies in the 

construction sector [13,31,37]. The other considered functional unit is the entire cubicle, 

which will allow comparison with previous LCA studies carried out by the research group 

GREiA [48,50,51]. 

 

4.5. Life cycle inventory (LCI) of the case study 
In this section, the inventory analysis is presented which is divided into two relevant 

phases, the manufacturing phase and the operational phase. For this study, the dismantling 

of the materials was included in the manufacturing phase. 

 

4.5.1. Manufacturing/dismantling phase 
The inventory list of all materials used for the manufacturing/dismantling phase of the 

four cubicles that span this study is shown in Table 7. Moreover, the mass used in kg for 
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each material on the manufacturing phase are also presented. Those materials which are 

available in the database in m3, are multiplied by their density to obtain their mass in kg 

and finally they are multiplied by the points of impact as shown in Table 9. In the section 

4.7 (interpretation of results) you can see  the impact for each phase, manufacturing and 

operational ( as shown in Table 10) and the impact of each damage category during the 

manufacturing/ dismantling phase (as shown in Table 12). 

 

Table 7: Life cycle inventory. 

Components Mass used 
(kg) 

Brick 5456 
Base plaster 518 
Cement mortar 608 
Steel bars 262 
Concrete 1229 
In-floor brick 1770 
Asphalt 153 
Polyurethane on roof 9 
Polyurethane insolation 63 
XPS insolation 99 
Mineral wool insolation 207 
Disposal brick 5456 
Disposal plaster 518 
Disposal mortar 608 
Disposal concrete + steel bars 1492 
Disposal in floor brick 1770 
Disposal asphalt 153 
Disposal PU on roof 9 
Disposal XPS 99 
Disposal Mineral wool 207 
Disposal PU 63 

 

 

4.5.2. Operational phase 
The operational phase in the realization of the life cycle inventory is related to the useful 

life of the system and therefore with its energy consumption. 

As mentioned earlier, this work is based on an experimental study conducted 10 years 

ago [33]. The performance of the cubicles was evaluated in the same scenario that is 

currently presented, the study carried out in 2009 monitored the energy consumption of 

the cubicles, which used the same measurement sensors as currently, only differs from 

HVAC system used. In 2009 the HVAC systems used were air conditioning system for 
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summer period and electrical oil radiator for the winter period, while in 2019 a heat pump 

inverter was used for both summer and winter periods.  

Table 8 shows the results of the monitoring of energy consumption in both 2009 and 

2019, where it can be seen that the energy consumption in the summer period increases 

up to 21% measured for the same insulation compared to 2009, while in the winter period 

it decreases up to 42% measured for the same insulation compared to 2009. In addition, 

for the whole year the energy consumption is significantly reduced up to 33%. It should 

be highlighted that the changes in the energy consumption might be due to different 

climatology in the periods studied. 

 

Table 8: Annual electric energy consumption for 2009 [33] and 2019. 

Annual electric energy consumption (kWh) REF MW XPS PU 
Summer* 2009 (air conditioning system) 392.8 211.2 214.8 199.6 

2019 (inverter heat pump) 372.0 246.7 261.3 227.4 
Winter** 2009 (electrical oil radiator) 1582.4 1114.8 1132.8 1106.4 

2019 (inverter heat pump) 827.1 648.5 657.8 653.0 
Total for a year 2009 1975.2 1326 1347.6 1306 

2019 1199.1 895.2 919.1 880.4 
*Summer period: 4 months with similar heating demand to the second week of June 2016, 

for achieve the comfort conditions is used a heat pump with a set point of 24ºC. 

**Winter period: 4 months with similar heating demand to the second week of January 

2019, for achieve the comfort conditions is used a heat pump with a set point of 21ºC.  

 

4.6.  Life cycle impact assessment (LCIA) 
Life cycle impact assessment (LCIA) is a method used to clarify the intensity of the LCI 

results with respect to their environmental effects, such as climate change, human health, 

and biodiversity. In the following Table 9 the inventory is analysed for environmental 

impact with the ReCiPe methodology and the GWP100a methodology. Moreover, the 

impact of the m2 of liveable floor of the materials is presented. 
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Table 9: Life cycle inventory and impact point during manufacturing/dismantling phase. 

Component ReCiPe  GWP 100a  
Impact 
points 
per kg* 

Impact/ 
m2 floor 

 (kg CO2-eq) Impact/ 
m2 floor 

Brick 121.9 13.5 1340.3 148.9 
Base plaster 10.9 1.2 119.1 13.2 
Cement mortar 11.9 1.3 125.4 13.9 
Steel bars 4.7 0.5 49.3 5.5 
Concrete 6.9 0.8 82.9 9.2 
In-floor brick 42.5 4.7 396.9 44.1 
Asphalt 4.8 0.5 16.7 1.9 
Polyurethane on roof 6.5 0.7 50.3 5.6 
Polyurethane insolation 43.3 4.8 335.3 37.3 
XPS insolation 45.4 5.1 371.9 41.3 
Mineral wool insolation 29.6 3.3 260.6 28.9 
Disposal brick 10.7 1.2 64.1 7.1 
Disposal plaster 0.8 0.1 4.2 0.5 
Disposal mortar 1.3 0.1 7.6 0.9 
Disposal concrete + steel bars 1.6 0.2 9.9 1.1 
Disposal in floor brick 3.7 0.4 22.2 2.5 
Disposal asphalt 0.3 0.1 2.3 0.3 
Disposal PU on roof 0.4 0.1 21.2 2.4 
Disposal XPS 5.3 0.6 263.2 29.2 
Disposal Mineral wool 0.2 0.1 0.9 0.1 
Disposal PU 2.9 0.3 141.6 15.7 

*As found in the database. 

 

4.7. Interpretation of the results 
 

4.7.1. Functional unit 1: Whole cubicle 
In this section, the comparison of the results of the studied cubicles is presented. In order 

to compare the cubicles between each other, the functional unit as the whole cubicle is 

considered. 

4.7.1.1. Results from ReCiPe indicator. 
In order to evaluate the impacts with the ReCiPe indicators, two important phases were 

considered in the analysis of the life cycle of the cubicles, these are the manufacturing 

phase and operational phase which is divided into two periods per year, summer and 

winter. Table 10 presents the impact points of the different phases and the total impact 

points per year of the cubicles, taking into account a useful life of 50 years. Moreover, it 

is important to note that adding insulation to the reference cubicle reduces the total impact 

points by 16%, 14%, 17%, if PU, XPS, and MW are added, respectively. 
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Table 10: Total impact points with ReCiPe indicator for 50 years lifetime. 

Total Summary REF MW XPS PU 

Manufacturing 229 259 274 272 
Summer period 249 165 175 152 
Winter period 553 434 440 437 

Total 1031 857 889 861 
 

Figure 11 presents the breakdown of the four analysed cubicles. As it can be seen, winter 

period is the most representative period for all cubicles with 50% of the total impact, this 

being the most critical period in the operational phase, in which energy consumption is 

up to three times higher than in summer. Moreover, the operational phase (summer and 

winter period) represent 70% about the total impact, while the manufacturing phase 

represent up to the 30% of the total impact, when ReCiPe indicators were used. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 11: Global overview for manufacturing and operational phase of each cubicle 
shown IN percentage of the total impact point: (a)Reference cubicle, (b),Cubicle 

insulated with PU, (c) Cubicle insulated with XPS, and (d) Cubicle insulated with MW. 
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4.7.1.2. Results for IPCC GWP100a and GWP20a 
Table 11 shows that the manufacturing phase represents almost 45% of the total emissions 

of kgCO2eq, which exceeds the winter period of the operational phase that has 5% less 

than in the manufacturing phase. This demonstrates the importance of the materials 

manufacturing phase of the building sector and the impact it has on climate change. Also 

quite low impacts are found in the summer period compared to the winter period, this is 

due to the lower energy consumption in that period of the year in the climate analysed. 

Finally, the carbon footprint estimation analysis establishes that, at 100 years, the impact 

is mainly attributed to the production of the brick, however in the operational phase winter 

is still a fairly critical period in relation to the environmental impact. 

 

Table 11: Total kgCO2eq of IPCC GWP100a and GWP20a  methodology  

Total Summary REF 

20a 

REF 

100a 

MW 

20a 

MW 

100a 

XPS 

20a 

XPS 

100a 

PU 

20a 

PU 

100a 

Manufacturing 2480 2312 2802 2573 3024 2684 2896 2648 

Summer period 1505 1289 998 855 1057 905 920 788 

Winter period 3345 2866 2623 2247 2661 2279 2641 2263 

Total 7330 6467 6422 5675 6741 5869 6457 5698 

 

Figure 12 presents again the breakdown of the total emissions of kgCO2eq for the four 

analysed cubicles. As it can be observed, the winter period remains a representative period 

with 40% of the total impact. However, when the GWP indicator is used, the 

manufacturing phase acquires relevance with 46% of the total impact, as a result, the 

manufacturing phase and operational phase almost have in equal measure the emissions 

of greenhouse gases. 
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(a) (b) 

(c) (d) 

Figure 12: Global overview for manufacturing and operational phase of each cubicle 
shown as percentage of the GWP100a in kgCO2eq: (a)Reference cubicle, (b) Cubicle 
insulated with PU (c) Cubicle insulated with XPS, and (d) Cubicle insulated with MW. 

 

4.7.1.3. Results per damage categories 
The damage category most critical is Human health for both manufacturing phase and 

operational phase, mainly in the impact categories: Climate change and Human toxicity. 

And with regard to, Ecosystem quality, their impact categories most critical are: 

Agricultural land occupation and Climate change ecosystems. Finally, in the damage 

category Resources, its impact category critical is: Fossil depletion. 

by comparing analysis of the four cubicles regarding the damage categories, is observed 

that, the cubicle insulated with XPS presents the highest impact for each one damage 

categories: Ecosystem quality, Human health, Resources.  
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In Table 12 is presented the results of the impacts during the manufacturing and 

operational phase of the cubicles for each damage category. 

 

Table 12: Impact point results per category during manufacturing and operational phase 

 Cubicle Ecosystem 
quality 

Human 
health 

Resources Total 

Manufacturing impact REF 61 97 77 229 
PU 68 107 97 272 
XPS 68 104 102 274 
MW 67 103 89 259 

Operational impact summer REF 82 97 73 249 
PU 50 57 45 152 
XPS 58 66 51 175 
MW 54 62 49 165 

Operational impact winter REF 182 209 163 553 
PU 144 165 128 437 
XPS 145 166 129 440 
MW 143 164 127 434 

 

In reference to the categories of damage, it is observed that the most critical category in 

terms of its high percentage of impact points is fossil depletion with 22% of the total 

impact, then the category agriculture land occupation with 19%, and finally climate 

change, human health category with approximately 17% (Table 13). 

Table 13: Global impact results per damage. 
 Damage category Manufacturing + Operational 
  REF PU XPS MW 
Ecosystem quality Terrestrial acidification 0.1 0.1 0.1 0.1 

Terrestrial ecotoxicity 1.9 1.5 1.5 1.4 
Agricultural land occupation 199.4 152.6 157.9 154.9 
Freshwater eutrophication 0.6 0.4 0.4 0.4 
Urban land occupation 8.2 6.5 6.7 6.7 
Freshwater ecotoxicity 0.2 0.2 0.2 0.2 
Natural land transformation 3.5 2.8 2.8 3.2 
Marine ecotoxicity 0.1 0.1 0.1 0.1 
Climate change, ecosystems 110.8 97.7 100.5 97.3 

Human health Climate change 175.3 154.6 158.9 153.9 
Human toxicity 149.1 115.2 116.8 114.7 
Photochemical oxidant formation 1.5 1.6 1.7 1.3 
Ozone depletion 0.1 0.1 0.1 0.1 
Particulate matter formation 67.7 58.1 58.7 58.7 
Ionising radiation 0.1 0.1 0.1 0.1 

Resources Fossil depletion 204.4 185.5 196.2 179.2 
Metal depletion 108.2 84.1 86.4 85.1 

Total - 1030.9 861.1 889.1 857.3 



41 
 

Figure 13 shows the impact percentages by damage category for both the manufacturing 

phase and the operational phase. Finally, it is important to highlight that although the XPS 

insulated cubicle has more impact points than the other cubicles, in percentage with 

respect to the total impacts, the four cubicles show similar endpoint values. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 13: Annual percentage of overall impact point per damage categories, includes 
manufacturing and operational phase: (a)Reference cubicle, (b)Cubicle insulated with 

PU, (c)Cubicle insulated with XPS, and (d)Cubicle insulated with MW. 
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4.7.2. Functional unit 2: 1 m2 of living floor 
In contrast to Section 4.7.1, the results per functional unit of 1 m2 of living floor allows 

future research to compare results with the literature, extrapolating the values to other 

dimensions of buildings. 

Figure 25 shows the total impact points in the manufacturing phase, operational summer 

period, and operational winter period. As it can be observed the results are proportional 

to the functional unit 1, so it must have the same interpretation that the previous section. 

The operational winter phase is still the most critical because in winter period the energy 

consumption is relevant in comparison with the summer period. The results are presented 

in Figure 14 to Figure 16.  

 
Figure 14. : ReCiPe indicator per m2 of living floor 

 

 
Figure 15: kgCO2eq per m2 of living floor. 
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Figure 16: Total impact points of damage categories per m2 of living floor. 

 

4.8. Environmental payback (EP) 
 

The environmental payback is the time, measured in years, required for the cubicles with 

insulation materials to compensate for the environmental impact during its entire life 

cycle, as a result of the electrical energy savings on the cubicles where was added 

insulation materials. Moreover, it is used for assessing how efficient is the system and 

this calculation serves to measure its sustainability [51]. 

Equation 3 shows the equation used for estimation of the environmental payback: 

 

Equation 3:          𝐸𝐸𝐼𝐼 = 𝐼𝐼𝐼𝐼𝑚𝑚 + 𝐼𝐼𝐼𝐼𝑜𝑜
𝐿𝐿𝐿𝐿

× 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑖𝑖    ;    𝑤𝑤ℎ𝑦𝑦𝑦𝑦𝑦𝑦 𝑖𝑖: 1, 2, 3, … , 100 

 

where 𝐼𝐼𝐼𝐼𝑚𝑚  is the impact point of the manufacturing phase,  𝐼𝐼𝐼𝐼𝑜𝑜 is the impact point of the 

operational phase, and  𝐿𝐿𝐿𝐿 is the lifetime considered. 

As previously discussed, the XPS insulation material presents higher environmental 

impact during the manufacturing/dismantling phase and during operational phase, while 

PU and MW present similar performance during manufacturing and operational phases. 

However, PU presents a decrease, regarding to reference cubicle, of a total energy 

consumption of 27%, followed of MW with a reduction of 25%, and XPS with 23%.  

A sensitive analysis of the lifetime is shown in Figure 23. It can be observed that the 

cubicle insulated with MW is environmentally efficient if used at least during 7 years. 
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This value is similar to the cubicle insulated with PU (10 years) and the environmental 

payback of the cubicle with XPS is 12 years. 

Regarding kgCO2 eq emitted during the entire lifetime of the four cubicles in question, 

Figure 24 shows that the cubicle with MW is environmentally efficient if used at least 

during 12 years, the environmental payback for the cubicle with PU is 15 years, and 19 

years for the cubicle with XPS. 

 
Figure 17: Environmental payback for lifetime extended to 100 years: ReCiPe. 

Figure 18: Environmental payback for lifetime extended to 100 years: IPCC GWP100a. 
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5.  Recommendations 
 

Currently, the application of LCA in the building sector is not very extensive [6]. It is 

really limited to some specific buildings as pilot buildings or representative buildings. 

Moreover, the application of LCA studies in the building sector is developed only in 

specific cases and thanks to R&D research centres and universities. Meanwhile, at 

product level, LCA is used occasionally (albeit increasingly), by manufacturers of 

construction materials, in the preparation of their environmental product declarations 

EPD and other information. However, and despite the important opportunities that 

consolidation in the use of LCA would entail, there are currently several barriers and 

obstacles to overcome in order to achieve its widespread application in buildings. These 

barriers are techniques associated with the availability of basic tools and also a right 

database for the sector, training actions associated with an expert team technical 

adequately trained, there are also barriers economical associated to the high cost of 

implementation of LCA in the building sector. Consequently, LCA is perceived as a 

complicated methodology by agents in the construction sector, with difficulties in 

understanding their results [6]. 

With regards to this study, in a sensitivity analysis of the manufacturing phase, it is 

observed that bricks have most emissions to the environment than other construction 

materials as shown in Figure 19 to Figure 22, these impacts represent up to 50% of the 

overall result respect to all building materials used in the inventory. Therefore, to reduce 

the environmental impact in the building sector it is very important to minimize energy 

demand, with the introduction of passive systems in the building. Moreover, the correct 

choice of building materials should be considered in the decision-making process. 
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Figure 19: Reference cubicle: Percentage impact point per components. 

 

 
Figure 20: PU cubicle: Percentage impact point per components. 
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Figure 21: XPS cubicle: Percentage impact point per components. 

 

 
Figure 22: MW cubicle: Percentage impact point per components. 
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6.  Conclusions 
 

The life cycle assessment of the four house-like cubicles was evaluated using real data 

from an experimental set-up localized in Puigverd de Lleida. Ecoinvent v3.5 database 

was used to obtain the environmental impacts. Moreover, two different methodologies of 

LCIA were used, ReCiPe (End-Point) and IPCC 2013 (GWP). 

Two different functional units are also examined in this study; FU1 allow comparing 

between each one cubicle, while FU2 allows comparing the results with the literature, i.e. 

whole buildings or other demo sites. Results of FU1 (whole cubicle) and FU2 (1 m2 living 

room) are directly proportional.  

Analysing the components within each cubicle, in the manufacturing phase, it is found 

that the brick means an increase of 50% the impact points of each cubicle. The impact of 

the insulation materials is also significant, PU and XPS present a contribution of 16%, 

while MW represent 11% of the total impact points of the building materials into the 

manufacturing phase. This reflects the high embodied energy of the insulation materials 

[42]. 

Concerning the operational phase, in this research, the energy consumption of the four 

abovementioned cubicles between the year 2009 and 2019 was compared. The results 

showed that all cubicles had an energy consumption around 32% lower in 2019 than in 

2009.  

In 2019, the experimental energy consumption measurements show the cubicle with PU 

decrease the energy consumption up to 27% respect to reference cubicle, while the cubicle 

with MW reduces the energy consumption a 25% and a 23% the cubicle with XPS. 

Moreover, was observed the winter period has three times more energy consumption than 

in the summer. 

since PU is the insulation most favorable insulator to reduce energy demand, the MW 

insulator shows better environmental performance, then the cubicle with MW reduces the 

total impact per year by 17%, the cubicle with PU reduces 16%, and the cubicle with XPS 

reduces to 11%, with respect to the reference cubicle. 

Finally, the environmental payback result of the three cubicles insulated with MW, PU, 

XPS are 7 years, 10 years, and 12 years, respectively, when are evaluated with ReCiPe 

indicators. But, if the GWP100a indicator is used, the environmental payback is 12 years, 

15 years, and 19 years, respectively. 
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