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Abstract 

 

Currently, Uruguay is developing several measures to reduce the environmental impact of human activities 

and CO2 emissions. In 2015 more than 90% of electricity was produced by renewable sources. Despite this 

fact, the construction, transport and building sectors are still responsible for more than 60% of CO2 emissions. 

Reducing building environmental impacts is becoming an increasing challenge. Life Cycle Assessment 

(LCA) is recognized as a method that can help to reduce environmental impacts of the building sector. It can 

be used as an early stage decision-making tool to assess environmental impacts design choices. The present 

paper developed a method based on LCA which integrates Building Information Modeling (BIM) to assess 

building envelope alternatives. The method is validated by the application in a single-family house - the most 

popular typology - in Uruguay, considering three envelope alternatives, including frequent and non-frequent 

materials. Results focused on comparing the embodied impacts, transport, and operational energy 

consumptions of each scenario. The results evidence that the developed method can help during the building 

design process, especially to define dimension and thickness of materials. 

Key words: Environmental Impact Assessment; Life Cycle Assessment; Building Information Modeling; 

Single-family house; Uruguay. 

 

Abbreviations: AEC, Architecture Engineering and Construction; ANV, Agencia Nacional de Vivienda; 

BIM, Building Information Modelling; CC, Climate Change; EN, European Standard; EPD, Environmental 

Product Declaration; FWE, Freshwater aquatic Ecotoxicity; GWP, Global Warming Potential; ISO, 

International Organization for Standardization; HT, Human Toxicity; HVAC, Heating, Ventilating and Air 

Conditioning; LCA, Life Cycle Assessment; LCI, Life Cycle Inventory; LCIA, Life Cycle Impact 

Assessment; ODP, Ozone Depletion Potential. 

Introduction 

 

The growing interest in reducing the environmental impact of human activities is evidenced by the 

environmental global agreements of 2015 and 2016 (United Nations Conference 2016; United Nations 

Conference and United Nations 2015). The responsibility of the building sector for that fact is proved by the 
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intensive use of mineral resources, energy and waste generation (Cuéllar-Franca and Azapagic 2012). Thus, 

there is an urgency to mitigate undesirable problems arising from our lifestyle (Cabeza et al. 2014). Several 

recent measures (MVOTMA and SNRCC 2015; SNRCC 2010; United Nations Conference and United 

Nations 2015) conducted to reduce environmental impacts of the building sector are developed at global and 

local scales.  

In Latin America, Uruguay is one of the countries whose progress in the reduction of environmental 

impacts and renewable energy production has been significant. Thus, local authorities recently announced 

that more than 90% of electricity consumed in 2015 belonged to 100% renewable sources (DNE-MIEM 

2015). Despite this fact, there is still some way to go before the minimization of environmental impacts from 

the transport and residential sectors, responsible for more than 60% of CO2 total emissions from this 

developing nation (MVOTMA and SNRCC 2015). Moreover, the residential, services and commercial 

sectors are responsible for 28% of national energy consumption (MIEM 2015). Furthermore, the Uruguayan 

residential sector is mainly based on single-family typologies, where over 76.57 % of the population lives in 

single-family houses (INE 2017). The challenge of reducing the building environmental impacts, especially 

in popular buildings typologies, is recognized by local authorities (MIEM 2015).  

Life Cycle Assessment (LCA) is recognized as a method to quantify environmental impacts (ISO 

2006a). The growing use of this method to assess single-family houses is demonstrated by the increasing 

number of recent publications (Agya Utama et al. 2012; Cuéllar-Franca and Azapagic 2012; Fouquet et al. 

2015; Gervasio et al. 2014; Hanandeh 2015; Houlihan Wiberg et al. 2014; Iddon and Firth 2013; 

Lewandowska et al. 2013; Monteiro and Freire 2012; Mosteiro-Romero et al. 2014; Motuziene et al. 2016; 

Oyarzo and Peuportier 2014; Peuportier et al. 2013), including developed and developing nation cases of 

Europe, America, and Asia. The benefit of using the LCA method to assess environmental impacts of 

different construction alternatives in developing nations has been demonstrated in Agya Utama et al. (2012) 

and Hanandeh (2015). Agya Utama et al. (2012), for example, focus the LCA method application on 

comparing embodied environmental impacts of residential houses located in Indonesia. Hanandeh (2015), 

uses the LCA method to compare popular single-family house construction alternatives. Furthermore, several 

studies underline the advantages of the method to calculate the environmental impacts during the whole 

building life cycle from early stages of design (Gervasio et al. 2014). However, the application of LCA to 

buildings is still recognized as a complex and time-consuming process (Basbagill et al. 2013). Research gaps 
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in the way of improving and reducing efforts in the LCA application of single-family houses have been 

identified (Soust-Verdaguer et al. 2016).  

From the methodological point of view, Soust-Verdaguer et al. (2016) evidence that simplifications 

in the LCA application of single-family houses are needed. The EeB Guide Project (2012) defines guidelines 

to simplified LCA applications to buildings. Thus, several studies (Basbagill et al. 2013; Malmqvist et al. 

2011; Soust-Verdaguer et al. 2016), highlight the opportunity to integrate BIM models in the LCA 

application, as a strategy to reduce the effort in data acquisition. Moreover, the increasing importance of the 

use of BIM software in the Architecture Engineering and Construction (AEC) sector is evidence by Directive 

European 2014/24/EU (Official Journal of the European Union 2014). In Latin America, there is also 

identified progress in this field. Chile, for example, has recently developed a plan to promote the use of BIM 

software in order to modernize the building sector (CORFO 2016). On the one hand, several studies 

demonstrate the advantages of BIM-based LCA applications (Ajayi et al. 2015; Al-Ghamdi and Bilec 2017; 

Basbagill et al. 2013; Georges et al. 2014; Gómez Pérez 2014; Houlihan Wiberg et al. 2014; Iddon and Firth 

2013; Jalaei and Jrade 2014; Jrade and Jalaei 2013; Lee et al. 2015; Mesa González 2013; Navarro Osta 2014; 

Peng 2014; Seo et al. 2007; Shadram et al. 2016; Shafiq et al. 2015; Shin and Cho 2015; Soust-Verdaguer et 

al. 2017). Recent developments (Shadram et al. 2016) confirm the potentiality of BIM-based LCA framework 

to calculate and compare embodied impacts from the early stages of design. However, its application is 

limited to the existence of the EPD (Environmental Product Declaration) of different materials. Basbagill et 

al. (2013), also developed a semi-automated approach method to integrate BIM models to LCA. Al-Ghamdi 

and Bilec (2016) compared three LCA tools (Athena Impact Estimator for Buildings, Tally and SimaPro) 

commercially available to designers, starting from the BIM model of the complete building. On the other 

hand, several studies (Jrade and Jalaei 2013; Schlueter and Thesseling 2009; Shadram et al. 2016) underline 

the lack of interoperability, as well as the shortcomings of BIM software to provide enough data to LCA 

application (Peng 2014), such as limitations on the integration of both tools. Thus, one of the most important 

challenges of BIM and LCA integration is how to link different databases and automatize the design and 

impact calculation processes (Soust-Verdaguer et al. 2017). The present research addresses these limitations 

in order to reduce efforts on data acquisition and automatize their integration.  

 Furthermore, the use of LCA to assess different envelope alternatives in single-family houses is 

evidenced in Agya Utama et al. (2012). This approach, as well as several studies (Hanandeh 2015; 

Kolokotroni et al. 2004; Monteiro 2010; Sartori and Hestnes 2007), underlines the importance of the building 
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facade and external walls in the environmental impact reduction of the building sector. This fact is also 

reinforced by Uruguayan authorities, which underlines the importance of improving the performance of the 

building envelope by characterizing and monitoring the existing building scenario (MIEM 2015).  

Several studies (Casañas 2011; Pelufo 2011) focused on the Uruguayan context, underline the need to 

quantify environmental impacts of the residential sector during their life cycle, taking local characteristics 

into account. This fact is reinforced by the inexistence of previous tools or methods to quantify environmental 

impacts during the whole life cycle of buildings for this context. Moreover, the developed method can help 

to characterize different materials alternatives for the most popular residential typology – the single-family 

house.  

The authors concluded that the gaps on specific literature are related to the inexistence of BIM-based 

LCA tools and methods, which can be used in decision-making during the envelope design of buildings as a 

strategy to reduce the environmental impacts of building sector. As well as, none of the earlier studies 

discussed in this section attempted to develop an LCA-based method use to analyze case studies located in 

Uruguay. 

In response to current gaps, this study aims to develop a BIM-based LCA method to assess, during 

early stages of design, the environmental impacts of single-family houses envelope alternatives located in 

Uruguay. The method is conceived to help with decision making (e. g. selection of materials, selection of 

techniques, selection of transport distances) throughout the life cycle of the building.  

Methodology 

The proposed method includes a description of the data structure framework and a case study 

application. Thus, the method aims to optimize, simplify and adapt the LCA method to a local context by 

integrating and tending towards automatized BIM tools to LCA application. The method also aims to reduce 

efforts in data acquisition, and optimize the design process, in order to assess environmental impacts of 

envelope alternatives of single-family houses during design stages. 

The present method is developed according to International Organization for Standardization (ISO) 

14040, and ISO 14044, international references on LCA and also European Standard (EN) 15978 (2011) and 

EN 15804 (2014) standards, European reference on LCA to buildings. In spite of the fact that the EN 15978 

(2011) standard is not geographically applicable to the case study, it is globally recognized as a single point 
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of reference in the LCA application to buildings. Moreover, the developed method is based on previous 

research into LCA application, described by Baumann and Tillman (2004), and developed by García-

Martínez (2010) and García-Martínez et al. (2011) to the Andalusian context of LCA application to buildings, 

as well as the research developed by Gómez de Cózar et al. (2017) and the  Masters dissertations developed 

by Gómez Pérez (2014); Mesa González (2013); Ruiz Alfonsea (2016) in the MIATD (Official Master in 

Architectural Innovation: Technology and Design). 

Phases of the method  

In response to the gaps detected in previous research, the proposed method is conceived to 

complement and reorganize BIM software databases, in order to adapt them to the LCA application. The 

method aims to enhance the interoperability between BIM and LCA and also trends towards automatizing 

the assessment and analysis of the envelope alternatives during the building life cycle. 

The proposed method matches BIM, spreadsheet, and energy simulation tool software to develop the 

envelope alternatives analysis. As shown in Fig 1, it is organized according to the following phases:  

- Layout Template (T). It consists of the definition in the BIM software environment of the materials 

and pre-defined components according to local characteristics. The template contains a library, 

including the most relevant materials and components which users can choose to build the model. 

The library also contains data on the density of materials. The layout template includes tags and ID 

codes that are linked to supplementary data and data analysis.  

- Building Modelling (BM). Based on the previous BIM Template (T), the user can model the 

buildings according to their specific geometric characteristics.  

- Layout Supplementary Data (SD). It consists of the definition of the data on materials and 

components, not included in the BIM software environment. SD includes supplementary 

information needed to develop the LCA application to buildings, such as packaging materials, 

auxiliary materials, waste factors and transport (means of transport and distances). All of which are 

developed according to local characteristics and automatically linked to the data analysis phase. 

However, users can modify and edit their content if necessary. Several data, such as means of 

transport and distances, are manually entered by the user.  

 

- Data Analysis (DA). It consists of the re-grouping, organization, and analysis of data. The life cycle 

scenarios are previously defined by the user. The DA phase links data about the building (data from 
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BIM software and SD) with environmental impact factors (from the Ecoinvent database) and energy 

flow calculations, to perform the environmental impact calculation. Spreadsheet software is used to 

perform the simple equations to obtain the impacts.  

 

- Layout results (R). It is based on the communication of results strategies and their usefulness. After 

the calculation of environmental impacts of the building materials, the operational energy 

consumption of the building is included in the communication of results layout. Results are 

organized to obtain environmental impacts of building materials by LCA phases. However, users 

can also edit the layout of results and organize them as required.  

Information exchange 

To develop the mentioned phases, the authors propose a set of items and relations which aims to 

reduce efforts in LCA application, as well as to reduce the risk of mistakes, misunderstandings, and errors, 

with regard to exchange information along with the phases of the process. Various software are used, 

including BIM software (ArchiCAD© 19) and spreadsheet software (Excel© 2016). Fig. 1 illustrates the 

phases of the method and the information exchange; the following items are included: 

-BIM Model (M). It consists of the virtual model of the building. Based on the T template, it 

includes the alternatives and original cases in different files.  

-BIM Components (BC). The BC are used as a starting point to organize the life cycle information 

on the building in the BIM software. These BC are defined as data and graphic structures which contain the 

main characteristics of the building materials and are used to build the virtual model of the building. For each 

BIM component BIM material layers and thickness are defined, similarly to building components in real 

buildings.  

-Bill of quantities. Initial. The INITIAL bill of quantities includes the sum of the materials that 

compose the BIM model and it is organized according to the BIM template. This bill includes the data 

extracted directly from the BIM model. It is just composed by the names and quantities of the BIM materials 

contained in the BIM model. 

-Bill of quantities. Final. The FINAL bill of quantities includes the SD needed to develop the LCA 

application, not included in the BIM model. The SD provides information such as auxiliary materials for the 
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building process (e.g. wood for timber formworks); maintenance, repairing, refurbishment and replacement 

materials (e.g. paint for repainting the walls); packaging materials (e.g. palettes and sack kraft for cement). 

It also provides a waste production factor during construction, maintenance, repair and refurbishment stages. 

The distances between the suppliers and the construction site are simplified according to local characteristics. 

The main difference between Initial and Final bill of quantities is the amount of data that each one includes. 

The Final bill of material quantities enriches the Initial bill by assigning to each BIM materials the materials 

used during the maintenance, repair, refurbishment and replacement stages, their packaging materials, their 

Basic materials, and the distances from the manufacturing point to site. This SD is contained in the BIM 

material sheets. 

-List of Basic Materials (LBM). The final bill of quantities was regrouped according to the material 

process of manufacturing. The list was organized in such a way as to be able to obtain the environmental 

impacts separated by material, component and LCA phases. 

-Basic Process (BP). After the selection of the life cycle scenarios end of life cycle for all materials, 

the list of basic materials was linked to the basic process from Ecoinvent V2.0 (Frischknecht et al. 2007) 

database . A selection of process related to selected materials and components was included. 

-Environmental Impact Calculation (EIC). Ecoinvent V2.0 (Frischknecht et al. 2007) database 

was used to obtain the impact factors. Results were calculated through simple mathematical operations 

between the impact factors and the process from the BP list.  

-Comparison of envelopes alternatives. The results were organized in order to easily visualize 

impacts of each LCA phase and material impacts of each scenario.  

LCA application to case study 

The LCA application complies with the ISO and EN references standards (EN 2011; ISO 2006a; b) 

and includes the following main phases: system boundaries definition, life cycle inventory, environmental 

impacts calculation, and interpretation. Moreover, the method proposes 5 stages during the BIM-based LCA 

application, which can be edited by the users.  

Along case studies the same functional unit (the building envelope) was used to guarantee the 

reliability of results. This functional unit assumed to compare the envelope alternatives included the same 

floor, windows and doors solutions, and three different solutions for external walls and roof.  
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The environmental impacts categories calculated were selected according to the following criteria: 

the most calculated in this typology and the most representative in this zone. According to that fact, the most 

calculated is Global Warming Potential (GWP) based on Soust-Verdaguer et al. (2016) of single-family 

houses LCA application. Uruguay has a large hydrographic network, mainly composed by the Rio de la 

Plata’s river basin, which covers 3,200,000 km² of territories belonging to Argentina, Bolivia, Brazil, 

Uruguay and Paraguay (MVOTMA 2013). Freshwater is a basic resource for the development of economic 

activities (e.g. extensive farming, agriculture) and for human consumption. Thus, Freshwater aquatic  

Ecotoxicity (FWE) and Human Toxicity (HT) are considered appropriate indicators in characterizing the 

impacts of the use of toxic substances in the fresh water resources and in human beings. Moreover, Uruguay 

is currently affected by the Antarctic ozone hole (Nasa 2017). Due to this proximity, the Ozone Depletion 

Potential (ODP) is considered a relevant indicator to be included in this study. 

LCA System boundaries 

The developed method is a “cradle-to-grave” LCA, that includes fabrication of building materials, 

construction, use, demolition and end of life phases of a single-family house. Based on the EN 15978 (EN 

2011) standard for LCA phases and modules definition, Fig. 2 represents the system boundaries of the 

proposed method.  

According to the local context characteristics and similar studies developed in this context (Pelufo 

2011), the lifespan considered for the case study is 60 years. Moreover, the selection of the most relevant 

LCA modules (Fig. 2) was based on choosing those that have a greater impact on the selection of envelope 

materials during the life cycle of the building. The product and construction phases included: (A1) raw of 

materials, (A2) transport of materials to factory, (A3) construction, (A4) transport to the construction site and 

the construction process (A5). The use phase (B) was restricted to operational energy (B6) and embodied 

impacts due to maintenance (B2), repair (B3) and replacement (B4) of building materials and components. 

Other operational impacts due to installations such as lighting, plug loads, HVAC (Heating, Ventilating and 

Air Conditioning) and water use were not included in the system boundaries. The deconstruction phase was 

considered as landfill to 100% of materials due to it being the most frequent end of life scenario in this context 

(Fichtner and LKSUR Asociados 2004).  

Life Cycle Inventory 
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The life cycle inventory comprises the quantification of the input and output included in the system 

(ISO 2006a). As the aim of the method was to the reduce the efforts in data acquisition and decision-making 

aid during the design process, several strategies were developed. Thus, methodological aspects of the 

application of the LCA method, such as part of the organization of the life cycle inventory and the “basic 

process” definition were based on García-Martinez (García-Martínez 2010).  

The Life Cycle Inventory (LCI) consisted of three stages. The first one comprised the automatic 

account of materials, performed by the BIM software. The second comprised the supplementary data sources 

contained in the BIM material sheets (Appendix B) and interlinked with the BIM bill of material, to ensure 

an automatic connection. The third comprised the re-grouping of materials into Basic Materials (Table 2) 

and the Basic Process allocation.  

As one of the detected weaknesses of the integration of BIM-LCA was the insufficient data provided 

by BIM software to LCA application, the proposed method was centered on developing supplementary data 

sources based on local context materials. Hypotheses about suppliers for material data are based on previous 

research (Casañas 2011; Mimbacas 2012; Pelufo 2011) and also on information provided by regional 

manufacturers. Data on distance, means of transport and fuels were simplified taking local characteristics 

into account, as well as previous research on the field of study (Casañas 2011; Mimbacas 2012; Pelufo 2011). 

The model was developed considering the main manufacturing points (including cities and villages) for the 

most common building materials. Fig. 3 shows the transport allocation model which included five distance 

levels: local (up to 50 km), regional (up to 250 km), extra-regional (up to 600km), continental (up to 1000 

km), intercontinental (up to 15000km). Local to extra-regional level considered 16-ton lorry as the means of 

transport, contienntal levels considered 32-ton lorries, and intercontinental levels considered transoceanic 

freight ships as the means of transport. These levels were used in the BIM material sheet to indicate the distances 

covered by each Basic material. 

The use of the generic database Ecoinvent V2.0 is justified by the inexistence of local databases on 

impact factors, although it is a generic database not adapted to characteristics of the context. According to 

similar case studies, the Ecoinvent database is the most used in LCA application of this building typology, 

regardless of the geographical area where it belongs (Soust-Verdaguer et al. 2016). The Ecoinvent V2.0 

(Frischknecht et al. 2007) database contains a variety of processes considered within each life cycle stage, 
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including construction materials, transport and energy. Moreover, the energy consumed for construction and 

deconstruction hypothesis is based on the used by Kellenberger et al. (2004) for traditional construction. 

The maintenance scenario is focused on the natural degradation of materials. It assumes the re-

painting of walls every 8 years, the re-painting of doors, ceramic tile cleaning every week and glass cleaning 

every month. In addition, waste factors during the construction phase were defined according to local 

characteristics and based on Peluffo (2011). 

The hypothesis for the quantification of the embodied impacts of the artisanal brick was based on 

Casañas (2011). The study demonstrates that the highest consumption of sources in the manufacturing stage 

of the brick is produced during the “cooking” or heating stage. It is estimated that for every kilo of brick 

produced, 2.77MJ of burned wood is needed (Casañas 2011). 

Operational energy calculation  

The hypothesis to calculate the operational energy was based on the technical and physical 

characteristics of the house. Due to the design of the house being based on active concepts, heating and 

cooling systems are needed during summer and winter. The most common system for cooling and heating 

are electric heaters and split air conditioning. The calculation was focused on heating and cooling energy 

consumption. Domestic hot water, lighting and equipment energy consumption were not included. The 

envelope proprieties for external walls and roofs are defined in Fig. 4. For windows and doors a U-value of 

2.8 W/m2.K was considered, the average according to local regulations (MVOTMA 2014). Fig. 5 shows the 

electricity mix used in the operational energy calculation based on a local authority report (DNE-MIEM 

2015). Based on a supplier Company UTE report a primary energy factor of 1.6 was obtained for 2015 (DNE-

MIEM 2015) .   

The quantification of the building energy demand was performed in DesignBuilder v4.7.0.27.  

(Cockcroft 2016), using Energy Plus as a thermal simulation software tool. Despite of the fact that 

Ecodesigner STAR, an add-on function of ArchiCAD (GRAPHISOFT 2017), allows to obtain quick results 

without professional knowledge on energy efficiency simulation (Jarić et al. 2013), DesignBuilder (Cockcroft 

2016) (Energy Plus) allows to set a large number of building characteristics (Loh et al. 2007). Moreover, it 

is recognized the existence of plug-ins to export the ArchiCAD BIM model into gbXML format. However, 
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due to the simplicity of the case study and to avoid possible errors, the building was modeled in 

DesignBuilder (Cockcroft 2016).  

Description of case study  

The selected case study is a typical single-family house built in 2010. The building is located in 

Sauce, a village 36 km from Montevideo, the latter´s climate being representative of more than half of local 

population and building stock. Moreover, the selected building is conceived as a mutual-aid housing 

cooperative, an innovative and singular solution for social housing buildings in this context. The house 

integrates a group of 72 similar houses called COVISA cooperative. The one-story house area is 67 square 

meters, and it was encouraged by the ANV (ANV-MVOTMA 2017), a public social-housing developer. 

The house was built by traditional masonry, lightweight roofing, single-glazed window opening and 

wooden doors. The use of techniques and local materials is justified by the self-construction of the building. 

The use of artisanal brick production is typical in this area. This brick production, described by Casañas 

(2011) includes the clay extraction and transport to the manufacturing point, the preparation of the plaster, 

the shaping of the bricks, the drying, “cooking” (or heating) and storage. The study also demonstrates the 

dispersion of production points in Uruguayan territory, this means that the supply points are always local. 

Casañas (2011) also defines the artisanal bricks and the concrete as the most “frequent” building materials. 

Other materials such as aerated concrete for example, are considered “non-frequent” alternatives, although 

their use can improve the thermal performance of buildings.  

According to the structure engineering drawings and specifications, the structure is composed of 

galvanized steel profile used to support the roof and small concrete columns used for reinforcing the edges. 

Fig. 6 shows the interior distribution and an over-view of the house used in the data estimations. A complete 

technical description of the building materials and components of the envelope are included in Fig. 4.  

Building model  

The BIM model of the single-family house was drawn in ARCHICAD 19 software (GRAPHISOFT 

2017), an Open BIM software. The selected LOD (Level of Development) to develop the study was 300. 

This LOD allows general information be obtained about the main materials and characteristics of the building 

during the design process. The model shown in Fig. 7, is organized according to the main components of the 

building envelope.  
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Building envelope alternatives 

To demonstrate the usefulness of the method and its ability to compare different envelope scenarios 

during the design process, three envelope possibilities were considered. Two different scenarios of 

improvements of wall and roof performance were compared with the original scenario, and their 

environmental impacts during its life cycle were analyzed. The selection of the alternatives was developed 

according to the context characteristics.  

The original envelope for an external wall consisted of “frequent” materials such as bricks and 

concrete blocks with a thermal isolation layer (Polystyrene). Alternative 1 included both “non-frequent” 

materials and “frequent” materials such as aerated concrete blocks and bricks, and alternative 2 included only 

aerated concrete blocks (a “non-frequent” solution). Furthermore, the original envelope for the roof consisted 

of lightweight materials such as galvanized zinc, an air chamber and thermal isolation (Polyurethane and 

Polyethylene) installed by separate layers. Alternative 1 contained sandwich panels composed of galvanized 

steel and thermal isolation (Polystyrene), and alternative 2 included galvanized zinc and thermal isolation 

(Glass wool and Polyethylene) installed by separate layers. 

The thermal performance and materials descriptions are shown in Fig. 4. The performance of the 

original envelope complies with Level 1 (max U-value 1.6 W/m2..K for walls and max U-value 1.0 W/m2.K 

for roofs) of the standards of social housing performance (MVOTMA 2011) developed by local authorities. 

For cases built from March 2011, there is established an improved scenario (called Level 2), described in the 

regulation for social housing promotion (MVOTMA 2014). It defines a maximum U-value of 0.85 W/m2.K 

for dwellings (roofs and walls). The envelope alternatives 1 and 2 comply with this standard and include 

several “non-frequent” materials such as aerated concrete, an extra-regional manufacturing product. Thus, 

the selected envelope alternatives compare regional “frequent” components with low thermal performance 

with extra-regional “non-frequent” components with improved thermal performance. The relevance of 

environmental impacts due to transport and operative energy consumption of different envelope alternatives 

are analyzed in the results.  

 

Results  
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The characterization of the life cycle inventory was carried out using the CML2 baseline 2000 methodology 

and based on García-Martínez (García-Martínez 2010). Results obtained compare the energy consumption 

of the alternatives and the environmental impacts of building materials considering the LCA phases.  

Table 2 demonstrates that the results are within the expected range. The improved scenarios have reduced 

the energy consumption of the house almost 20%. Alternative 1 has improved the energy consumption of the 

house by 22% and Alternative 2 has improved the energy consumption of the original scenario by 19%.  

The Table 3 is organized in order to identify the environmental impacts of the considered alternatives during 

the LCA phases, according to EN 15978 standard (EN 2011).  

According to Table 3, during the manufacturing phase (including A1-A2-A3 modules) Alternative 1 has the 

highest impacts in the four impact categories considered. Fig. 8 to 11 confirm that it is mainly due to the use 

of steel and aerated concrete block. The transport from cradle to site and operational energy consumption are 

analyzed in Fig. 12 and 13. During the use phase (including B2/B3/B4/B5 modules) Alternative 2 produces 

the highest impacts due to the use of painting surfaces in the façade. For the disposal phase, results confirm 

that in the original scenario, the use of paintings, polyurethane, polystyrene and bitumen mainly affect the 

FWE and GWP. However, the ODP and the HT are mainly affected by the use of bricks, paint, sand and 

concrete blocks. Otherwise, for Alternatives 1 and 2, the use of paintings, polystyrene and aerated concrete 

blocks mainly affect the FWE and GWP. Moreover, ODP and HT are affected by the use of paintings, aerated 

concrete blocks and sand.  

Fig. 8 to 11 compare the environmental impacts including A1, A2, A3 and A4 LCA modules, of the 

considered materials. According to the GWP the impacts of non-frequent materials such as aerated concrete 

blocks, are higher than the frequent materials such as concrete blocks. However, it also shows that the use of 

cement was higher in Alternative 1.  

Fig. 9 and 10 demonstrate that steel has the highest impacts, this means that the roof solution for 

Alternative 1 is the worst option for human health and the conservation of freshwater.  

Results for Ozone Depletion shows (Fig. 10) that the use of aerated blocks can be harmful and it also 

demonstrates that the use of painted surfaces can raise this indicator.  
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Fig. 12 demonstrates that Alternative 2 produces the lowest impacts in GWP, FWE, HT, and ODP. This is 

mostly due to the use of extra-regional, regional and local materials. It should be noted that transport impacts 

related to local, regional and extra regional levels are assumed as lorry 16-ton transport, results evidence that 

these have proportionately the greatest impact. As shown in Fig. 12 the results of the case study are also 

coherent with the energy consumption expectation.  

Discussion  

The results indicate that the embodied impacts of materials, operational energy consumption and transport 

are not clear-cut. In terms of operational impacts, Alternative 1 is the most efficient, despite producing the 

highest environmental impacts in transport and embodied energy of construction materials. Results also 

demonstrate that materials have to be analyzed according to different categories and a multi-criteria point of 

view (Agya Utama et al. 2012). 

Considering the skewness of the results shown in Fig. 13, the authors established a ratio to compare the 

embodied impacts and the operational energy consumption of the envelope alternatives. Table 4 

demonstrates that the original scenario presents the lowest embodied impacts for GWP, HT and ODP, despite 

the fact that the sum of embodied impacts and operational energy indicates Alternative 1 is still the best 

alternative.  

Moreover, results evidence that the use of several “frequent” materials causes less embodied impacts than 

“non-frequent” materials. According to Fig. 8 the “frequent” wall solution (Original scenario) composed by 

bricks, concrete blocks, mortar, bitumen and polystyrene produces less GWP embodied impacts than the 

“non-frequent” solution (Alternative 1) composed by aerated concrete blocks, bricks and mortar. Fig. 9 and 

10 also demonstrate that lightweight roof solutions (Original and Alternative 2) composed by zinc and 

thermal isolation (glass wool or polyurethane) produces less FWE and HT embodied impacts than the 

sandwich panel solution (Alternative 1).  

The results of the case study not contradict the assumption that the improved scenarios cause fewer impacts 

than the original one. Fig. 13 confirms that Alternatives 1 and 2 produce the lowest GWP, considering the 

embodied impacts, transport and operational energy consumption. The use of renewal energy sources has 

reduced operational energy consumption impacts in all the scenarios. Results also evidence that the greatest 

impacts for operational energy phase are produced by the non-renewable energy source – electricity from 
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oil–, even though it represents 6.6% of the national electricity mix. Removing the energy from oil, the GWP 

of operational energy consumption can be reduced by more than 400%.  

To reduce environmental impacts on transport from cradle-to-site, results evidence the need to modify the 

means of transport in local, regional and extra-regional levels. Despite the fact that Alternative 2 includes 

extra-regional materials, the impacts of transport cradle-to-site have been less than the original scenario.  

Conclusions 

The present paper demonstrates that the proposed method can be used to assess envelope alternatives for 

single-family houses located in Uruguay where the use of “non-frequent” materials for the construction of 

the single-family house has grown over the last decades. In certain cases, that type of materials is not locally 

manufactured. Thus, the developed method allows the comparison of different materials considering 

transport, manufacturing, maintenance and operative impacts. The method also permitted the identification 

of waste from packaging materials and auxiliary materials used in the construction process.  

From the methodological point of view, the developed method provided a way to solve the problems of the 

shortcomings of BIM software to provide enough data for LCA application, by including supplementary 

databases and a transport allocation model. Moreover, several strategies to simplify the LCA application have 

been developed, such as to reducing the efforts on data acquisition from generic databases (e.g. Ecoinvent 

V2.0). The use of secondary data is justified by the uncertainties during the design process and by the inexistence 

of databases and data about process such as construction, transports, use, maintenance, replacements, repair, 

refurbishments and end-of-life adapted to regional characteristics. Thus, it is recommended for future 

developments, the development and use of a local database on environmental impacts considering local 

process in this type of method. To reduce the number of environmental impact categories, the study focused 

on the most globally used (GWP) and locally relevant impact categories (ODP, HT, FWE) for this building 

typology.  

From the results point of view, among the four environmental impact categories considered in the study 

Alternative 1, (the most energy efficient scenario) was the best scenario in GWP and ODP. The study 

demonstrates the importance of including different environmental criteria in the design process of envelope 

alternatives.  
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It should be noted that the proposed method is developed as an external framework which can interact with 

BIM software output and semi-automatically apply the LCA method to a building. This fact allows the 

method to be used in any BIM software, if the input data structure is respected. The method is developed for 

architects and engineers to select materials, dimension thickness, modify the building geometry and select 

the cradle-to-site distances of materials, for three alternatives. It allows easy comparison of environmental 

impacts of different materials, as well as coherent results that can aid in making-decision during design stages. 

A limited number of BIM materials and building envelope alternatives is remarked. Future development 

should include more BIM materials in the BIM template, more processes, and different LCA scenarios for 

end of life stages.  

Acknowledgements 

The authors would like to acknowledge ANV (the Uruguayan Agency of Housing), especially Cristina Fynn 

and Cristina Cardozo, for providing the data on the applied case study. Authors also would like to thank the 

manufacturers and distributors of materials Retak and Bromyros for providing the needed data.  

References 

Agya Utama, N., Mclellan, B. C., Gheewala, S. H., and Ishihara, K. N. (2012). “Embodied impacts of 

traditional clay versus modern concrete houses in a tropical regime.” Building and Environment, 57, 

362–369. 

Ajayi, S. O., Oyedele, L. O., Ceranic, B., Gallanagh, M., and Kadiri, K. O. (2015). “Life cycle 

environmental performance of material specification: a BIM-enhanced comparative assessment.” 

International Journal of Sustainable Building Technology and Urban Development, 6(1), 14–24. 

Al-Ghamdi, S., and Bilec, M. (2017). “Green Building Rating Systems and Whole-Building Life Cycle 

Assessment: Comparative Study of the Existing Assessment Tools.” Journal of Architectural 

Engineering, 23(1), 1–9. 

ANV-MVOTMA. (2017). “Agencia Nacional de Vivienda, Ministerio de Vivienda Ordenamiento 

territorial y Medioambiente.” <http://www.anv.gub.uy/> (Jan. 1, 2017). 

Basbagill, J., Flager, F., Lepech, M., and Fischer, M. (2013). “Application of life-cycle assessment to early 

stage building design for reduced embodied environmental impacts.” Building and Environment, 60, 

81–92. 

Baumann, H., and Tillman, A.-M. (2004). The Hitch Hiker’s Guide to LCA. Studentlitteratur Lund. 

Cabeza, L. F., Rincón, L., Vilariño, V., Pérez, G., and Castell, A. (2014). “Life cycle assessment (LCA) 

and life cycle energy analysis (LCEA) of buildings and the building sector: A review.” Renewable 

and Sustainable Energy Reviews, 29, 394–416. 

Casañas, V. (2011). “La energía como indicador del impacto ambiental de los sistemas constructivos 

conformados a partir de materiales de producción nacional.” Magister dissertation, UFRGS-NORIE-

UDELAR. 

Cockcroft, D. (2016). “DesignBuilder building simulation.” www.designbuilder.co.uk. 



 
18 

 

CORFO. (2016). “Programa Estratégico de Productividad y Sustentabilidad en la Construcción.” 

<www.corfo.cl> (Jan. 1, 2017). 

Cuéllar-Franca, R. M., and Azapagic, A. (2012). “Environmental impacts of the UK residential sector: Life 

cycle assessment of houses.” Building and Environment, 54, 86–99. 

DNE-MIEM. (2015). “Balance energético 2015.” Montevideo, <http://www.ben.miem.gub.uy> (Feb. 1, 

2017). 

EeB Guide Project. (2012). “Operational Guidance for Life Cycle Assessment Studies of the Energy 

Efficient Buildings Initiative.” <http://www.eebguide.eu/>. 

EN. (2011). “EN 15978:2011 - Sustainability of construction works - Assessment of environmental 

performance of buildings - Calculation method.” International Standard, (November). 

EN. (2012). “EN 15804:2012 + A1:2013 - Sustainability of construction works — Environmental product 

declarations — Core rules for the product category of construction products.” International Standard, 

(February), 70. 

Fichtner, and LKSUR Asociados. (2004). “Plan Director de Residuos Sólidos de Montevideo y Área 

Metropolitana TOMO VI: Residuos de Obras Civiles.” <http://www.cempre.org.uy> (Jan. 20, 2017). 

Fouquet, M., Levasseur, A., Margni, M., Lebert, A., Lasvaux, S., Souyri, B., Buhé, C., and Woloszyn, M. 

(2015). “Methodological challenges and developments in LCA of low energy buildings: Application 

to biogenic carbon and global warming assessment.” Building and Environment, 90, 51–59. 

Frischknecht, R., Jungbluth, N., Althaus, H. J., Doka, G., Dones, R., R., H., Hellweg, S., Humbert, S., 

Margni, M., Nemecek, T., and Spielmann, M. (2007). Implementation of life cycle impact assessment 

methods: data v2.0. 

García-Martínez, A. (2010). “Life Cycle Assessment (LCA) for the development of Environmental 

Declarations of Dwellings in Andalusia.” Ph.D. dissertation, University of Seville. 

Garcia-Martinez, A., Carmen, L., and Navarro Casas, J. (2011). “Life Cycle Assessment of Three 

Dwellings in Andalusia (Spain).” International Workshop on Environment,New Energy Techniques 

and Applications, Yichang, China., 1. 4. 

Georges, L., Haase, M., Houlihan Wiberg, A., Kristjansdottir, T., and Risholt, B. (2014). “Life cycle 

emissions analysis of two nZEB concepts.” Building Research & Information, 43(1), 82–93. 

Gervasio, H., Santos, P., Martins, R., and Simoes da Silva, L. (2014). “A macro-component approach for 

the assessment of building sustainability in early stages of design.” Building and Environment, 73, 

256–270. 

Gómez de Cózar, J. C., García-Martínez, A., Ariza Lopez, I. A., and Ruiz Alfonsea, M. (2017). 

“Lightweight and quickly assembled: the most Eco-efficient model for architecture.” International 

Journal of Computational Methods and Experimental Measurements, 5(4), 539–550. 

Gómez Pérez, M. (2014). “Análisis medioambiental de sistemas constructivos y edificatorios. Desarrollo 

instrumental a partir de herramientas tipo BIM.” Master dissertation, University of Seville. 

GRAPHISOFT. (2017). “Archicad 19.” <http://www.graphisoft.es/> (Jan. 1, 2017). 

Hanandeh, A. El. (2015). “Environmental assessment of popular single-family house construction 

alternatives in Jordan.” Building and Environment, 92, 192–199. 

Houlihan Wiberg, A., Georges, L., Dokka, T. H., Haase, M., Time, B., Lien, A. G., Melleg??rd, S., and 

Maltha, M. (2014). “A net zero emission concept analysis of a single-family house.” Energy and 

Buildings, 74, 101–110. 

Iddon, C. R., and Firth, S. K. (2013). “Embodied and operational energy for new-build housing: A case 

study of construction methods in the UK.” Energy and Buildings, 67(2013), 479–488. 



 
19 

 

INE. (2017). “Instituto Nacional de Estadística.” <http://www.ine.gub.uy/> (Jan. 1, 2017). 

ISO. (2006a). ISO 14040:2006 Environmental management — Life Cycle Assessment — Principles and 

Framework. 

ISO. (2006b). ISO 14044:2006 Environmental management — Life cycle assessment — Requirements and 

guidelines. ISO. 

Jalaei, F., and Jrade, A. (2014). “An Automated BIM Model to Conceptually Design , Analyze , Simulate , 

and Assess Sustainable Building Projects.” Hindawi, 2014(Journal of Construction Enfineering), 1–

21. 

Jarić, M., Budimir, N., Pejanović, M., and Svetel, I. (2013). “A review of energy analysis simulation tools.” 

7th International Working Conference ’’Total Quality Management – Advanced and Intelligent 

Approaches’’, 103–110. 

Jrade, A., and Jalaei, F. (2013). “Integrating building information modelling with sustainability to design 

building projects at the conceptual stage.” Building Simulation, 6(4), 429–444. 

Kellenberger, D., Althaus, H. J. H.-J., Jungbluth, N., Künniger, T., Lehmann, M., and Thalmann, P. (2004). 

Life Cycle Inventories of Building Products. Final report ecoinvent 2000 No. 7. Dübendorf, CH. 

Kolokotroni, M., Robinson-Gayle, S., Tanno, S., and Cripps, A. (2004). “Environmental impact analysis 

for typical office facades.” Building Research & Information, 32(1), 2–16. 

Lee, S., Tae, S., Roh, S., and Kim, T. (2015). “Green Template for Life Cycle Assessment of Buildings 

Based on Building Information Modeling: Focus on Embodied Environmental Impact.” 

Sustainability, 7, 16498–16512. 

Lewandowska, A., Noskowiak, A., and Pajchrowski, G. (2013). “Comparative life cycle assessment of 

passive and traditional residential buildings’ use with a special focus on energy-related aspects.” 

Energy and Buildings, 67, 635–646. 

Loh, E., Dawood, N., and Dean, J. (2007). “Integration of 3D tool with Environmental Impact Assessment 

(3D EIA).” 3rd Inter- national ASCAAD Conference on Embodying Virtual Architecture, Alexandria, 

Egypt. 

Malmqvist, T., Glaumann, M., Scarpellini, S., Zabalza, I., Aranda, A., Llera, E., and Díaz, S. (2011). “Life 

cycle assessment in buildings: The ENSLIC simplified method and guidelines.” Energy, 36(4), 1900–

1907. 

Mesa González, A. (2013). “Análisis de ciclo de vida de soluciones arquitectónicas ligeras de rápido 

montaje: el sistema florín.” Master dissertation, University of Seville. 

MIEM. (2015). Plan Nacional de Eficiencia Energética 2015 - 2024. 

<http://www.miem.gub.uy/documents/10192/0/Plan%20Nacional%20de%20Eficiencia%20Energetic

a.pdf/> (Jan. 1, 2017). 

Mimbacas, A. (2012). “Caracterizacao do consumo doméstico de materiais da cidades de Montevidéu 

mediante Análise de Fluxos de Materiais.” Ph.D. dissertation, UFRGS. 

Monteiro, H. (2010). “Life cycle assessment of a Portuguese house with different exterior wall solutions 

and alternative heating systems.” Master thesis, University of Coimbra. 

Monteiro, H., and Freire, F. (2012). “Life-cycle assessment of a house with alternative exterior walls: 

Comparison of three impact assessment methods.” Energy and Buildings, 47, 572–583. 

Mosteiro-Romero, M., Krogmann, U., Wallbaum, H., Ostermeyer, Y., Senick, J. S., and Andrews, C. J. 

(2014). “Relative importance of electricity sources and construction practices in residential buildings: 

A Swiss-US comparison of energy related life-cycle impacts.” Energy and Buildings, 68(PARTA), 

620–631. 

Motuziene, V., Rogoža, A., Lapinskiene, V., Vilutiene, T., Motuzienė, V., Rogoža, A., Lapinskienė, V., 



 
20 

 

Vilutienė, T., Motuziene, V., Rogoža, A., Lapinskiene, V., and Vilutiene, T. (2016). “Construction 

solutions for energy efficient single-family house based on its life cycle multi-criteria analysis: a case 

study.” Journal of Cleaner Production, 112, 532–541. 

MVOTMA. (2011). “Estándares de desempeño para vivienda de interés social.” 

<http://www.mvotma.gub.uy/images/stories/doc/estanddesempeno.pdf> (Feb. 1, 2017). 

MVOTMA. (2013). “Informe del estado del ambiente. Indicadore ambientales de Uruguay.” 

<http://www.mvotma.gub.uy/ciudadania/item/10006608-informe-del-estado-del-ambiente-

2013.html> (Feb. 1, 2017). 

MVOTMA. (2014). “Reglamento de promoción de la vivienda de interés social.” 

<http://www.mvotma.gub.uy/ciudadania/item/10005571-nuevo-reglamento-para-la-promocion-de-

proyectos-de-vivienda-de-interes-social.html> (Jan. 2, 2017). 

MVOTMA, and SNRCC. (2015). “Primer informe bienal de actualización de Uruguay a la convención 

macro de la Naciones Unidas sobre el cambio climático.” Montevideo, <https://www.dinama.gub.uy> 

(Feb. 1, 2017). 

Nasa. (2017). “Nasa Earth Observatory. Antarctic Ozone Hole.” 

<http://earthobservatory.nasa.gov/Features/WorldOfChange/ozone.php> (Feb. 1, 2017). 

Navarro Osta, A. (2014). “Arquitectura ligera y de rápido montaje: búsqueda de modelos. El Análisis de 

Ciclo de Vida como herramienta de evaluación y corrección de los diseños.” Master dissertation, 

Universidad de Sevilla. 

Official Journal of the European Union. (2014). DIRECTIVE 2014/24/EU. 

Oyarzo, J., and Peuportier, B. (2014). “Life cycle assessment model applied to housing in Chile.” Journal 

of Cleaner Production, 69, 109–116. 

Pelufo, P. (2011). “Analisís de la energía incorporada de un edificio en altura en Uruguay.” Magister 

dissertation, UFRGS-NORIE-UDELAR. 

Peng, C. (2014). “Calculation of a building’s life cycle carbon emissions based on Ecotect and building 

information modeling.” Journal of Cleaner Production, 112, 453–465. 

Peuportier, B., Thiers, S., and Guiavarch, A. (2013). “Eco-design of buildings using thermal simulation and 

life cycle assessment.” Journal of Cleaner Production, 39, 73–78. 

Ruiz Alfonsea, M. (2016). “Análisis de Ciclo de Vida de modelos de habitación construidos en entornos de 

clima tropical (Colombia, s. XX-XXI).” Master dissertation, University of Seville. 

Sartori, I., and Hestnes, A. G. (2007). “Energy use in the life cycle of conventional and low-energy 

buildings: A review article.” Energy and Buildings, 39(3), 249–257. 

Schlueter, A., and Thesseling, F. (2009). “Building information model based energy/exergy performance 

assessment in early design stages.” Automation in Construction, Elsevier B.V., 18(2), 153–163. 

Seo, S., Tucker, S., and Newton, P. (2007). “Automated material selection and environmental assessment in 

the context of 3D building modelling.” Journal of Green Building, 2(2), 51–61. 

Shadram, F., Johansson, T. D., Lu, W., Schade, J., and Olofsson, T. (2016). “An integrated BIM-based 

framework for minimizing embodied energy during building design.” Energy and Buildings, 128, 

592–604. 

Shafiq, N., Nurrudin, M. F., Fadhil, Gardezia, S. S. S., and Kamaruzzaman, A. Bin. (2015). “Carbon 

footprint assessment of a typical low rise office building in Malaysia using building information 

modelling (BIM).” International Journal of Sustainable Building Technology and Urban 

Development, 6(3), 157–172. 

Shin, Y., and Cho, K. (2015). “BIM Application to Select Appropriate Design Alternative with 

Consideration of LCA and LCCA.” Mathematical Problems in Engineering. Hindawi Publishing 



 
21 

 

Corporation, (ID 281640), 14 pages. 

SNRCC. (2010). Plan Nacional de respuesta al cambio climático. 

Soust-Verdaguer, B., Llatas, C., and García-Martínez, A. (2016). “Simplification in life cycle assessment of 

single-family houses: a review of recent developments.” Building and Environment, 103, 215–227. 

Soust-Verdaguer, B., Llatas, C., and García-Martínez, A. (2017). “Critical review of BIM-based LCA 

method to buildings.” Energy and Buildings, 136(1), 110–120. 

United Nations Conference. (2016). 22nd Conference of the Parties. Marrakech. 

United Nations Conference, and United Nations. (2015). Adoption of the Paris agreement. Conference of 

the Parties on its twenty-first session, Paris. 

 

Figure captions list  

Fig. 1. Scheme of the developed method.  

Fig. 2. Table 1. EN 15978 standard LCA modules included in the method. 

Fig. 3. Scheme of the selected transport levels with regard to case study location. (Level 1: up to 50 km; 

Level 2: up to 250 km; Level 3: up to 600 km; Level 4: up to 1500km; Level 5: up to 15000km).  

Fig. 4. Technical description of the envelope alternatives. 

Fig. 5. Uruguayan electricity mix for 2015 (Hydropower 61%, Biomass 17%, Wind 15%, Oil 6,6%, Solar 

0.4%).  

Fig. 6. Plans and façades of the case study.  

Fig. 7. 3D view of the model. North and East façades (a) and West and North façades (b).  

Fig. 8.  Comparison of GWP of embodied impacts of envelope alternatives.  

Fig. 9. Comparison of FWE of embodied impacts of envelope alternatives.  

Fig. 10. Comparison of HT of embodied impacts of envelope alternatives.  

Fig. 11. Comparison of ODP of embodied impacts of envelope alternatives.  

Fig. 12. Comparison of transport cradle-to-site.  
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Fig. 13. Comparison of the different scenarios considering the environment impacts GWP, FWE, HT and 

ODP for Operational Energy Consumption (B6), Embodied Impacts, (including A1-A2-A3 and transport 

from cradle-to-site (A4)). 

Tables 

Table 1. Summary of the “Basic materials” bill of quantities. 

BASIC materials  Units Original Alternative 1 Alternative 2 

aerated concrete blocks kg 0 6789.058 6960.639 

aluminium kg 23.350 23.350 23.350 

bitumen kg 72.167 0 0 

brick MJ 32345.847 32345.847 0 

cement kg 2218.720 3181.088 1218.212 

ceramic kg 1265.374 1417.247 1265.374 

concrete m3 12.594 12.254 13.0819 

concrete block  kg 9872.057 0 0 

detergents  kg 0 0 0 

glass kg 48.687 48.687 48.687 

glass wool kg 0 0 363.014 

limestone kg 485.733 346.636 596.789 

packaging paper kg 0.275 0.308 0.275 

packaging PVC kg 19.263 14.827 24.215 

packaging wood m3 0.239 0.223 0.045 

paint kg 242.147 245.481 372.119 

polystyrene kg 102.140 167.950 68.334 

polyurethane kg 104.442 0 0 

reinforced steel  kg 893.038 868.951 927.623 

sand kg 13162.933 10162.751 6911.012 

solvents  kg 0.006 0.006 0.006 

steel kg 0 659.350 0 

water  kg 4745.094 4542.524 3260.584 

wood kg 0.138 0.138 0.138 

zinc m2 91.431 0 91.431 
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Table 2. Operational energy consumption   

Building envelope Walls U-value  Roof U-value  Energy consumption  

 (W/m2.K) (W/m2.K)  Heating (kWh/yr.) Cooling 

(kWh/yr.) 

Original  1.089 0.807 5333.06 363.58 

Alternative 1 0.626 0.435 4119.69 355.89 

Alternative 2  0.692 0.386 4255.04 385.08 

 

Table 3. Environmental impacts organized by category and LCA modules. 

Parameters LCA phase 

Global 

Warming 

Potential 

Freshwater 

aquatic 

Ecotoxicity 

Human 

Toxicity 

Ozone Depletion 

Potential 

ORIGINAL 

A1/A2/A3 8.006x103 1.142x103 2.110x103 6.644x10-4 

A4 4.814x103 2.705x102 9.891x102 5.732x10-4 

A5 6.691x102 1.621x101 1.483x102 5.739x10-5 

B2/B3/B4/B5 6.096x103 1.179x103 1.536x103 9.652x10-4 

B6 4.555x104 3.054x103 2.382x104 4.714x10-3 

C1 4.910x102 3.359x101 2.620x102 5.185x10-5 

C2 1.121x103 6.294x101 2.308x102 1.318x10-4 

C4 2.134x103 6.428x102 3.800x102 2.133x10-4 

ALTERNATIVE 1 

 

A1/A2/A3 

1.046E+04 2.157E+03 4.169E+03 7.616E-0-4 

A4 5.517E+03 3.101E+02 2.152E+03 6.557E-0-4 

A5 7.438E+02 4.233E+01 2.017E+02 7.589E-0-5 

B2/B3/B4/B5 5.800E+03 1.180E+03 1.532E+03 9.724E-0-4 

B6 3.780E+04 2.534E+03 1.977E+04 3.911E-0-3 

C1 5.356E+02 3.665E+01 2.858E+02 5.656E-0-5 

C2 1.029E+03 5.773E+01 2.117E+02 1.209E-0-4 

C4 2.847E+03 5.410E+02 7.982E+02 2.944E-0-4 

ALTERNATIVE 2 

A1/A2/A3 9.640x103 1.246x103 2.081x103 9.251x10-4 

A4 4.746x103 2.659x102 9.844x102 5.650x10-4 

A5 6.478x102 4.758x101 1.592x102 6.197x10-5 

B2/B3/B4/B5 3.934x104 2.638x103 2.057x104 4.071x10-3 

B6 3.934x104 2.638x103 2.057x104 4.071x10-3 



 
24 

 

C1 4.910x102 3.359x101 2.620x102 5.185x10-5 

C2 1.121x103 6.294x101 2.308x102 1.318x10-4 

C4 1.564x103 6.111x102 1.837x102 1.234x10-4 

 

Table 4. Ratio embodied impacts-operational energy. 

RATIO 

Global Warming 

Potential  Freshwater aquatic Ecotoxicity Human Toxicity 

Ozone Depletion 

Potential 

Original 0.281418534 0.46248572 0.130097145 0.262532541 

Alternative 1 0.422641197 0.973624803 0.319800132 0.362349342 

Alternative 2 0.365645161 0.573319592 0.148981619 0.366017055 

 


