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A B S T R A C T   

The built environment is significantly responsible for the current climate crisis, thus developing 
more sustainable projects is becoming an urgent objective. One widely recognized method that 
supports achieving this objective is the Life Cycle Sustainability Assessment (LCSA), which en
ables a holistic, quantitative evaluation of building sustainability, including environmental, 
economic, and social dimensions. The integration of this method in digital design tools such as 
Building Information Modelling (BIM) facilitates its use during the building design stages. 
However, data granularity is not the same in every design stage, and consequently data consis
tency cannot be assured. Hence, the margin of unexpected variation of the results shall be avoided 
and robust results from the early design stages should be obtained. During the early stage, the 
level of details is generally limited to the element definition, while during the detailed stages, the 
volume of information regarding the building increased. This paper aims to fill in the informa
tional gaps during the early design stage and align those results with a detailed data structure 
developed for cost estimation during the detailed stages. Thus, based on a case study analysis, we 
can demonstrate the consistency of the method by determining the variation of material quan
tities and comparing the LCSA inventory indicators during the early and detailed stages. This 
method can estimate more than 60% of the LCSA inventory indicators during the early design 
stage and the total results during detailed design stage.   

1. Introduction 

The current challenges of decarbonization and resource depletion are relevant to implementing the reduction of environmental 
impact measures throughout the built environment [1]. The building and construction sector plays a significant role, as it has been 
shown to account for almost 40% of energy and process-related carbon dioxide emissions [2]. To reduce and mitigate these envi
ronmental burdens, the Life Cycle Assessment (LCA) is one of the most widely used methods to calculate the impacts of building 
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projects [3]. However, reducing the environmental impacts of the built environment goes beyond the traditional unidimensional 
approaches. The Life Cycle Sustainability Assessment (LCSA) provides a more comprehensive approach to the LCA technique, by 
adding economic and social to the environmental dimension. Thus, the method is defined as the sum of the LCA (environmental), 
economic LCC (Life Cycle Costing), and social S-LCA (social life cycle assessment) [4]. As described in Ref. [5], the ISO 14040 [6] is the 
methodological framework for the LCSA implementation. Nevertheless, there is still no standardization for the specific integration of 
the three LCA-based techniques [7]. The ISO 14040 [6] includes four main phases: (i) goal and scope definition, (ii) life cycle inventory 
(LCI), (iii) life cycle impact assessment (LCIA), and (iv) interpretation. Hence, when implementing the LCI in LCSA, the exchanges 
between unit processes, organizations of the system and the external environment are compiled [5]. Thus, it is recommended to 
achieve consistency in the data collected at the unit process and organizational level, considering the simultaneous implementation of 
the three techniques [5]. 

1.1. LCSA application at building design stages 

The LCSA application during different building design stages, specifically integrated on a digital tool workflow, has been proposed 
to be implemented in the Spanish context [7]. The LCSA is proposed to be aligned with the most relevant design milestones that exist in 
Spain: the Basic Project (BP) (early design) and the execution project (EP) (detailed stage). The methodological approach [7] and case 
study validation [8] to implement a Triple Bottom Line sustainability assessment tool based on integrating the LCSA in Building In
formation Modelling (BIM) provide evidence of the potential of applying an “element method” during the early design stages (BP) and 
help the designer with decision-making during the detailed design stage (EP). The element method is focused on the IFC4 (Industry 
Foundation Classes) scheme [9] to enrich the environmental, economic, and social data included in the BIM model. Considering the 
IFC structure, the approach enriches the dynamic properties of the IfcElement class and consequently the IfcBuildingElement by using 
the dynamic properties (Property Set) (see Fig. 1). The IfcBuildingElement scheme is based on a building element classification that 
“comprises all elements that are primarily part of the construction of a building”, such as walls, beams and doors which are all 
physically existent and modeled components [9]. 

The acronyms included in Fig. 1 are defined in the IFC scheme and represent the different classes that the structure includes. Fig. 1 
includes an example of the IFC classes involved in the method that proposed the IFC scheme enrichment to conduct the LCSA in BIM 
[8]. A detailed explanation about the acronym’s definition is included in Ref. [9]. 

The list of building elements includes the following Ifc classes: IfcBuildingElementProxy, IfcCovering, IfcBeam, IfcColumn, Ifc
CurtainWall, IfcDoor, IfcMember, IfcRailing, IfcRamp, IfcRampFlight, IfcWall, IfcSlab, IfcStairFlight, IfcWindow, IfcStair, IfcRoof, 
IfcPile, IfcFooting, IfcShadingDevice and IfcPlate. This “element method” is a simplified strategy frequently used for cost estimations in 
building design [10]. In theoretical studies, the “element method” is also considered by the literature as an appropriated approach to 
implement sustainability [11] and cost assessment [12] during the early design stages. The “element method” is based on subdividing 
the building into parts (so-called elements) and considering these parts as units to quantify (for example, economic costs) [11]. The 
method relates the building element quantities, measured in standard units such as m2 or m3 or units, with systematic information 
about the cost considering materials, labor and machinery used in the construction work process. To obtain the final results the cost 
unit values and building element quantities are multiplied. A systematic building decomposition or data structure is generally used 
during detailed design stages to organize the LCI [13]. For the Spanish context, classification systems and a systematic data structure to 
organize the data that compose the building in a detailed manner can be the BCCA (in Spanish “Base de Costes de la Construcción de 
Andalucía”, or, in English “Andalusian Construction Cost Base”) [14]. The classification system was conceived of to develop cost 
estimation during the detailed building design stages (Execution Project (EP). In this vein, this data structure is also used for LCA, as in 
Ref. [15]. Moreover, the strategy can be verified in some of the existing Spanish commercial tools for LCA and cost estimations during 

Fig. 1. Example of enriched IFC implementation scheme for conducting the LCSA in BIM. Source based on [8].  
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the various design stages (such as Arquímedes [16], Presto [17], TCQi/TCQ [18]). On the one hand, it is generally necessary to have a 
very detailed data structure for a comprehensive LCI. On the other hand, limitations in the Spanish classification system BCCA have 
been detected to obtain an elemental classification of the building, such as the IFC element classification [19]. 

1.2. Challenges in addressing the BIM-based LCSA application 

One of the main advantages of the BIM-based LCA approach is the extraction of the LCI [20]. For instance, the LCI will be composed 
of material quantities extracted (also called the Bill of Quantities or BoQ) from the BIM model and related to an environmental, 
economic, and social database for obtaining the LCSA results. This phase consumes a lot of time and effort [21]. Thus, when imple
menting the LCSA in BIM, the inventory is composed of a data structure (BoQ) that has its physical correspondence with the elements 
extracted from the building (BIM model) [7]. This issue has been addressed in various ways by the literature. For example, Figueiredo 
et al. [22] developed an LCSA framework using BIM, which was limited to a detail defined BIM model (Level of Development (LOD) 
400). In contrast, Panteli et al. [23] used simplified models to conduct the BIM-LCA for supporting the building overhang design. Najjar 
et al. [24], also examined BIM-LCA integration during the early design stages and recommended investigating elementary flow 
integration between BIM and LCA due to the limitations of the data and the challenges of comparing different scenarios. Röck et al. 
[25] used an element approach that included a limited number of items (main building elements) and omitted the details and small 
elements that compose the building, which was not modeled at early design stages. Moreover, the modeling and integration in the LCI 
of building services (installations) is not possible after the detailed stages, when the shape and building distribution are already 
defined. The elements method proposed in Ref. [8] enables the LCSA to be applied during the early design stage, including assumptions 
and predefined data that enrich the element data extracted from the BIM model to compose a more comprehensive inventory of 
material and energy flows. This approach has been validated in a structural system that included a limited number of items and 
enabled reliable results since the element decomposition directly correlates with the detailed data included in the BCCA [14]. With that 
said, what happens with the rest of the building systems, such as the envelopes and elements that are not modeled during the early 
design stages (such as the expansion joints)? To what extent can this enriched element approach, which that corresponds with the BIM 
model during the early design stage (BP), be reliable for implementing the LCSA during the detailed stage (EP)? What considerations 
should we have for building elements that cannot be modeled in detail during the early design stage (BP)? Is it possible to get consistent 
results for environmental, economic, and social dimensions throughout the design process? Is it possible to estimate representative 
results from the early design stages without investing too much effort in the BIM process? 

Existing research [21] that compares the variation of the LCA results in the different design stages focuses on the environmental 
dimension and uses the BIM model as a comparison. However, the decomposition in building elements during the early design stage 
(BP) and materials during the detailed design stage (EP) were not investigated. The data disaggregation is not only the difference 
between the early and detailed stages. In the early stages, it is possible to estimate one main material per element. However, during the 
detailed stage, it is necessary to consider both the layering of those elements, and the materials (such as steel for concrete). Cavalliere 
et al. [26] developed a method using the data available in BIM to evaluate the LCA during the entire building design process, while 
focusing on the Swiss context. In this vein, Naneva et al. [27] proposed a BIM-LCA method for the entire building process aligned with 
the cost estimation used in this context. The study uses an existing element classification data structure provided by the eBKP-H [28] 
structure, environmental data from the “Bauteilkatalog/Component Catalogue” [29], data from BFE (Bundesamt für Energie/Federal 
Office of Energy) [30] and Hollinger Consult GmbH [31] as well as the LCA data from KBOB (Koordinationskonferenz der Bau-und 
Liegenschaftsorgane der Öffentlichen Bauherren/Coordination Conference of the Building and Real Estate Bodies of the Public 
Building Owners) [32], eco-bau [33], and IPB (Interessengemeinschaft Privater Professioneller Bauherren/Interest Group of Private 
Professional Builders) [34]. This study focused on the use of the eBKP-H [28] structure linked with the BIM workflow. This structure 
encompasses the building BIM and is composed of layering structures that go from generic volumetric aspects to more detailed ones 
(such as a nest or matryoshkas structure). Nevertheless, what happens when the element classification is not aligned with the BIM 
workflow, following the LOD (Level of Development) [35] principles? In some countries, such as Spain, the cost estimation data 
structure BCCA [14], (based on a building decomposition) is focused especially on a detailed design stage and does not include an 
element classification that can be easily associated with a BIM workflow. Thus, the first novelty of this study leads to the provision of a 
systematic method to deal with this. 

Moreover, one of the main challenges is the consistency of results at different design stages. This issue has been highlighted by the 
literature, especially in the field of LCA. Hollberg et al. [21] demonstrated the importance of the quality of a model when calculating 
the embodied impacts along the design process. They also underlined the relevance of using predefined elements, and simplified or 
machine learning approaches to fill the gaps, provide automatic assumptions, and reduce the unexpected variability of the results 
during the various design stages. In this vein, none of the published studies are focused on comparing different levels of data gran
ularity using an element (element LCI) and a material decomposition (based on a cost estimation data structure, which is most 
frequently used to organize the complete building LCI at detail stages) to implement the LCSA in BIM. Knowledge gaps in the literature 
provide evidence that the verification of the inventory consistency during the early (basic project) and detailed (execution Project) 
stages to conduct LCSA have not been addressed previously. The second novelty of the present work is its focus on proposing a method 
to reduce unexpected variability of the results during the building design process. The consistency of the method was demonstrated by 
analyzing the correlation between the LCI used for the cost estimation, environmental impact calculation, and social assessment of the 
building performance in BIM during different design stages (early and detailed). Thus, this study aims to identify the relevance of the 
unmodeled elements when conducting the LCSA in BIM. It is focused on comparing the LCSA results during the early (BP) and detailed 
(EP) design stages using three different inventory indicators, (environmental, economic, and social) at a rate of one per dimension. 
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1.3. Goal of the study 

The present study aims to answer the following questions:  

• RQ1. Is it possible to develop an “element method” based on the systematic building decomposition structure BCCA [36], while 
integrating the cost estimation items that can be included or related to a building element in the BIM model during the BP stage 
(element level)?  

• RQ2. What are the limitations of the “element method” (early-stage (BP)) to calculate the LCSA? Are the results consistent 
regarding the detailed design stage (EP)?  

• RQ3. What is the variability of the number of items of the cost estimation structure and inventory indicator results throughout the 
various building design stages (BP and EP)?  

• RQ4. Considering the number of elements and items included in the cost estimation data structure, which are the relevant building 
systems, and how do they affect the material quantities the evaluated indicators used in the LCSA? 

2. Materials and methods 

This paper aims to propose an “element method” and verify its consistency by comparing the building inventory and LCSA results 
during the early and detailed design stages. This study is based on case study validation and includes two steps: 

Step 1. “Element Method” Development: Based on the IFC scheme, correspondence between the IfcBuildingElement classes and 
the items of the data structure BCCA [14] was conducted. The element classification proposed by the IFC scheme is the most consistent 
and adapted to the BIM workflow (regardless of the BIM commercial software) [9]. Thus, this scheme was used as a basis to analyze the 
correspondence of an element building decomposition with a detailed (material) decomposition based on the cost estimation data 
structure BCCA [14]. The building elements that can be directly modeled at early design stages (BP) or related to a building element 
quantity take-off (e.g. shuttering) are identified here. 

The BCCA [14] is organized in a nested or hierarchical structure (see Fig. 2), which includes “Chapters”, “Sub Chapters”, “Sections”, 
“Groups” and “Items” (composed based on the materials, labor, and machinery needed to construct a building element (measured in a 
certain unit such as a cubic meter or a square meter). 

The IfcElement class includes the following classes: IfcBuildingElement, IfcCivilElement, IfcDistributionElement, IfcEle
mentAssembly, IfcElementComponent, IfcFeatureElement, IfcFurnishingElement, IfcGeographicalElement and IfcTransportElement. 
IfcBuilding Element is the class related to the building elements that can have physical correspondence in the model. It is assumed that 
these classes are also related to the general conception of the building during the early design stages and describe the main charac
teristics of the main building parts. Thus, this section is focused on identifying the correspondence between both structures and 
verification in a case study application (see Figs. 2 and 3). 

Step 2. LCSA Implementation and Analysis of the Consistency of the Element Method”. This step aims to identify the variation 
in items, material quantities, and the LCSA results during both the early (BP) and detailed (EP) design stages. The selected indicators to 
conduct the LCSA were CO2 eq emissions, working hours, and cost (materials, machinery, and labor). The criteria to select them was 
based on [8]. The method [8] proposes a data structure that relates the embodied aspects of the building elements’ life cycle (product, 
construction, use, and end-of-life). The calculation procedure for the LCA, LCC and S-LCA is also based on previous studies in this field 
[7,8], and basically multiplies the bill of material quantities (extracted from BIM) with the following factors: CO2 eq. emissions 
extracted from the BEDEC [37] database), cost (in euros, extracted from the BCCA [14] database) and working hours (in hours, 
extracted from the BCCA [14] database). In this study, the LCSA application and system boundary definition are focused on the 
embodied aspects during the product (A1-A3 modules) and construction stage (A5 module), considering the current standards and the 
LCA modularity principles of the building [38,39]. 

The list of items contained in the cost estimation data structure BCCA [14] that can be directly related to the building element 
(quantities take-off) during the early design stage (BP) was compared with the complete list of items used during the detailed stages 
and the LCSA results obtained during both stages. The analysis was based on the data structure of the BCCA [14] and aimed to detect 

Fig. 2. Example of the hierarchical structure of the BCCA at different levels of decomposition.  
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Fig. 3. Example of the IFC building element correspondence with the BCCA items at different levels of decomposition.  

Fig. 4. Scheme of the proposed method.  
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the most relevant building systems (during the early (BP) and detailed (EP) design stages) as well as the consistency of the LCSA 
inventory indicator results throughout the various design stages (early (BP) and detailed (EP) (see Fig. 4). 

2.1. Case study description 

The case study is a residential building (called La María) located in Seville, Spain. The building’s total GFA is 2119.24 square 
meters, distributed into 5 levels (including ground floor), and 16 apartments. The building uses frequent construction procedures for 
the structure (reinforced concrete) and building services for residential buildings in Andalusia (see Fig. 5). The building envelope was 
composed by masonry and External Thermal Insulation Composite Systems (ETICS). 

3. Results 

3.1. “Element method” application to the case study 

During the modeling process in BIM, it is necessary to relate the drawn physics volumes to building elements (IfcBuildingElement). 
After analyzing the BCCA items included in the case study, it was determined that more than 40% of the items that compose the cost 
estimation detailed structure could be modeled during the early design process (BP) and related to an IfcBuildingElement. Thus, the 
manual analysis focused on identifying which main building elements can be modeled at an early stage and which information types 
(BCCA item) can be directly estimated by associating the physical building element volume with the BCCA item. Therefore, both the 
relation and association between the items of the cost estimation data structure BCCA and the IfcBuildingElement list, as well as the 
possibility of extracting the bill of material directly or indirectly from the IfcBuildingElement were analyzed. For example, the item 
“CA00620 Welded Steel Mesh B500 T” is associated with the IfcBuildingElement and IfcSlab. This item includes an estimated quantity 
of steel that is necessary to build the slab and is estimated as a percentage of the total square meters of the slabs included in the project. 

Table 1 shows the number of items that can be directly related to the IfcBuildingElement. This means that the material quantities 
extracted from those building elements can estimate the material quantities of the BCCA [14] items. The total number of BCCA [14] 
items that compose the cost estimation detailed structure are 389, while the number of BCCA [14] items that can be directly related to 
an IfcBuildingElement class and modeled during the early design stage (BP) are 152 (complete list of items in the supplementary data). 

3.2. Correlation between the items of the cost estimation data structure BCCA (EP) and the element classification (BP) to compose the LCI 

During the LCI phase, a number of BCCA data structure items had their material level identified during the early (IFC building 
element correspondence) and detailed design stages. The quantities of several BCCA “Chapters” that can be potentially estimated 
(extracted from the BIM model) were detected by using an “element method” (since these are early design stages), such as the structure 
or carpentry. This means that the material quantity take-off extracted from the BIM model can estimate the BCCA items. For example, 
the quantity of the items “Steel in columns” or “Framing in the columns” can be estimated based on the volume of the columns. 
Nevertheless, other “Chapters”, such as the installations (building services), would need a more detailed modeling stage extracted from 
the BIM model as shown in Fig. 5. This Figure demonstrate that the potential of using the BIM model extract the material quantities, 
during the early stages, is focused on several “Chapters” (such as the Structure or the Carpentry) and for other Chapters different 
strategies should be defined. 

Fig. 5. Number of the BCCA items per "Chapter" and design stage (BP early and EP detail).  
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Given that the calculation of the inventory indicators has a close relation to the material quantities that compose the LCI [21], a 
comparison was developed to compare the BCCA “Chapters” that are relevant in terms of the volume (generally used for the structure 
and envelope) and unit (generally used for the building services) of elements at both design stages. Thus, the volume was used to 
measure the material quantities (for example, those automatically extracted from BIM). In addition, the unit was used as a strategy to 
count the number of items that cannot be automatically extracted from the BIM model with the material quantity take-off function. For 
example, while using this function, it is not possible to automatically extract the quantity of ceramics contained in a lavatory or the 
quantity of metal in a lamp. 

Fig. 6 shows the percentage of items that can be measured by volume and units during the detailed design stage (EP). The BCCA 
“Chapters” from which the highest material quantities can be extracted during the detailed stage (EP) are the Terrain Conditioning and 
Waste Management. Meanwhile, during the early stage (BP) the "Chapters" from which the highest material quantities can be extracted 
are the Foundations, Structure, Masonry and Finishing. For the units, the greatest incidence (91%) is given by the installations, because 
it is the “Chapter” that is mostly composed of the pieces and thus its influence on the bill of material quantities is directly related to the 
building program (in this case, a multi-family house) [40]. 

Fig. 7 shows the percentage of materials integrated into each “Chapter” by comparing them between the early stage (Basic Project 
(BP)) and detail stage (Execution Project (EP)), as well as the distribution of the “Chapters” from which material quantities can be 
extracted to determine the IfcBuildingElement. To analyze the accuracy of the element method related to the information that can be 

Table 1 
Correspondence between the IFC classes and the BCCA items.  

IfcBuildingElement Class BCCA item 

IfcBeam 11 
IfcBuildingElementProxy 0 
IfcChimney 0 
IfcColumn 10 
IfcCovering 5 
IfcCurtainWall 0 
IfcDoor 22 
IfcFooting 0 
IfcMember 12 
IfcPile 0 
IfcPlate 7 
IfcRailing 1 
IfcRamp 0 
IfcRampFlight 0 
IfcRoof 5 
IfcShadingDevice 1 
IfcSlab 30 
IfcStair 2 
IfcStairFlight 0 
IfcWall 33 
IfcWindow 13 
Total Number of Items 152  

Fig. 6. Identification of the percentage of materials and units per BCCA “Chapter” during the detailed design stage (EP).  
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directly extracted from the BIM model, Fig. 8 shows that more than 36% of the total cubic meters of the building element materials can 
be extracted or estimated in the BIM model at an early design stage (BP). The influence of the non-modeled elements during early 
design stages is greater than 60% (Fig. 8 Right). However, according to the origin (BCCA “Chapters”) of the volume of these elements 
more than 92% of the volume difference, was detected in the Waste Management and Terrain “Chapters”. These “Chapters” will 
probably have a lower related impact than other BCCA “Chapters” (such as Structure) because these imply the use of machinery 
(energy consumption). Thus, excluding these “Chapters”, the percentage of material volumes that can be extracted from the BIM model 
reached 89% (Fig. 8 Left). Almost 90% of the material volume quantity take-off can be estimated using an “element method” at an early 
design stage (BP). 

3.3. Comparison of the inventory indicators results for LCSA along the design phases (early and detailed) 

Once estimated, the quantities of materials and units of products involved in the building inventory at the product and construction 
stage, the inventory indicators costs (materials, machinery, and labor), work hours, and CO2eq emissions necessary to conduct the 
LCSA were assessed. The LCSA implementation was limited to information modules A1-A3 (product), and A5 (construction), based on 
previous related studies [7]. The results were calculated based on the material quantity take-off results (volumes and units) in the early 
(BP) and detailed (EP) design stages. The priority of this section was to compare the inventory indicator results obtained by fixing the 
system boundaries and information modules to implement the LCSA change the design stage, and determine which data could be 
extracted or estimated in each design stage. Given the limited existing systematic data sources to conduct this LCI stage, the study 
included slight differences in the information modules depending on the sustainability dimension. This means the LCI was focused on 
modules A1-A3 and A5 for the environmental dimension, A5 for the social dimension, and A1-A3 and A5 for the economic dimension. 
The criteria to include the economic information in the context of the product was based on the standard EN 16627 [41]. Thus, the 
present study included the cost related to the building materials in modules A1-A3 the cost of construction activities (use of machinery 

Fig. 7. Percentage of material volume that can be potentially extracted or related to a BIM element in the BP (early) and EP (detailed) stages.  

Fig. 8. Total cubic meters that can be potentially extracted or related to a BIM element in the BP early and EP detailed stages.  
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and workers), auxiliary materials and components, and transports inside the site and waste management in module A5. 
The factors for estimating the CO2eq emissions were extracted from the BEDEC [37] database (ITEC), while the cost and working 

hours were extracted from the BCCA cost estimation data structure [12]. The CO2eq emissions, cost, and working hours were 
calculated by multiplying the emissions factors (CO2eq) per item, cost per unit, and working hours per item by the volume or unit of 
materials that compose the inventory. 

Fig. 10 shows the influence of the different inventory indicators in each BCCA “Chapter” at the detailed design stage using the BCCA 
cost estimation data structure. 

During the detailed stage (EP) the incidence of the inventory indicator for each sustainability dimension is different depending on 
the BCCA “Chapter” being considered. For example, the Finishing “Chapter” has the greatest influence on social aspects (working 
hours), due to the use of manually applied plasters and mortars compared to the foundations on environmental aspects (CO2eq 
emissions). This is probable due to the use of concrete and steel. However, in the Installations "Chapter’’ (building services) the 
incidence is similar for the economic and environmental dimensions. 

The Finishing “Chapter” has the highest working hours compared to other types of works. This is, due to the intensive manual work 
needed to install the ceramics and plastering. Thus, changing the type of finishing can reduce these working hours. 

Fig. 10 shows that the economic dimension presents the highest variability between the EP and BP results. This difference, between 
the costs in the EP and BP stages (Fig. 10), is mainly due to the contribution of the installations and other non-modeled BP items, such 
as sewerage, and the foundations (partially) in the total cost of the EP stage (see Figs. 5 and 9). Regarding the variability of the total 
inventory indicator results throughout the design stages, the results obtained are different depending on the design stage. The margin 
of error or dispersion of using the element method can be lower for estimating the environmental inventory indicator namely CO2 
emissions, (modules A1-A3 + A5) than the economic inventory indicator namely the cost of the product and construction, (modules 
A1-A3 + A5). 

4. Discussion 

4.1. Lessons learned from the present method 

4.1.1. “Element method” development based on the correspondence of the systematic building decomposition structure BCCA cost estimation 
items and the building element in the BIM model at the BP stage (element level). (RQ1) 

This study demonstrates that the proposed method helps to implement a systematic organization of the building information based 
on a cost estimation data structure. It supports the element decomposition of the building in a systematic and BIM-aligned way. 
Moreover, using the proposed method the data gaps concerning the elements not directly modeled in BIM at the element level (early 
design (BP)process) can be solved. The results shown in Table 1 prove that around 50% of the BCCA items of a detailed data structure 
can be modeled and associated with a building element at an early design stage. 

4.1.2. Limitations of the “element method” (BP) to conduct the LCI in the LCSA (RQ2) 
The study indicates that a significant number (over 60%) of the inventory indicator results for the environmental, economic and 

social dimensions can be obtained in an early design stage (such as BP) during which the designer can potentially reduce them at an 
element level. During the BP stage it was possible to estimate around 90% of the volume of the building materials. However, the results 

Fig. 9. Percentage of the inventory indicators (working hours, CO2 emissions and costs) organized according to the BCCA “Chapters” as estimated during the detailed 
design stage (EP). 
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indicate that the strategy of extracting the volumes can be used in most of the “Chapters” except for the installations and sewerage, in 
which other strategy types, described in Ref. [42], such as the use of information associated with the element unit must be 
implemented. 

Regarding the LCSA system boundaries, the present study has limitations such as the integration of the information related to the 
complete building life cycle, since it focused on the product and construction stages. Future works can address the integration of 
information regarding the complete building life cycle stages. Furthermore, several limitations have been detected related to the 
harmonization of the system boundaries of the three dimensions. For example, the available data sources (BCCA [36] and BEDEC [37]) 
do not include systematic information, such as data related to the social inventory indicator working hours at the product stage. 
Moreover, the use of the working hours inventory indicator is limited in utility to only assessing the social dimension performance of 
the building. Despite this being one of the most frequently used indicators in S-LCA [43], it does not evaluate a specific impact. The 
proposed method provides a systematic method for collecting social data about the building which can later be used to assess the social 
life cycle performance. For instance, the collected information can be useful to assess, the effects on workers health, fair salaries, job 
creation, and other indicators included in Ref. [43]. 

4.1.3. Variability in the number of items for the cost estimation structure, material quantities and inventory indicators resulting along the 
building design stages (BP and EP) (RQ3) 

The results indicate that over 60% of the cost estimation items can be estimated at an element level (BP), which helps fill the 
information gaps using the BCCA cost estimation. This means that many building elements can be estimated without obtaining a very 
highly detailed BIM model, which will save time and effort that would otherwise be spent creating a model checking accuracy and 
precision. Thus, during the BP stage, it is possible to estimate information related to the building element (such as the steel in columns, 
or the insulation in walls) systematically, without detailed modeling of the building element and by using a data structure that is 
aligned with that of the building at the detailed design stage (EP). Moreover, the obtained results indicate that the material quantity 
has a different influence depending on the sustainability dimension considered when calculating the inventory indicators. This means 
is that the potential estimation of the inventory indicators at early design stages is higher in the environmental dimension (CO2eq 
emissions) and lower in the economic dimension (cost) (see Figs. 9 and 10). To solve these limitations and improve the robustness of 
results, it is recommended to define estimated ratios to include the installations and other non-modeled elements at the early stages. 
The ratios can be defined depending on the building typology and program. 

4.1.4. Identification of the relevant building systems and how the results of the inventory indicators considered are affecting them (RQ4) 
The present work demonstrates that the inventory affects the building systems (as defined by the CTE) [44]) differently depending 

on the sustainability dimension considered (see Table 2). So, the improvement potential for the building design can differ depending 
on the dimensions being considered. For example, the optimization of the structure can lead to a reduction in the environmental 
impacts, but scarcely affects the social dimension. However, the values of the economic dimension affect various building systems, 
especially the structure, finishing, envelope and installations. 

Table 2 also provides evidence of the complexity that can derivate the triple-bottom-line sustainability assessment of the building, 
such as the challenges that must be addressed in the context of weighting and harmonization for the three dimensions in terms of the 
data collection, the definition of the LCSA and the potential utility of the results in the design process optimization of the buildings. 

5. Conclusions 

The study presents, validates, and demonstrates the consistency of an “element method” when conducting the LCSA in BIM, and 
demonstrates that consistent environmental, economic, and social assessment can be performed during the building design process. 
This method can help to provide a transparent data structure during the design stage as the designer can start with a reliable data 
structure to support any assumptions and fill in any gaps (the decisions that have not yet been taken) to obtain results in the early 
stages that are aligned with over 60% of the final results. The method proposes a systematic way to harmonize a cost estimation 
structure (not aligned with the element decomposition in BIM (such as the BCCA)) with the IFC scheme at the element level. This study 

Fig. 10. Total percentage of work hours, CO2 emissions and costs at the product and construction stages.  
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also concludes that this process (based on relating and classifying the items BCCA according to the IFC scheme) is manually performed 
but can be automated with an API (Application Programming Interface). 

One of the major findings of the present work is demonstrating the consistency of a method that enables the assessment of different 
design options, different components, and “what-if” scenarios without investing much time in the modeling process for BIM and 
reducing the possible variability/errors in the model check and quantity take-off procedure. The results obtained provide evidence of 
the distribution of the items and “Chapters” in the cost estimation data structure during the early and detailed design stages (BP and 
EP) when carrying out the LCI for the LCSA implementation. Thus, the results demonstrate that, for similar building typologies and 
building programs, the structure, envelope, and finishing can be the most relevant building systems for potential optimization during 
the early design stages. 

The proposed method can be used in other similar Spanish cost estimation databases such as the BEDEC, CYPE, etc. Future research 
should be focused on verifying the accuracy of the method in other cost estimation structure types from other countries as well as 
comparing the accuracy of the method with other more detailed design stages such as the stage “as built”, by extracting the information 
from BIM models. 
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[8] C. Llatas, B. Soust-Verdaguer, A. Hollberg, E. Palumbo, R. Quiñones, Developing a BIM-based life cycle sustainability assessment application in the early design 

stages using industry foundation classes, Autom. Constr. (2021). Submitted for publication. 
[9] buildingSMART, buildingSMART. https://www.buildingsmart.org/, 2020. (Accessed 30 December 2020). 

[10] International Construction Information Society, Cost estimating and BIM. http://www.icis.org/publications/papers/, 2018. 
[11] T. Lützkendorf, Application of “element”-method in sustainability assessment, Cent. Eur. Towar. Sustain. Build. 2019 (2019) 1–8. 
[12] I. Bernardino-Galeana, C. Llatas, M.V. Montes, B. Soust-Verdaguer, J. Canivell, P. Meda, Life cycle cost (LCC) and sustainability. Proposal of an IFC structure to 

implement LCC during the design stage of buildings, Springer Ser. Geomech. Geoengin (2019) 404–426, https://doi.org/10.1007/978-3-030-61118-7_33. 
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