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Abstract. To foster sustainable development in construction sectors, environmental impacts
need to be reduced dramatically. The Life Cycle Assessment (LCA) technique is the most
firmly established methodology used to quantify these environmental impacts and, therefore,
has been applied with increasing frequency to assess the environmental performance of
buildings. To effectively improve a building's environmental performance, an integration of
LCA in the design process is required. This can be achieved by coupling LCA with digital
design tools, e.g., Building Information Modelling (BIM). To identify the pro and cons of
streamlining the integration of LCA and BIM, a comprehensive Systematic Literature Review
(SLR) was performed. We identified more than 50 relevant BIM-LCA case studies and
analyzed the applied BIM-LCA workflows in detail. In most of the studies reviewed, the LCA
has been applied in an early design stage. The authors primarily used LCA tools and manual or
semi-automatic methods to exchange data between BIM models. In most cases, contemporary
BIM-LCA workflows utilized conventional spreadsheets (e.g., Excel worksheets). However,
the results of the analysis show that an automated link between LCA and BIM can be achieved
if certain challenges are overcome. By automating exchange of information between BIM and
LCA tools and improving the reliability of this process, the LCA application can be
streamlined in design practice and, hence, the necessary improvements of the environmental
performance of buildings can be supported.

1. Introduction

The construction and maintenance of buildings have a significant influence on total amount of
resources consumed and emissions released into the environment. To sustainably develop the building
stock, a multi-disciplinary approach must be adopted that covers a number of aspects, such as energy
efficiency, the intelligent use of materials, including water, the reuse and recycling of materials and
emissions control throughout the whole life cycle of the building [1-3].

The Life Cycle Assessment (LCA) technique is a method used to systematically analyze the
environmental performance of products over their entire life cycle, encompassing the production
(including the raw material extraction), use and end-of-life phases [1,4,5]. The method involves a
process, whereby the material and energy flows are evaluated. Subsequently, the global and/or
regional impacts (e.g., global warming potential, acidification) are calculated based on the input and
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output flows determined. In recent times, this method has been widely applied in the construction
sector, as well as other sectors, for the assessment of the environmental flows of building products and
buildings [6]. In order to perform an LCA study, detailed data must be gathered about the building,
including information about the building materials used, the building process, the use phase of the
building and the predicted end-of-life scenarios. According to practitioners, carrying out an LCA its
complex and time-consuming due to the amount of data needed for the assessment. Building
Information Modelling (BIM) tools can be used to integrate various information into the building
model; therefore, these are helpful in that they reduce the efforts and time required when performing
an LCA [7].

Researchers take different approaches when integrating BIM and LCA tools. Several researchers

have tried to classify the integration approaches. Nizam et al. [8] classified the studies into four
groups. The first group contained studies that address projects-based outcomes but lack a general
framework that could be extended to other projects. The second group contained studies that used BIM
merely as a quantity take-off toll and exported these quantities into other tools. The third group
contained studies that ignored the construction phase during the estimation of embodied energy and
were limited to the cradle-to-site phase. The fourth group contained studies that provided rigorous and
complex methods that might not seem practical for adoption in further studies.
Soust-Verdaguer et al. [7] classified the integration of BIM and LCA into three groups. The first group
described the case in which the BIM tool were used during the Life Cycle Inventory (LCI) stage to
generate the Bill of Quantities (BoQ). The second group included the studies in which the
environmental information was integrated into BIM software. The third group encompassed studies in
which BIM and LCA tools were combined in an automatic process.

The most comprehensive classification was proposed by Wastiels and Decuypere [9]. They divided
the possible BIM-LCA integration methods into five groups. The first method involved the integration
of the tool by exporting the BoQ from the BIM environment into other tools. The second approach
taken was the import of surfaces using the Industry Foundation Classes (IFC) data models, which were
then aligned by an LCA practitioner to fit predefined LCA profiles. The third method involved an
approach in which information from a BIM tool was further processed in a BIM viewer tool and then
transferred into dedicated LCA software. The fourth approach required the use of specially developed
plug-ins that enabled the LCA analysis to be performed using the BIM tool. Examples of such plug-ins
include Tally, One Click LCA and CAALA. The fifth method involved an approach in which the LCA
information was included in BIM objects that were used in the BIM model, instead of being attributed
to the building materials at a later stage and using a separate tool. The five different methods of
integration described by Wastiels and Decuypere are illustrated in Fig 1.
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Figure 1. The classification of BIM-LCA integration adopted after Wastiels and Decuypere [9]
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2. Systematic literature review

In order to identify BIM-LCA approaches in the current scientific literature, we performed a
Systematic Literature Review (SLR). SLR is a systematic, structured procedure used to identify
relevant sources and obtain a comprehensive overview of the published literature, in order to answer a
specific research question. Based on the research question, relevant keywords are identified, and the
search is performed in previously defined databases. In our case, the keywords chosen were “life cycle
assessment” OR “LCA” AND “building information modelling” OR “BIM,” and the chosen databases
were Science Direct, Scopus, Web of Science and Springer. The results were limited to papers
published in the English language. The search criteria were also defined to exclude gray literature
(e.g., conference proceedings, master’s and/or doctoral theses, books/chapters) and no time boundaries
were set.

The results obtained as a result of the literature review were obtained in three phases: a search
was conducted (1) based on the title, (2) based on the abstract and (3) after reading the full paper. The
data used for the analysis presented in this study were extracted from full papers that were identified
as relevant. We also collected additional relevant literature by applying the “snowball” approach,
checking the references cited in the paper initially identified as relevant and then interviewing selected
experts in this field. The entire process is presented in Fig 2.

What current approaches are presented in the literature to link/fintegrate LCA/LCC and BIM

| .

Fe—_—_——_———————————————— A
Keywords: “life cycle assessment” OR “LCA" | additonal studies from expert judgments and |
AND “building information modalling™ OR “BIM® | citations within the SLR I
T =
Database search in Science Direct, Scopus,
Web of Science and Springer
271 papers
Title analysis and exclusion
144 papers
Abetract analysis and exclusion
52 papers
hJ
r-———-n""—-"""—-""—"""—"""=-""7""—-—""—— A
Full paper for data extraction I Full paper for data extarction I
41 papers I 10 papers I

. .

a final eample of 51 papers for in-depth analyzis

I:I systematic iterature review :: :: enowball approach
Figure 2. The process used to collect relevant papers

Fifty-one papers were identified as relevant [7,8,17-26,9,27-36,10,37—46,11,47-56,12—16]. Using
a structured table, we organized information about the BIM-LCA integration workflows, the tools
used for BIM, LCA and energy calculation, the data granularity, the LCA methodology (e.g., scope of
the study, databases, indicators standards and life cycle stages) and metadata. In order to compare the
different approaches taken in the literature, we classified the existing studies that were identified as
relevant using the method cited in [9].
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3. Results and discussion

The most common link between BIM and LCA tools is the exchange of integration via BoQ, as
shown in Fig 3. The data from the BIM model is exported as a schedule which contains information
about the materials used and their quantities. This data is than imported into an LCA tool manually or
automatically. If the import of data into the LCA tool is done manually, which is the most adopted
approach, this procedure is very time consuming and bares the risk of errors. There are proposals how
to automate the exchange process [12,13,51,53,55,57-63,18,19,22,40,41,43,44,49]. Two studies
established a fully automatic exchange of data between BIM and LCA. Abanda et al. combined a BIM
tool with the —NET framework Environment to import the information to the Excel tool [64].
Kumanayake and Luo [65] established an automatic information exchange from BIM to Excel by
combining Visual Studio C# Object Oriented Programming language in the .NET framework
integrated with a Structured Query Language containing information from the Bath ICE database. On
the other hand, several studies tried to facilitate the integration of BIM at LCA to some degree. We
have identified two general approaches. The first approach tries to integrate various additional
information into the BIM model [8,17,23,28,66,67]. This can be done by adding additional parameters
directly to BIM model [17,66] or by using tools that enable the import of this information like
Dynamo or similar [23,28,67]. The second approach combines the studies where extraction of data in
BIM and its import to LCA tools is semi-automated [8,29,47,68].

The second most adopted approach of integration was the use of the LCA plug-in tools. The plug-
in enable fast results but have the limitation that in most of the cases they use generic data. Therefore
they are often used in early design stages to identify the most important impacts. Most of the identified
studied, that used the plug-in approach for the calculation, were using the Tally tool [15,38,69,70].
Tally is a Revit plug-in and enables the LCA analysis by the use of the Gabi database. If the impacts
of the operational phase are also assessed, Tally can be combined with Green Build Designer, which is
also a Revit plug-in. On the other hand, Hollberg and Ruth used the eLCA tool as a plug-in and
coupled it with Grashopper 3D tool within Rhino to optimize the design [71]. Lee et al. developed an
own plug-in for Revit that is able to generate results for 6 impact categories [72]. Jalalei et al. [73]
developed a plug in that serves as a link between BIM, LCA, energy analysis and lightning simulation.

We identified only one study that used the IFC format to facilitate the data exchange between BIM
and LCA tools. Two studies also coupled information relevant for the LCA in the BIM environment.
The calculation and analysis can either be performed with a plug-in or can be exported to dedicated
LCA software.

1 2 3 4 5

Figure 3. The workflow classification of the relevant papers
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Furthermore, we divided the studies based on the degree of automatization of the BIM-LCA
integration. In some cases, the integration was performed manually. This means that the data were
transferred by copying and pasting them from one file to another. In most of the cases, LCA
practitioners needed to assign the data appropriately. The second approach taken was a semi-
automated integration. In this approach, the data were exchanged and filled into the file automatically,
but some level of user interaction was required for the export and import steps. The third approach
taken was the so-called “one click” integration method. In this approach, the data exchange process
was fully automated. The results are presented in Fig 4.

20r
15

10

manual semi-auto automated no data

Figure 4. The link between BIM and LCA

Most of the data exchange performed between BIM and LCA tools was performed manually in the
identified studies. Most studies used a BIM tool to generate a BoQ. The information collected in the
BoQ was then used in a separate tool, applied to perform the LCA. This approach is highly time
consuming, errors can occur. The semi-automated approach was also commonly used in the identified
studies. Part of the information was exported from BIM tools into LCA tools, but this information then
needed to be further processed. In most of the cases, supplementary information was required that was
not available within the BIM environment. The automated approach was most frequently applied when
LCA plug-in tools were used, but we also identified some examples where the authors developed
scripts by integrating different tools. The use of a plug-in generates results rapidly, but these tools
were recognized to have certain limitations. For example, sometimes they could only be applied to
generic data or no possibility was available to adjust the scenarios in the LCA study. The latter
approach required the user to have certain programming skills. The developed scripts enabled users to
couple different tools, supporting the development of new LCA tools or plug-ins.

We evaluated the reproducibility of the process used to integrate BIM and LCA. We divided the
studies into four groups, namely, into groups of studies in which the reproducibility of the integration
was “high”, “medium”, “low”, or “not reproducible.” The studies with a high degree reproducibility
were identified as studies that provided exact procedures, clear information about the tools and a large
amount of supplementary data for the integration. The process of integration was described completely
clearly in these papers. The studies that were classified with a medium level of reproducibility were
the studies in which basic information about the tools and integration workflows were given. The
studies identified as having a low level of reproducibility provided basic information about the tools
that were used but did not describe the workflow. The studies that were classified as not reproducible
are those in which the information about certain tools or the workflow is missing, but the data were
obtained from a BIM model.

In most of the studied papers, the studies offered detailed insights into the process used to facilitate
data exchange between BIM and LCA tools and into the tools and information that were used in this
process. It appeared as though certain cases were completely reproducible because all data required
were provided in the paper. In some cases, certain pertinent information seemed to be missing, but the
process used to integrate the BIM and LCA tools was clear, so these studies were classified as having
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a medium level of reproducibility. Some studies only list the tools used, which provided us with basic
information about the integration but not enough to reproduce the workflow. In some studies, the
authors only stated that the data for the LCA study were obtained from BIM; no further explanations
were offered. These results are presented in Fig 5.
25
20

15

10

high medium low  not reproducible

Figure 5. The reproducibility of the workflows

4. Conclusions

By conducting a thorough SLR and taking the “snowball” approach, we revealed that methods used to
integrate LCA and BIM tools are still at early stages of development. In the majority of studies
identified as relevant, the researchers were still using the BIM to obtain information about the quantity
of the materials (i.e., BoQ), although BIM is a powerful environment and is able to provide much
more information for LCA. Currently, analyses of the majority of applied workflows show that data
are exchanged via spreadsheets and that the data extraction is performed manually. The automatized
integration of BIM and LCA was most often achieved by the use of LCA plug-ins or by integrating
tools via a script.

The aim of this study was to provide a critical overview of the BIM-LCA integration workflows and,
hereby, enhance the further development of the integration process used by LCA practitioners and
software developers. However, more reliably integrating BIM and LCA would foster the optimization
of the environmental performance of the building during the design process, supporting the
improvement of the quality of future building stock.
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