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Abstract
[bookmark: OLE_LINK409][bookmark: OLE_LINK322][bookmark: OLE_LINK330][bookmark: OLE_LINK325][bookmark: OLE_LINK346][bookmark: OLE_LINK353][bookmark: OLE_LINK363][bookmark: OLE_LINK343][bookmark: OLE_LINK347][bookmark: OLE_LINK371][bookmark: OLE_LINK365][bookmark: OLE_LINK362][bookmark: OLE_LINK310][bookmark: _Hlk87391632][bookmark: OLE_LINK373][bookmark: OLE_LINK372][bookmark: OLE_LINK313][bookmark: OLE_LINK374][bookmark: OLE_LINK375][bookmark: OLE_LINK376][bookmark: OLE_LINK312][bookmark: OLE_LINK367][bookmark: OLE_LINK308][bookmark: OLE_LINK379][bookmark: OLE_LINK378][bookmark: OLE_LINK350][bookmark: OLE_LINK351][bookmark: OLE_LINK349][bookmark: OLE_LINK377][bookmark: OLE_LINK366][bookmark: OLE_LINK380][bookmark: OLE_LINK320][bookmark: OLE_LINK381][bookmark: OLE_LINK354][bookmark: OLE_LINK382][bookmark: OLE_LINK383][bookmark: OLE_LINK324][bookmark: OLE_LINK384][bookmark: OLE_LINK385][bookmark: OLE_LINK317][bookmark: _Hlk87390278][bookmark: OLE_LINK360][bookmark: OLE_LINK386][bookmark: OLE_LINK403][bookmark: OLE_LINK405][bookmark: OLE_LINK352][bookmark: OLE_LINK370][bookmark: OLE_LINK387][bookmark: OLE_LINK304][bookmark: OLE_LINK369][bookmark: OLE_LINK389][bookmark: _Hlk87390336][bookmark: OLE_LINK388][bookmark: _Hlk87392791][bookmark: OLE_LINK390][bookmark: OLE_LINK305][bookmark: OLE_LINK368][bookmark: OLE_LINK361][bookmark: OLE_LINK391][bookmark: OLE_LINK392][bookmark: _Hlk87390387][bookmark: OLE_LINK319][bookmark: OLE_LINK393][bookmark: OLE_LINK364][bookmark: OLE_LINK394][bookmark: OLE_LINK355][bookmark: OLE_LINK53][bookmark: OLE_LINK54]Building information modeling (BIM) is helpful for simplifying data acquisition and reducing labor-intensive processes in the life cycle assessment (LCA) of buildings. However, there is a lack of systematic understanding of how to integrate BIM into LCA to make the process more efficient. This paper aims to develop a framework for systematically reviewing the body of knowledge on BIM-integrated LCA in the dimensions of concept, methodology, and value while drawing on the dialectical systems theory. This study analyzed cases of 82 buildings from selected publications between 2011 and 2021 and found that a majority of them studied residential, low-rise, and concrete buildings using Autodesk Revit as the BIM tool. It also highlighted the importance of a clear and unified definition of the level of development (LoD) in the BIM model for LCA applications. Three types of methods for BIM-integrated LCA were identified: integrating different data into a third party application or tool (I), importing a bill of quantities report generated from the BIM model into a dedicated LCA tool (II), and using plug-ins with LCA data for BIM software (III). However, interoperability between BIM and LCA remains a serious challenge owing to different terminologies and data structures. Hence, two means have been suggested: adapting the BIM model to the LCA data structure and developing a simpler BIM tool. This paper provides a theoretical foundation for a simplified but improved explanation for a BIM-integrated LCA that identifies the research trends and critical challenges that need to be addressed. It also serves as information base for building researchers, users, and software developers for future improvements. 
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1. Introduction
Life cycle assessment (LCA) is recognized as a powerful tool for evaluating the inputs, outputs, and potential environmental impacts of a product system that is widely used in the building sector [1]. However, applying conventional LCA to assess the environmental impacts of buildings is a time-consuming and complex process owing to the effort required to collect the bill of quantities (BoQ) of building materials from contractors and to identify suitable datasets from the LCA database. Hence, simplified data acquisition from LCA has been underlined by several studies [2, 3]. 
Recent research suggests that the integration of building information modeling (BIM) with LCA would help address such limitations of conventional LCA [4]. The term ‘BIM’ was conceived in 1992 and became popular in 2002 with the publication of a white paper entitled ‘Building Information Modeling’ by Autodesk [5]. Several methods that integrate BIM with LCA have been developed since then. As an example, Tally is a plug-in of Autodesk Revit that quantifies the environmental impacts of building materials based on the LCA method [6]. The coalescence of BIM enables changes to the antiquated LCA, whereas their integration research is still at a nascent stage. There is a need to explore contemporary research trends and knowledge gaps in BIM-integrated LCA in the building sector. However, no research has explicitly framed a systematic approach to understand how BIM helps improve the LCA application by clearly answering questions such as ‘what BIM-integrated LCA is’, ‘how to integrate BIM with LCA to simplify and automate data input’, and ‘what applications of BIM-integrated LCA are’. 
[bookmark: OLE_LINK177]
[bookmark: _Hlk87388762][bookmark: _Hlk86965195][bookmark: OLE_LINK176][bookmark: OLE_LINK43][bookmark: OLE_LINK52][bookmark: OLE_LINK51][bookmark: OLE_LINK50][bookmark: OLE_LINK62][bookmark: OLE_LINK44][bookmark: OLE_LINK64][bookmark: OLE_LINK46][bookmark: OLE_LINK45][bookmark: OLE_LINK195][bookmark: OLE_LINK63][bookmark: OLE_LINK59][bookmark: OLE_LINK48][bookmark: OLE_LINK47][bookmark: OLE_LINK60][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK56]Therefore, this paper aims to contribute to a systematic understanding of BIM-integrated LCA by clearly addressing the three dimensions of concept, methodology, and value by applying dialectical system theory (DST). A range of case buildings collected from peer-reviewed journal papers covering BIM and LCA within the construction domain was systematically reviewed utilizing scientometric and detailed content analysis techniques. Scientometric analysis was conducted using the VOSviewer tool and the content analysis of the cases was carried out from the concept, methodology, and value dimensions. Following this introduction, Section 2 presents a review of previous studies on BIM-integrated LCA to identify knowledge gaps. Section 3 develops a philosophical framework and explains the research methods. Section 4 reports the reviewed results, and Section 5 discusses the main recommendations. Finally, Section 6 concludes the paper.

2. Previous papers on reviewing BIM-integrated LCA
[bookmark: OLE_LINK70][bookmark: OLE_LINK69][bookmark: OLE_LINK67][bookmark: OLE_LINK74][bookmark: OLE_LINK71][bookmark: OLE_LINK803][bookmark: OLE_LINK66][bookmark: OLE_LINK79][bookmark: OLE_LINK78][bookmark: OLE_LINK77][bookmark: OLE_LINK68][bookmark: OLE_LINK124][bookmark: OLE_LINK65][bookmark: OLE_LINK80][bookmark: OLE_LINK75][bookmark: OLE_LINK327][bookmark: OLE_LINK125][bookmark: OLE_LINK76][bookmark: OLE_LINK126][bookmark: OLE_LINK314][bookmark: OLE_LINK804][bookmark: OLE_LINK82][bookmark: OLE_LINK84][bookmark: OLE_LINK83][bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK89][bookmark: OLE_LINK316][bookmark: OLE_LINK123][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK87][bookmark: OLE_LINK90][bookmark: OLE_LINK88][bookmark: OLE_LINK101][bookmark: OLE_LINK102][bookmark: OLE_LINK107][bookmark: OLE_LINK99][bookmark: OLE_LINK110][bookmark: OLE_LINK119][bookmark: OLE_LINK97][bookmark: OLE_LINK105][bookmark: OLE_LINK104][bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK111][bookmark: OLE_LINK121][bookmark: OLE_LINK96][bookmark: OLE_LINK98][bookmark: OLE_LINK95][bookmark: OLE_LINK120][bookmark: OLE_LINK114][bookmark: OLE_LINK106][bookmark: OLE_LINK115][bookmark: OLE_LINK109][bookmark: OLE_LINK118][bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK113][bookmark: OLE_LINK112][bookmark: OLE_LINK128][bookmark: OLE_LINK129][bookmark: OLE_LINK798][bookmark: OLE_LINK127][bookmark: OLE_LINK135][bookmark: OLE_LINK137][bookmark: OLE_LINK138][bookmark: OLE_LINK132][bookmark: OLE_LINK133][bookmark: OLE_LINK136][bookmark: OLE_LINK149][bookmark: OLE_LINK154][bookmark: OLE_LINK151][bookmark: OLE_LINK153][bookmark: OLE_LINK796][bookmark: OLE_LINK150][bookmark: OLE_LINK134][bookmark: OLE_LINK795][bookmark: OLE_LINK140][bookmark: OLE_LINK797][bookmark: OLE_LINK143][bookmark: OLE_LINK799][bookmark: OLE_LINK145][bookmark: OLE_LINK800][bookmark: OLE_LINK146][bookmark: OLE_LINK147][bookmark: OLE_LINK141][bookmark: OLE_LINK144][bookmark: OLE_LINK142][bookmark: OLE_LINK157][bookmark: OLE_LINK155][bookmark: OLE_LINK156][bookmark: OLE_LINK152]The great potential of BIM tools to support decision-making during LCA applications of buildings in selecting building materials, dimensioning choices, construction methods, and building service systems have been acknowledged and summarized in several review papers [7, 8]. For example, Soust-Verdaguer et al. [9] reviewed studies centered on BIM and LCA by focusing on how BIM could simplify data input and optimize the data output of LCA tools. The study also proposed viable methods for integrating BIM software and LCA tools, such as developing templates and plug-ins for BIM software. Eleftheriadis et al. [10] explored the development of BIM and LCA in terms of energy efficiency (e.g., embodied and operational energy) and engineering performance (e.g., cost, safety, and buildability) of structural systems through a review study. This highlights the need to integrate BIM for future innovation in the decision-making process related to building structures. Llatas et al. [11] conducted a systematic literature review (SLR) to search for opportunities to integrate the LCA in BIM during the building design stage and proposed an approach to help in the implementation of LCA in BIM. However, only 36 cases published in two journals were analyzed in this study. Dalla Mora et al. [12] reviewed BIM-integrated LCA studies published between 2007 and 2019 to demonstrate how BIM could enhance data management in LCA applications and examined the influence of different parameters. This study further highlighted that lack of available LCA databases integrated into BIM tools is one of the major problems. Obrecht et al. [13] conducted a review of 60 relevant BIM and LCA integration case studies to determine the advantages and disadvantages of current integration approaches from the technical, informational, organizational, and functional standpoints. Similarly, Seyis [14] identified 21 advantages and seven disadvantages associated with BIM-based LCAs through a comprehensive review, a range of semi-structured interviews, and the Delphi method. The results suggested that the main challenges associated with BIM-integrated LCA were the laborious data input process. Panteli et al. [15] focused on previous studies on the use of BIM for the environmental assessment of buildings during the design stage and proposed that the interoperability of data sharing between BIM and LCA tools was crucial. Lu et al. [16] conducted a review of 36 peer-reviewed papers on BIM and LCA based on a four-step methodology framework for conducting LCA, viz., defining the system boundary, conducting inventory analysis, obtaining the environmental impacts, and analyzing the results. This study also examined how the integration of BIM could help to improve LCA applications during different life cycle stages. 
[bookmark: OLE_LINK159]
[bookmark: OLE_LINK158][bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: OLE_LINK38][bookmark: OLE_LINK36]In summary, these published review papers have addressed the integrated use of BIM and LCA by investigating the research trends and challenges, the improvement of LCA applications with BIM, and the advantages and disadvantages of different approaches to integrating BIM with LCA. However, there exists a clear lack of systematic review and research works that seek answers to the three questions that being raised in the introduction section.

3. Methodology 
[bookmark: _Hlk86965678][bookmark: OLE_LINK258]3.1 A three-dimension framework for analyzing BIM-integrated LCA 
[bookmark: OLE_LINK164][bookmark: OLE_LINK1336][bookmark: OLE_LINK1340][bookmark: OLE_LINK61][bookmark: OLE_LINK170][bookmark: OLE_LINK1334][bookmark: OLE_LINK55][bookmark: OLE_LINK165][bookmark: OLE_LINK1335][bookmark: OLE_LINK169][bookmark: OLE_LINK167][bookmark: OLE_LINK328][bookmark: OLE_LINK103]To guide the theoretical examination of BIM-integrated LCA studies, the dialectical system approach was adopted in the present review paper. A dialectical system is defined as “a network/system of essential interdependent viewpoints of consideration” by Mulej et al. [17], which describes such a system with its components and interrelationships. This approach explains a system based on the following four aspects, viz., ontology, epistemology, methodology, and axiology, which have been used by other researchers to address studies on zero-carbon buildings [18], sustainable buildings [19], and buildings’ life cycle carbon assessment [20]. Accordingly, ontology indicates what BIM-integrated LCA is; epistemology explains how to know what BIM-integrated LCA is; methodology denotes how to integrate BIM with LCA to simplify and automate data input, and axiology refers to the values and applications of BIM-integrated LCA. Guided by this theoretical explanation and a previous study conducted by Pan and Ning [19], the indicators for analyzing the BIM-integrated LCA are examined from the standpoint of concept, methodology, and value, as shown in Figure 1. 
[bookmark: OLE_LINK945][image: ]
Figure 1 Three-dimension framework of indicators for analyzing BIM-integrated LCA (adapted from Pan and Ning [19])

3.1.1 The dimension of concept
[bookmark: OLE_LINK5][bookmark: OLE_LINK2]The concept dimension identifies “what BIM-integrated LCA is”, which can be explained as the data input process. It includes the definition of study scopes and assumptions, as well as the selection of BIM software and LCA tools for conducting the life cycle inventory analysis of a building.

[bookmark: OLE_LINK852][bookmark: OLE_LINK34][bookmark: OLE_LINK864][bookmark: OLE_LINK861][bookmark: OLE_LINK867][bookmark: OLE_LINK860][bookmark: OLE_LINK866][bookmark: OLE_LINK862][bookmark: OLE_LINK869][bookmark: OLE_LINK865][bookmark: OLE_LINK858][bookmark: OLE_LINK868][bookmark: OLE_LINK856][bookmark: OLE_LINK870][bookmark: OLE_LINK859][bookmark: OLE_LINK871][bookmark: OLE_LINK857][bookmark: OLE_LINK855][bookmark: OLE_LINK853][bookmark: OLE_LINK329][bookmark: OLE_LINK854][bookmark: OLE_LINK839]The data involved in a BIM model include the physical and graphical information of a building by establishing a virtual model using BIM software such as Autodesk Revit and ArchiCAD. The physical information of a building includes the adopted structure, density, typology, and geographical location, which is determined during the BIM input process. To describe the information richness of a BIM model, the level of development (LOD) is usually used, which is defined as “the minimum dimensional, spatial, quantitative, qualitative, and other data included in a model element” according to the American Institute of Architecture (AIA). The LOD is divided into five levels, viz., LOD 100, 200, 300, 400, and 500, according to the level of details being developed for the LCA application. Therefore, the LOD is used as the criterion for analyzing the extent of BIM input. The data involved in LCA tools comprise the graphic and environmental information of a building. The selected life cycle stages, assumed life spans, and functional units of conducting an LCA are defined, and the environmental characteristics of the building materials are identified during the LCA input process. 

3.1.2 The dimension of methodology 
[bookmark: OLE_LINK166][bookmark: OLE_LINK838][bookmark: OLE_LINK837][bookmark: OLE_LINK148][bookmark: OLE_LINK37][bookmark: OLE_LINK168][bookmark: OLE_LINK122]The methodology dimension examines “how to integrate BIM with LCA to simplify and automate data input”, which can be explained as the data analysis process. This dimension consists of software integration and data exchange between the BIM and LCA tools. For example, a common application of BIM-integrated LCA is to automatically obtain the BoQ from the BIM model for simplifying the data acquisition process of LCA [9]. The material quantities are exported to a third party (e.g., Excel and author-developed applications) so that they can be organized before being imported into LCA tools. 

3.1.3 The dimension of value
[bookmark: OLE_LINK171][bookmark: OLE_LINK932][bookmark: OLE_LINK172][bookmark: OLE_LINK941][bookmark: OLE_LINK933][bookmark: OLE_LINK943][bookmark: OLE_LINK944][bookmark: OLE_LINK942][bookmark: OLE_LINK940][bookmark: OLE_LINK957][bookmark: OLE_LINK934][bookmark: OLE_LINK948][bookmark: OLE_LINK947][bookmark: OLE_LINK920][bookmark: OLE_LINK958]The value dimension explores “what applications of BIM-integrated LCA are” which reflects the data output process. This dimension includes the examination of the calculated environmental impact indicators, such as, carbon emissions, energy consumption, global warming potential (GWP), and the prevalent applications after the calculation results are obtained (e.g., improvement after integrating BIM, sensitivity analysis, uncertainty analysis or scenario analysis).

[bookmark: OLE_LINK39]3.2 Reviewing papers on BIM-integrated LCA
[bookmark: OLE_LINK20][bookmark: OLE_LINK960][bookmark: OLE_LINK974][bookmark: OLE_LINK961][bookmark: OLE_LINK185][bookmark: OLE_LINK332][bookmark: OLE_LINK333][bookmark: OLE_LINK962][bookmark: OLE_LINK331][bookmark: OLE_LINK186][bookmark: OLE_LINK973]A three-step process that included case selection, science mapping analysis, and in-depth content analysis was adopted for reviewing the BIM-integrated LCA papers. The case buildings for the review were selected from peer-reviewed journal papers. Further, science mapping analysis to explore the main contributors to existing research and their inter-relationships was conducted using a text mining tool named VOSviewer, which is a useful tool that can visualize bibliometric networks and assists researchers in conducting literature review analysis [21]. Finally, the in-depth content analysis of the case studies was conducted by drawing on the three-dimensional framework of concept, methodology, and value, representing the information flow of data input, analysis, and output.

3.2.1 Step 1: Case selection
[bookmark: OLE_LINK805][bookmark: OLE_LINK964][bookmark: OLE_LINK965][bookmark: OLE_LINK972]A literature search was conducted based on a current list of high-quality journal articles that integrate BIM and LCA to calculate the environmental impacts, energy consumption, and carbon emissions of a building. To provide a comprehensive understanding of the current applications of BIM in LCA, this study conducted a rigorous retrieval process based on the most renowned indexed databases: Web of Science (WoS) and Scopus. The process for retrieving related cases from peer-reviewed papers is summarized as follows (Figure 2):
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Figure 2 Process for retrieving related cases from peer-reviewed papers

[bookmark: OLE_LINK969][bookmark: OLE_LINK296][bookmark: OLE_LINK174][bookmark: OLE_LINK130][bookmark: OLE_LINK163][bookmark: OLE_LINK281][bookmark: OLE_LINK295][bookmark: OLE_LINK967]The first step was to input the following relevant “title, abstract, and keywords” in the search engines: ‘BIM’ or ‘building information modeling’  and ‘LCA’ or ‘carbon assessment’ or ‘CO2 emissions’ or ‘environmental effect assessment’ or ‘greenhouse gas emissions’ or ‘GHG’. No time limitation was set for the search criteria to ensure that comprehensive coverage of the existing literature was obtained. Only peer-reviewed English journal articles were selected for analysis to ensure the quality of the study and completeness of the collected data. The categories of these articles were limited to the fields of civil engineering, environmental engineering, environmental science, construction building technology, environmental studies and sustainable science. Duplications from different search engines were eliminated. 

[bookmark: OLE_LINK40][bookmark: OLE_LINK49]A filtering process was conducted on the completion of search for related papers to exclude irrelevant papers by scanning the titles, keywords, and abstracts of each paper. Given that this study is restricted to case studies related to the integration of BIM with LCA, papers that failed to provide specific information on such cases were excluded and 124 papers remained for analysis after filtration. A snowball approach was then followed by reading the text of each paper quickly to select other relevant studies. Finally, suitable cases were selected by reading the full text of each paper in detail. The search results provided 82 cases of buildings from 78 papers related to BIM for use in LCA.

[bookmark: _Hlk65744463]3.2.2 Step 2: Science mapping analysis
[bookmark: OLE_LINK971]The bibliometric network relationship of research on applying BIM to LCA was visualized, computed, and analyzed through VOSviewer software. The indicators of “co-occurrence keywords” and “countries’ activeness” were used to examine the research focus and contribution of countries or regions to the global research community in this discipline. 

[bookmark: _Hlk65744437]3.2.3 Step 3:In-depth content analysis
In-depth content analysis entailed comparing the concepts, methodologies, and values outlined in the content of the selected studies. Particular attention was paid to prevailing gaps in knowledge, limitations of the selected studies, and formulating future recommended research work across these studies. 

4. Results and analyses  
[bookmark: OLE_LINK162][bookmark: OLE_LINK183]A large number of BIM-integrated LCA papers has been published in recent years. In particular, this research field has received considerable attention from researchers during the last four years. The 82 selected cases of buildings from the 78 papers were analyzed further through science mapping and in-depth content analyses in the following sections to illustrate the research trends and knowledge gaps. 

Figure 3 Number of BIM-integrated LCA case study papers published during 2011 to 2021 

[bookmark: OLE_LINK180]4.1 Science mapping analysis of BIM-integrated LCA
4.1.1 Analysis of co-occurrence of keywords
[bookmark: OLE_LINK35][bookmark: OLE_LINK182][bookmark: OLE_LINK181][bookmark: OLE_LINK184][bookmark: OLE_LINK193][bookmark: OLE_LINK191][bookmark: OLE_LINK188][bookmark: OLE_LINK189][bookmark: OLE_LINK192][bookmark: OLE_LINK190][bookmark: OLE_LINK194][bookmark: OLE_LINK255][bookmark: OLE_LINK178]Keywords represent the research focus and direction in the BIM-integrated LCA research domain: minimum keyword frequency was set to three for VOSviewer. Subsequently, a filtering process was carried out by merging synonyms (e.g., ‘carbon footprint’ and ‘carbon emissions’), transforming abbreviated terms with full terms (e.g., ‘LCA’ and ‘life cycle assessment’), and ignoring general terms (e.g., ‘conclusion’, ‘method’, etc.) and 32 keywords were selected to meet the requirement (as shown in Table 1 and Figure 4). A large node size indicates a high occurrence of the items, a thick connection line indicates a close relationship between the two items, and different colors divide nodes into different clusters. The results indicate that the five most popular keywords in this domain are life cycle assessment, building information modeling, environmental impacts, carbon emissions, and sustainability. These keywords were also strongly connected to different clusters. 
[bookmark: OLE_LINK806]Table 1 Details of the keywords of the selected 78 BIM-integrated LCA papers 
	Keywords
	Occurrences
	Total link strength

	Life Cycle Assessment
	64
	377

	Building Information Modeling
	61
	349

	[bookmark: OLE_LINK307]Environmental Impacts
	33
	237

	Carbon Emissions
	32
	201

	Sustainability
	30
	203

	Design
	28
	189

	Energy Consumption
	28
	187

	Construction
	24
	165

	Buildings
	19
	132

	Embodied Energy
	19
	130

	Performance
	14
	99

	Embodied Carbon
	13
	77

	Greenhouse Gas Emissions
	12
	83

	Cost
	11
	77

	Optimization
	11
	86

	Integration
	8
	56

	Simulation
	8
	61

	China
	7
	51

	Residential Buildings
	7
	44

	Operational Energy
	6
	40

	Demolition Waste
	5
	32

	Green Buildings
	5
	31

	Climate Change
	4
	22

	Database
	4
	23

	Early Stage
	4
	36

	Challenges
	3
	28

	Components
	3
	15

	Concrete
	3
	18

	Global Warming Potential
	3
	16

	Hong Kong
	3
	18

	LEED
	3
	13

	Prefabrication
	3
	24
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Figure 4 Co-occurrence of keywords analysis of the selected 78 BIM-integrated LCA papers 

[bookmark: OLE_LINK237]4.1.2 Analysis of activeness of countries or regions
[bookmark: OLE_LINK108][bookmark: OLE_LINK241][bookmark: OLE_LINK243][bookmark: OLE_LINK293][bookmark: OLE_LINK257][bookmark: OLE_LINK28][bookmark: OLE_LINK29]The contribution of countries or regions to the global research community was analyzed. With the minimum number of publications from a country set at 2, 23 out of 34 countries were listed: Table 2 and Figure 5 present the detailed information of countries or regions that have been active in the research field of BIM-integrated LCA. The results show that China has made a significant contribution in this field when compared to other countries and regions. The connection line illustrates a strong connection between China and Australia.

Table 2 Details of countries or regions of the selected 78 BIM-integrated LCA papers 
	Country or region 
	Documents 
	Citations 
	Total link strength 

	China
	17
	368
	2381

	Australia 
	10
	241
	1664

	Brazil
	7
	173
	1281

	Switzerland
	5
	180
	1261

	Portugal
	6
	96
	1104

	Sweden
	6
	209
	1063

	Spain
	3
	32
	631

	USA
	5
	684
	626

	Italy
	2
	40
	586

	Singapore
	4
	106
	513

	Germany
	3
	14
	483

	Belgium
	2
	80
	481

	Canada
	5
	162
	415

	Hong Kong
	5
	148
	410

	UK
	6
	124
	380

	Malaysia
	2
	7
	354

	Pakistan
	2
	7
	354

	Saudi Arabia
	2
	35
	305

	Iran
	2
	32
	168

	Egypt
	2
	36
	167

	South Korea
	5
	106
	146

	India
	2
	1
	101

	Norway
	2
	49
	85
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Figure 5  Activeness of the countries or regions of the selected 78 BIM-integrated LCA papers 
4.2 In-depth content analysis of BIM-integrated LCA
4.2.1 In the concept dimension: data input of BIM and LCA model
[bookmark: OLE_LINK808][bookmark: OLE_LINK807][bookmark: OLE_LINK811][bookmark: OLE_LINK809][bookmark: OLE_LINK810][bookmark: OLE_LINK179][bookmark: OLE_LINK840][bookmark: OLE_LINK880][bookmark: OLE_LINK881][bookmark: OLE_LINK874][bookmark: OLE_LINK877][bookmark: OLE_LINK876][bookmark: OLE_LINK878][bookmark: OLE_LINK879][bookmark: OLE_LINK875]Traditionally, data input used to be the most time-consuming task while carrying out LCA of buildings. Previous studies have proposed that the use of BIM could support energy simulations and carbon modeling over a building's life cycle by enabling the automatic extraction of material and component quantities [9, 10, 22]. It provides an effective method to identify scenarios of mitigating emissions related to material processing and construction methods in both the early and late design stages [23, 24]. Figure 6 illustrates the distributions of the reported results of the 82 case buildings in terms of the BIM model input and LCA model input. 
[bookmark: OLE_LINK882][image: ]
[bookmark: OLE_LINK883]Figure 6 Distributions of reported results of the 82 buildings in terms of BIM model and LCA model input

· BIM model input 
[bookmark: OLE_LINK850][bookmark: OLE_LINK27][bookmark: OLE_LINK812][bookmark: OLE_LINK841][bookmark: OLE_LINK843][bookmark: OLE_LINK836][bookmark: OLE_LINK844][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK813][bookmark: OLE_LINK8][bookmark: OLE_LINK818][bookmark: OLE_LINK845][bookmark: OLE_LINK303][bookmark: OLE_LINK846][bookmark: OLE_LINK842][bookmark: OLE_LINK33][bookmark: OLE_LINK817][bookmark: OLE_LINK820][bookmark: OLE_LINK819]BIM is oriented to the modeling and communication of both graphic and non-graphic information, which enables automatic extraction of material quantities for further energy simulations and carbon calculations in a third-party application. The definition of the physical model is crucial during LCA application. However, only less than 30% of the cases specified the LOD of the model and a majority of them were based on the LOD 300 model to obtain the approximate quantities, size, shape, location, or orientation required for further analysis of energy or emission [25–27]. Among the 82 cases, 66 selected Autodesk Revit as the BIM tool while four used ArchiCAD. A study conducted by Hao et al. [28] adopted GGJ2013 and GCL 2013, two BIM software tools developed within China that have advantages for establishing models for the design of prefabricated buildings, as an alternative to Revit or other common BIM software. In terms of building typology, 54.9% of the cases were centered on residential buildings, 47.6% of the cases were low-rise buildings, and 64.6% of the case buildings adopted concrete structures. Concerning the building locations, the results indicated that these case buildings were across different countries and regions while only 19.5% were from Mainland China. 

· [bookmark: OLE_LINK823]LCA model input
[bookmark: OLE_LINK821][bookmark: _Hlk72408799][bookmark: OLE_LINK824][bookmark: OLE_LINK835][bookmark: OLE_LINK847][bookmark: OLE_LINK826][bookmark: OLE_LINK825][bookmark: OLE_LINK872][bookmark: OLE_LINK873][bookmark: OLE_LINK849][bookmark: OLE_LINK834][bookmark: OLE_LINK207][bookmark: OLE_LINK887][bookmark: OLE_LINK848][bookmark: OLE_LINK460][bookmark: OLE_LINK459][bookmark: _Hlk55930985][bookmark: OLE_LINK889][bookmark: OLE_LINK888][bookmark: OLE_LINK891][bookmark: OLE_LINK30][bookmark: OLE_LINK890][bookmark: OLE_LINK886][bookmark: OLE_LINK827][bookmark: OLE_LINK829][bookmark: OLE_LINK884][bookmark: OLE_LINK828][bookmark: OLE_LINK892][bookmark: OLE_LINK885][bookmark: OLE_LINK830][bookmark: OLE_LINK832][bookmark: OLE_LINK833][bookmark: OLE_LINK831]A majority of the papers that were reviewed have selected a complete building as the functional unit to develop the LCA although a few considered a portion only [29–31]. In terms of the specific functional unit, 56.1% of the 82 buildings selected a 1 m2 gross floor area (GFA). Approximately 70% of the case buildings have specified their lifespans to develop the LCA: 23 buildings selected 50-year period. Although the typical four life cycle stages for conducting LCA of buildings have been developed by the European standard BS EN 15978:2011 (BSI, 2012), which categorizes building life cycle stages into four main stages viz., product and construction (A1–A5), use (B1–B5), end-of-life (C1–C4) and recycling (D), the selected stages are still highly related to the goal and scope of the study. Several of the case buildings have focused on the production and construction phase (A, 82.9%): details for other phases are–use (B) (64.6%), end-of-life (C) (54.9%), and few examined recycling (D) phase. The 82 buildings developed the life cycle inventory (LCI) based on the application of more than 20 different databases or software, and a majority selected general ones. For example, databases such as the ICE [31, 32], GaBi [33], and Ecoinvent [25, 26, 34] were widely utilized for carbon modeling and EnergyPlus [35] or DesignBuilder [36] software was commonly utilized for energy simulation. Particularly, Ecoinvent being the world’s leading database, approximately 21.2% of the cases of buildings have used this database for environmental impact assessment. In addition to these general databases, some cases also adopted national databases such as the Swiss Buildings Database [37] and KBOB [38, 39] in Switzerland, CLCD in China [40, 41], Oekobaudat.de in Germany [42, 43], and Korea LCI database in Korea [44, 45]. Furthermore, in some cases the environmental data were determined directly from other literature [46–48]; although this reduced the overall time, it could lead to unreliable results when such case buildings are located in a different place [49].

[bookmark: OLE_LINK334][bookmark: OLE_LINK898][bookmark: OLE_LINK900][bookmark: OLE_LINK893][bookmark: OLE_LINK894][bookmark: OLE_LINK896][bookmark: OLE_LINK895]4.2.2 In the methodology dimension: software integration and data exchange of BIM and LCA
[bookmark: OLE_LINK899][bookmark: OLE_LINK901][bookmark: OLE_LINK904][bookmark: OLE_LINK902][bookmark: OLE_LINK903][bookmark: OLE_LINK907][bookmark: OLE_LINK906][bookmark: OLE_LINK908][bookmark: OLE_LINK336][bookmark: OLE_LINK909][bookmark: OLE_LINK213][bookmark: OLE_LINK211][bookmark: OLE_LINK209][bookmark: OLE_LINK15][bookmark: OLE_LINK17][bookmark: OLE_LINK19][bookmark: OLE_LINK16][bookmark: OLE_LINK25][bookmark: OLE_LINK12][bookmark: OLE_LINK21][bookmark: OLE_LINK24][bookmark: OLE_LINK14][bookmark: OLE_LINK18][bookmark: OLE_LINK22][bookmark: OLE_LINK13][bookmark: OLE_LINK26][bookmark: OLE_LINK23]The critical task in this dimension is to define how to achieve software integration and data exchange between BIM software and LCA tools. Traditional LCA of buildings is usually conducted at the end of the design stage when accurate data are available, but it could be too late to influence key decisions. Several methodological approaches have been proposed to address this issue by integrating BIM software and LCA tools. For example, Basbagill et al. [7] proposed a method combining BIM software (Dprofiler), carbon assessment tools (SimaPro and Athena EcoCalculator), and sensitivity analysis software (ModelCenter) to quickly evaluate and compare the embodied carbon of different building component materials and dimensioning choices in the early design stage. Jrade and Jalaei [50] used a method that linked a material database stored in a BIM module to an LCA module to simplify the environmental impact assessment process of buildings in the conceptual stage. Shin and Cho [51] developed a framework to select appropriate design alternatives in the early stage of a construction project by manually entering data into LCA tools after being extracted from ArchiCAD. Shafiq et al. [52] combined Autodesk Revit and Excel to assess embodied carbon in a two-story building. Najjar et al. [24] employed Autodesk Revit, Green Building Studio, and Tally to estimate the impact of a case study building. Similarly, Bueno et al. [53] integrated LCA in Autodesk Revit using a BIM plug-in (Tally) to automatically obtain the environmental impacts of various building components in the initial design stages. Cavalliere et al. [37] developed a BIM-based method for a continuous embodied environmental impact assessment in the detailed design phase. The corresponding emission factors were collected from different databases according to the LOD at different stages to support accurate decision-making. Feng et al. [54] calculated the embodied carbon of materials by multiplying their emission factors collected from the Ecoinvent database and material quantities exported from Revit for evaluating different renovation and reconstruction scenarios in British Columbia. Abbasi and Noorzai [30] proposed a BIM-based multi-optimization approach to determine the trade-off between embodied and operational energy and provided ways to select optimal solutions in the early design stage. Tushar et al. [29] integrated BIM software (Autodesk Revit), an energy rating tool (FirstRate5), and a BIM plug-in (Tally) to quantify and compare different building designs of a residential building.

[bookmark: OLE_LINK912][bookmark: OLE_LINK910][bookmark: OLE_LINK911][bookmark: OLE_LINK913][bookmark: OLE_LINK407]Data exchange between BIM and LCA is another critical challenge when using different data formats in BIM software and professional LCA tools. The most relevant purposes of coupling BIM and LCA tools are the export of BoQ and the determination of building datasets, which represent the most time-consuming processes. Three different approaches have been proposed in previous studies to achieve data exchange between BIM and LCA tools. They are integrating process combining different data into a third party application or tool (Type I), importing a BoQ report generated from the BIM model into a dedicated LCA tool (Type II), and using plug-ins with LCA data for BIM software (Type III) (Figure 7): comparisons of these three types of approaches are presented in Table 3.  
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Figure 7 Three approaches for data exchange between BIM software and LCA tools
 (Notes: take Revit for BIM modeling and SimaPro for embodied carbon assessment as an example)

[bookmark: OLE_LINK936]Table 3 Comparisons of three types of data exchange approaches between BIM and LCA tools
	Type
	Data exchange approach
	Calculation platform
	Description
	Advantage 
	Disadvantage
	Proportion of the case building

	I
	From BIM and LCA to a third party 
	Excel
	Importing a BoQ report generated from the BIM model and corresponding emission factors provided by LCA tools into Excel
	Simple and time-saving 
	Inefficient to handle a more complex calculation
	34.1%

	
	
	Self-developed application
	Using programming language to achieve automatic data extraction and calculation between BIM and LCA tools 
	Automatic and clear calculation 
	Only numerical results can be obtained
	9.8%

	II
	From BIM to LCA
	Professional LCA tools 
	Importing a BoQ report generated from the BIM model or BIM model into dedicated LCA tools
	Professional, detailed and visualized analysis 
	Inconsistent data formats of material databases;
Manually data mapping is needed
	25.6%

	III
	From LCA to BIM 
	BIM platform
	Using a Revit plug-in to conduct LCA
	Flexible data modification, integrated data storage, quick feedback, and intuitive visualization
	Inaccuracy of the results
	9.8%

	
	
	
	Importing LCA data into BIM objects or an in-built database through application programming interfaces (APIs)
	
	Manual data mapping is needed
	20.7%



[bookmark: OLE_LINK218][bookmark: OLE_LINK219][bookmark: OLE_LINK337][bookmark: OLE_LINK221][bookmark: OLE_LINK919][bookmark: OLE_LINK7]Microsoft Excel is the most commonly used third-party tool where the integration process is conducted by multiplying the quantities of materials and building components from BIM software, such as Revit [55] and ArchiCAD [56], and the corresponding emission factors provided by LCA tools, such as Ecoinvent [25, 57] and ICE [31, 58] databases. The Excel-based method is relatively simple and can achieve quick feedback; therefore, it has been adopted by 34.1% of 82 case buildings. However, this method is inefficient in handling complex calculations when there are numerous parameters related to building materials and fuel types and the corresponding emission factors must be handled manually [51]. Therefore, some scholars have developed their own applications using programming language to achieve automatic data extraction and calculation. For example, Marzouk et al. [59] developed a window application written in C#.net to evaluate and compare the emissions of building elements wherein the building information stored in the BIM model was transferred to MS Access through the Revit DB link and the emission factors were extracted from the Athena Impact Estimator. Finally, the SQL was used to import the data to the aforementioned application for automated carbon emission estimation. Xu et al. [60] integrated engineering quantities and environment-related data into a database and adopted a Python program to assist in automatic calculation.

[bookmark: OLE_LINK1033][bookmark: OLE_LINK1034][bookmark: OLE_LINK1031][bookmark: OLE_LINK406][bookmark: OLE_LINK228][bookmark: OLE_LINK921][bookmark: OLE_LINK922]Although the automatic calculation is achievable, the self-developed applications provide only numerical results with no scope for conducting further analysis. Therefore, a few studies relied on professional and dedicated LCA tools for assessing carbon emissions and energy consumption by importing material quantities generated from BIM software. For example, Yang et al. [40] developed a BIM-enabled carbon assessment tool named eBalance for carrying out LCA within China. Glondon BIM5D programs were used to extract the material quantities and energy consumption of the equipment. Rezaei et al. [26] performed a conception-to-demolition carbon assessment of a four-story multi-residential building in Québec, Canada, by combining BIM Revit, Ecoinvent database, and openLCA software. The material lists from Revit were initially matched with a dataset in Ecoinvent based on expert judgment, Canadian construction codes and standards, and material properties, and finally processed with the openLCA software. In the study by Abbasi and Noorzai [30], the geometric data and bill of materials of the building were extracted from the BIM Revit and subsequently input into the Athena Impact Estimator to calculate the embodied energy of an eight-story residential building. Compared with the type I method, using professional LCA tools can provide a more detailed analysis of the results. However, one of the most important challenges of this method is the difficulty in unifying the data formats of material databases in BIM software with LCA tools such as the functional units, types, and names. Moreover, manual data mapping consumes plenty of time as information in the BIM software is usually not as detailed as that in LCA tools. 

[bookmark: OLE_LINK938][bookmark: OLE_LINK923][bookmark: OLE_LINK924][bookmark: _Hlk72582687][bookmark: OLE_LINK208][bookmark: OLE_LINK926][bookmark: OLE_LINK925][bookmark: OLE_LINK1030][bookmark: OLE_LINK1035][bookmark: OLE_LINK204][bookmark: OLE_LINK197][bookmark: OLE_LINK198][bookmark: OLE_LINK196][bookmark: OLE_LINK201][bookmark: OLE_LINK203][bookmark: OLE_LINK199][bookmark: OLE_LINK202][bookmark: OLE_LINK200][bookmark: OLE_LINK930][bookmark: OLE_LINK927][bookmark: OLE_LINK928][bookmark: OLE_LINK240][bookmark: OLE_LINK242]Compared with the first two methods where the BIM is conducted merely as a quantity take-off tool, the type III approach conducts the assessment within a native BIM environment where data update can be easily achieved. For example, some scholars proposed a Revit plug-in named Tally to evaluate the carbon emissions and energy of buildings [6, 61]. The BIM model was established in Revit and the required building information could be directly extracted into Tally for the calculation. However, some studies have challenged the accuracy of the results provided by Tally due to its inflexible and insufficient databases in comparison with the professional LCA tools [62, 63]. Therefore, a more flexible method has been used in some studies where data from professional LCA tools were imported into BIM objects using Revit application programming interface (API). Recent studies on LCA have encouraged the use of visual scripting interfaces such as Dynamo, an existing API of Revit. For example, Röck et al. [64] calculated the embodied carbon of buildings directly using Dynamo by multiplying the building elements, such as volume, quantity, location, and orientation, obtained from BIM Revit and the respective environmental impact indicators from the Ecoinvent database. This study also defined a common name convention so that automatic data mapping could be achieved. In the study by Hollberg et al. [38], each building material in the native material library of Revit was linked by emission factors collected from the KBOB database using an individual ID, which means that the material quantities obtained by Dynamo have specific KBOB IDs. However, Dynamo has the limitation of accessing the volumetric information of technical routing elements such as pipes or ducts. Meanwhile, certain scholars have developed their own Revit APIs. For example, Nizam et al. [65] developed a tool that includes four modules, viz., material, transportation, construction, and embodied energy tab, as an add-in for Revit wherein data are directly extracted from Revit, ICE database, Chinese handbook, project documents, and interviews prior to being imported into the tool. Santos et al. [66] developed an innovative BIM-based LCA/LCC tool named BIMEELCA through the Revit API to assess the environmental and economic impacts of buildings. Compared with the other two types of BIM-LCA methods, type III offers improved data modification flexibility, integrated data storage, quick feedback, and visualization. However, because manual handling is still required, the data mapping process from LCA tools to BIM objects remains to be inefficient.

[bookmark: OLE_LINK41][bookmark: OLE_LINK42]4.2.3 In the value dimension: data output and applications of BIM-integrated LCA results
[bookmark: OLE_LINK976][bookmark: OLE_LINK946][bookmark: OLE_LINK978][bookmark: OLE_LINK981][bookmark: OLE_LINK984][bookmark: OLE_LINK1006][bookmark: OLE_LINK998][bookmark: OLE_LINK985][bookmark: _Hlk55927935][bookmark: _Hlk72357682][bookmark: OLE_LINK979][bookmark: OLE_LINK982][bookmark: OLE_LINK73][bookmark: OLE_LINK72][bookmark: OLE_LINK980][bookmark: OLE_LINK983][bookmark: OLE_LINK987][bookmark: OLE_LINK988][bookmark: OLE_LINK999][bookmark: _Hlk72357668][bookmark: OLE_LINK1000][bookmark: OLE_LINK990][bookmark: OLE_LINK989][bookmark: OLE_LINK1007][bookmark: OLE_LINK1008][bookmark: OLE_LINK992][bookmark: OLE_LINK993][bookmark: OLE_LINK991][bookmark: OLE_LINK995][bookmark: OLE_LINK1002][bookmark: OLE_LINK1005][bookmark: OLE_LINK1001][bookmark: OLE_LINK1003][bookmark: OLE_LINK175][bookmark: OLE_LINK994][bookmark: OLE_LINK996][bookmark: OLE_LINK1004][bookmark: OLE_LINK997][bookmark: OLE_LINK6][bookmark: OLE_LINK4][bookmark: OLE_LINK1][bookmark: OLE_LINK294]To perform LCA, diverse environmental impact indicators such as GHGs, carbon dioxide (CO2), consumed energy, and a more aggregated concept called carbon equivalent (CO2e) have been used to measure the impact of construction activities. To reflect the impact of different gases on climate change, such as the rising atmospheric temperature, it is a common practice to use an indicator named Global Warming Potential (GWP) to measure the GHG emission of buildings. The use of GWP allows policymakers to compare the carbon reduction opportunities among different sectors and gases. Among these 82 case buildings, 67 were assessed for carbon-related indicators (also called carbon emissions, GWP, GHGs, and carbon footprint), and 23 of them calculated the consumed energy. Additional data for these case buildings were collected by normalizing the embodied carbon (kg CO2e/m2), energy (kWh/m2), operational carbon (kg CO2e/m2/yr), and energy (kWh/m2/yr) based on the floor area and life span: those that did not present specific results were excluded. The results are shown in Figures 8 and 9.
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Figure 8 Normalized embodied and operational carbon of the case buildings
(Notes: 31 and 52 cases without showing the embodied and operational carbon values respectively were not presented)
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[bookmark: OLE_LINK173]Figure 9 Normalized embodied and operational energy of the case buildings
(Notes: 69 and 68 cases without showing the embodied and operational energy values respectively were not presented)

[bookmark: OLE_LINK300][bookmark: OLE_LINK299][bookmark: OLE_LINK302][bookmark: OLE_LINK301]It can be seen from Figure 8 that 50 case buildings have specified the embodied carbon ranging from 66 to 1384.2 kg CO2e/m2 and the average is 495.6 kg CO2e/m2, except for a minus figure from one building that focused only on the end-of-life and recycling stages. In this case, demolition waste treatment did not incur additional emissions and recyclable waste was generated. The average operational carbon for the 28 cases is 46.7 kg CO2e/m2/yr, with the highest and lowest figure of 132.2 and 7.1 kg CO2e/m2/yr, respectively. Only 16 of the case buildings specified the energy in the papers (Figure 9) and those with other functional units viz., MBtu, GJ, and MJ were adjusted to kWh/m2 according to the information provided in the papers so that they could be uniformly compared. The results show that case 1 consumed extremely low energy (2 kWh/m2/yr) during the operational stage each year because this building earned LEED® Gold certification owing to the less energy-intensive designs that have been incorporated. The embodied energy ranges from 424.2 to 2378.3 kWh/m2 and the average is 1433 kWh/m2. The operational energy of the other six cases ranges from 54.1 to 296.5 kWh/m2/yr. 

[bookmark: OLE_LINK81][bookmark: OLE_LINK232]Apart from the explanation of the data output, exploring further applications, such as the comparability and optimization of the results (e.g., scenario analysis and sensitive analysis), of BIM-integrated LCA results is another important task. However, only a few studies have checked the consistency of the results by comparing BIM-based LCA tools with professional LCA software or traditional manual calculations. For example, Bueno et al. [53] compared the results calculated by the BIM-LCA plug-in with a full LCA using Gabi 6 software. The results were not consistent, despite the research efforts towards equalizing the scope of the studies to provide a fair comparison. Another study conducted by Nizam et al. [65] performed a detailed manual calculation to validate the BIM-integrated LCA results. However, no studies have quantitatively analyzed the efficiency of combining BIM with LCA applications. 

[bookmark: OLE_LINK11][bookmark: OLE_LINK339][bookmark: OLE_LINK10]About 42.7% of the case buildings have adopted scenario analysis after calculating the environmental impact of buildings to improve decision-making support. For example, Marzouk et al. [59] investigated the emissions associated with 98 alternatives for different project assemblies, viz., the columns, beams, walls, cladding, and slabs, and examined the best alternative. Shadram et al. [67] evaluated 19 scenarios to demonstrate how different types of insulating materials from different suppliers could achieve embodied energy reduction. Feng et al. [54] examined the carbon emissions of the following six different renovation and reconstruction scenarios: base case, basic renovation, moderate renovation, deep renovation, newly built house, and passive house. The results indicated that the newly built houses had lower lifecycle emissions per square meter than the renovated existing houses. Ansah et al. [31] conducted scenario analyses to evaluate the variation induced in life cycle energy demands and emissions, such as adopting locally manufactured steel, varying the facade design, and modifying the sources of paint. Tushar et al. [29] compared building scenarios with different design options, including insulation and accessory materials, and the results revealed that plywood walls had a lower impact on the environment than the other type of walls. Sensitivity analysis was also developed by some scholars to identify parameters that had a greater impact on the evaluated performance. For example, Basbagill et al. [7] searched for the minimum and maximum possible embodied impact of each building component using a predefined range of building shapes and design parameters. Peng [48] conducted a sensitivity analysis to identify the parameters that had the greatest impact on a building’s performance. Abbasi and Noorzai [30] combined a multi-objective optimization algorithm with BIM and LCA to determine the trade-off between embodied and operational energy using Pareto front sensitivity analysis. The results indicated that there was an optimal range for maximizing the embodied energy to reduce the operation energy. 

5. Discussion
[bookmark: OLE_LINK9][bookmark: OLE_LINK292]Traditional LCA is mostly conducted either in the latter design phase or construction phase when detailed information about materials and components becomes available by when it is usually too late to support decision-making. The utilization of BIM can optimize data acquisition for LCA thereby improving the efficiency of LCA applications [14]. This paper conducted a systematic literature review and examined the knowledge gaps that existed in integrating BIM with LCA through a detailed analysis of 82 case buildings. The knowledge gaps that were identified in the dimensions of the concept, methodology, and value are identified in Figure 10 and discussed in the following paragraphs. 
[image: ]
Figure 10 Knowledge gaps of BIM-integrated LCA in the dimensions of concept, methodology and value

[bookmark: OLE_LINK259][bookmark: OLE_LINK262][bookmark: OLE_LINK261][bookmark: OLE_LINK266][bookmark: OLE_LINK264][bookmark: OLE_LINK265][bookmark: OLE_LINK267][bookmark: OLE_LINK263][bookmark: OLE_LINK268][bookmark: OLE_LINK260][bookmark: OLE_LINK272][bookmark: OLE_LINK270][bookmark: OLE_LINK271][bookmark: OLE_LINK230][bookmark: OLE_LINK100]First, even though it is considered important to declare the LOD of BIM models during the application of LCA in the early design stage as the LOD allows quick modeling and accurate environmental impact calculation, only less than 30% of the case buildings have declared the LOD of BIM models. For example, a study conducted by Naneva et al. [68] proposed that the variability between the LODs of different components could affect the actual LCA values. Hence, there is a need to clarify the LOD of BIM models before conducting an LCA.

[bookmark: OLE_LINK274][bookmark: OLE_LINK231][bookmark: OLE_LINK273]Second, previous case studies have seldom considered the environmental impact from the recycling and reuse stages and only focused on partly life cycle stages that could be easily modeled. This is due to the fact that the developed BIM-based LCA method is still limited by time and assumptions related to the collected information, as proposed by Peng [48] and Bueno et al. [53]. However, the environmental impact reduction potential of reusing or recycling materials, particularly for buildings with steel and timber structures, has been acknowledged in certain other studies [69, 70]. 

[bookmark: OLE_LINK285][bookmark: OLE_LINK280][bookmark: OLE_LINK282][bookmark: OLE_LINK276][bookmark: OLE_LINK278][bookmark: OLE_LINK277][bookmark: OLE_LINK283][bookmark: OLE_LINK286][bookmark: OLE_LINK284][bookmark: OLE_LINK287][bookmark: OLE_LINK288][bookmark: OLE_LINK289][bookmark: OLE_LINK290][bookmark: OLE_LINK291][bookmark: OLE_LINK236]Third, the interoperability of BIM software and LCA tools remains one of the most significant challenges because LCA is a generic method that has been developed to be applicable to any sector, whereas BIM is mainly used in the construction sector [48]. Therefore, the two fields remain separate worlds in terms of tools, terminology, and data structure, and buildings must be separately modeled in both BIM and LCA software because direct information exchange does not exist. Besides, data contained in the BIM model are not sufficient for the LCA application because information related to HVAC elements, transportation modes, distances, construction equipment, electricity consumption, etc., is not included in the BIM database. These limitations lead to a BIM model that is deficient in many aspects, an incomplete BoQ, and imprecise LCA results. This issue has occurred in many studies [7, 39, 65], because users must manually add the information to the BIM database in advance. Therefore, more information on material properties should be included to adapt databases of the BIM models to LCA data structure. Automatic data collection and integration using sensors or smart meters are also encouraged to further reduce manual work. Although several additional strategies were proposed, such as a common naming convention [64], an individual ID [38], and a more professional extract, transform, and load (ETL) technology [67], manual data processing was still necessary for these completed studies. Because BIM and LCA integration still remains a specialized field for academics and consultants, developing a simpler BIM-based tool to be applied during the early design stage is necessary for LCA practitioners.

Finally, the consistency of the results obtained by the BIM-integrated LCA platform with traditional manual calculations has seldom been checked. Previous studies have demonstrated that integration of BIM and LCA can simplify and help conduct quick calculations [71, 72], while only a few of them have made actual comparisons with the traditional LCA methods. Nevertheless, the use of results as aided decision support tools during the early design stages through a scenario or sensitivity analysis has been conducted in various studies. This can help examine the low environmental impact alternatives.

6. Conclusion 
[bookmark: OLE_LINK234]This study examined 82 case buildings collected from 78 papers on BIM-integrated LCA published in the past decade. The examination utilized scientometric and detailed content analysis techniques to conduct content analyses in the philosophical dimensions of the concept, methodology, and value while drawing on the dialectical system theory (DST). The conclusions of this study are as follows. 

[bookmark: _Hlk87388814][bookmark: OLE_LINK275][bookmark: _Hlk86965151]First, the proposed three-dimension framework achieves a clear understanding of the BIM-integrated LCA by explaining ‘what BIM-integrated LCA is’, ‘how to integrate BIM with LCA to simplify and automate data input’, and ‘what applications of BIM-integrated LCA are’, whereas previous studies failed to seek answers to the three questions systematically. It provides an innovative theoretical foundation for researchers to improve the BIM-integration LCA of buildings. Future case studies can be conducted following this framework to ensure the completeness of the research. 

Second, the knowledge gaps were identified in the concept, methodology, and value dimensions by analyzing 82 case buildings, viz., the lack of a clear and unified definition of LoD for BIM-integrated LCA applications, the use of different data formats in BIM and LCA tools, and a short of consistent checking and verification of the results obtained from BIM-integrated LCA and conventional LCA applications. It emphasizes that these challenges should be carefully addressed, which identifies the directions of future BIM-integrated LCA research.

[bookmark: OLE_LINK229][bookmark: OLE_LINK222][bookmark: OLE_LINK220][bookmark: OLE_LINK256][bookmark: OLE_LINK139][bookmark: OLE_LINK131][bookmark: OLE_LINK297]Third, three types of methods for BIM-integrated LCA were identified: integrating different data into a third party application or tool (Ⅰ), importing a bill of quantities report generated from the BIM model into a dedicated LCA tool (Ⅱ), and using plug-ins with LCA data for BIM software (III). By clearly identifying their advantages and disadvantages, this paper proposes that significant challenges in software interoperability still exist because of insufficient information in BIM for conducting LCA and the different data structures used by the two tools. The paper, therefore, concludes that further research is needed to standardize the data structures contained in the BIM model for LCA applications for a more automated and efficient BIM-integrated LCA tool that reduces the time required for manual data mapping and processing. Moreover, BIM-integrated LCA remains a specialized field for academics and consultants because the substantial effort is needed for data collection, data exchange, and data analysis. Hence, it is necessary to develop a quicker and simpler tool for LCA practitioners. Automatic data collection and integration using sensors or smart meters are also encouraged to further reduce manual work.
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