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Abstract 

Adopting Building Information Modelling (BIM) in Building Performance Analysis (BPA) 

is becoming an emerging research area in the application of information technology in the 

Architecture, Engineering, and Construction (AEC) industry. To investigate the current state of 

research in the adoption of BIM in BPA, this study performed a holistic review consisting of a 

bibliometric analysis of existing literature, content analysis of selected studies, as well as 

follow-up qualitative discussion in BIM integration with BPA. The bibliometric analysis 

identified 60 relevant studies; the content analysis of these studies revealed the research 

focuses of BIM-enabled BPA, including interoperability, semantics, and sustainability rating 

systems; the qualitative discussion further highlighted the learning process throughout project 

delivery stages and addressed the potential gap between ‘as-designed’ building performance 

and ‘as-built’ performance. Overall, this study contributes to existing research by identifying 

key input attributes and workflow in BPA, reviewing the state-of-the-art research on BIM 

integration with BPA, and investigating the major research areas, namely, interoperability 

issues in BIM-enabled BPA within the context of life-cycle BPA. 

Keywords: Building information modelling; Building performance analysis; 

Interoperability; Level of details; Energy performance.  

1 Introduction 

The building sector accounts for 20% to 40% of the overall energy consumption [74,79,97] 

and one-third of the greenhouse gas emission worldwide[76]. It is vital to evaluate the energy 

performance of a building in the design stage to ensure minimum building energy consumption 

and maximum building performance before it is built because any changes to be made later are 

subject to excessive cost and resource waste. The building performance analysis (BPA) 

provides feedback on building design and facilitates the design optimisation. BPA in existing 

studies has been primarily focused on building energy assessment[19,62,88]. However, 

researchers in this study believe that BPA should cover a more comprehensive list of building 

performance indicators besides energy performance, such as daylighting [24], carbon footprint 

[9], and overall sustainability performance [7]. 

Traditionally, engineers who build the building energy models act as assistants to 

architects and use professional tools in their domain. Recently, the integration of design tools 

and building energy modelling tools have changed the way the two types of professional work 

together. The emerging Building Information Modelling (BIM) technology is becoming part of 



 2 

the design practice. BIM provides more accurate and interoperability capabilities than 

traditional computer-aided design[65]. Traditionally, the indoor work of information input in 

translating a geometric model to the simulation model is accomplished by an energy modeller. 

This progress is complicated and time-consuming. Also, manual input work may lead to low 

efficiency and limitation of data integration. BIM integrated multidisciplinary information in a 

model which facilitates the BPA in preliminary design phases. BIM authoring tools not only 

create geometric models but also can store non-graphical information such as material 

properties. It could be used as a repository of the information for a building energy analysis, 

such as the identity, geometry, material and other alphanumeric data of building components 

[36].  

Although BIM-enabled BPA has become an interactive and intuitive process such that a 

designer without any simulation skill can perform the calculation which leads to analysis 

reports including charts and diagrams, the reliability of the calculation depends on the richness 

and accuracy of the information defined in the model. Multiple studies [16,67,75,100] have 

emphasised that the integration of BIM and BPA can optimise the building performance in 

early design stages. It is also imperative that the designer establishes the knowledge base of the 

types of BPAs required corresponding to different design stages with different Levels of 

Development (LoDs). However, it remains a challenge of how to couple building information 

and building performance models in the design lifecycle [67]. It should be noticed that the 

building information herein does not only include geometric models, but also non-geometric or 

semantic information as demonstrated in existing studies focusing on transporting information 

from BIM to BPA. 

Although there have been a few studies [42,80,85] providing a review of studies on 

integration of BIM and BPA, these existing studies were either limited to the review of 

technological development (e.g., laser scanning) or data acquisition and analytics. For example, 

the study of Gerrish et al. [32] demonstrated a method to link the data from BIM to building 

operation through a case study of building design and operation. The feedback on user-based 

issues implementing BIM as a performance management tool [32] was collected through 

follow-up interviews to stakeholders. So far limited review work has been done to consider 

different project stages and their significance when applying BIM for BPA. This study aims to 

investigate the contemporary research focuses and issues in BIM-enabled BPA based on a 

thorough literature review. Section 2 provides the background of project design stages by 

illustrating design details related to different building design stages; Section 3 describes the 

literature review methodology; Section 4illustrates the details of review-based analysis and 

findings related to BIM integration with BPA; Section 5 summarises the content analysis of 

BIM integration with BPA; Section 6 investigates the primary research area (i.e., 

interoperability) identified in the content analysis of the literature; Section 7 provides a further 

qualitative discussion by incorporating project life cycle into the integrated BIM&BPA; and 

finally Section 8 concludes the review-based study. 

2 Background 

The Royal Institute of British Architects (RIBA) divided a project lifecycle into eight 

stages which serve as milestones for determining the activities of the project stakeholders and 
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agreeing on information deliverables[45]. Based on RIBA’s definitions, the activities of the 

conceptual design, preliminary design, and the detailed design stages are summarised herein. 

The deliverables at each stage include BPA at different LoDs, i.e., LoD100, LoD200, and 

LoD300. These are shown in Figure 1, Figure 2, and Figure 3. 

2.1 Conceptual design (LoD100) 

In the conceptual design stage, descriptions of internal environmental conditions and 

seasonal control strategies and systems should be prepared. At this stage, BPA requires the 

identification of design objectives, desired rooms or spaces, room sizes, relationships between 

spaces and relationships to the site. The content of BPA and information required in the 

conceptual design stage are shown in Figure 1. 

 

Figure 1 BPA at the conceptual design stage – LoD100 

BPA at the conceptual design stage includes:  

• Sun and shadows analysis, which is to simulate the sun moves through the sky and analyse 

the shade on site;  

• Energy loads analysis, which is to identify the area requires heating and cooling;  

• Solar radiation analysis, which is to quantify the amount of solar energy that can be used 

for energy generation on site;  

• Daylighting analysis of conceptual design, which is to quantify the sunlight in the project 

that can be used to reduce light loads and cooling loads.  

Generally, the energy consumption of a building can be affected by several factors, such as 

daylight harvesting, natural ventilation and thermal mass. There are some significant factors 

which are essential to energy consumption optimisation, such as the shape and size of a 

building [12], building orientation [1] and building topology [48]. A BIM model that includes 

all the information is referred to as LoD100. 

2.2 Preliminary design (LoD200) 

The preliminary design starts with sketches, floor plan studies, and 3D or physical models. 

The BPA at this stage requires floor plans, elevations, sections, area analysis, rendering and 

preliminary cost (Figure 2). A BIM model that includes all the information is referred to as 

LoD200. 
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Figure 2. BPA at the preliminary design stage – LoD200 

According to Figure 2, Building elements should be defined as general geometric 

primitives with approximate dimensions, shapes, location, and orientation. BPA at the 

preliminary design stage includes:  

• Lighting and daylighting analysis, which is to test interior visual comfort with the help of 

computer simulation and lighting consultants;  

• HVAC analysis, which is to adjust building systems, and compare results to determine the 

optimal configuration;  

• Airflow analysis, which is to improve the air quality and natural ventilation;  

• Energy use analysis, which is to calculate regular energy use (i.e., fuel and electricity) 

based on the building's geometry, climate, building type, envelope properties, and active 

systems (HVAC & Lighting). 

Building design at this stage should be associated with a more accurate BPA. It is essential 

to take into account a comprehensive list of building information to assess building 

performance at the preliminary stage, including geometric, semantic and topological 

information [82]. Factors influencing building energy consumption would include building 

orientation, building layout and form, geometry, building fabrics, building envelope and 

passive strategies such as solar gain and shading strategies and natural ventilation strategies. 

Design optimisation could be assisted by building performance simulation through 

understanding and weighing the critical influence factors (e.g., building fabrics). Decision 

making during preliminary design stages would have an enormous effect on building energy 

performance.  

2.3 Detailed design (LoD300) 

The detailed design phase includes finalising the size of the rooms and spaces, refining the 

appearance, selecting materials, determining the systems, and deciding on the door and 

window types and locations. A full formal sustainability assessment should be carried out. A 

design stage carbon/energy declaration needs to be undertaken.  

At the end of the design development phase, the documents from the preliminary design 

phase need to be updated in further detail to support BPA. It is common to also have documents 

including specification outline, key details, interior schedules, and revised cost estimate, as 

shown in Figure 3. A BIM model that includes all the information is referred to as LoD300. 
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Figure 3 BIM-enabled BPA at the detailed design stage – LoD300 

The information specified at this stage should be able to support the generation of 

construction documents and shop drawings. The geometry of the building elements should be 

defined using more accurate quantity, size, shape, location, and orientation. Physical 

characteristics of the building elements should be defined as alphanumeric properties. 

Building energy analysis in the detailed design stage includes:  

• Detailed building energy use analysis of the final design and other performance-based 

analysis in support of detailed information, such as lighting and daylighting analysis, sun 

and shadow analysis, airflow and ventilation analysis;  

• Greenhouse gas emission and carbon footprint analysis; 

• Living comfort analysis;  

• Cost analysis 

3 The literature review method 

The literature review of BIM-enabled BPA followed three steps:  

• A bibliometric search and review of Scopus-indexed journal articles followed by 

categorising keywords focusing on BPA integrated with BIM;  

• content analysis of existing studies linking BIM to BPA; 

• qualitative discussion for applying LoDs into BIM-assisted BPA following the study of 

GhaffarianHoseini et al. [35]. 

These research methods used in this paper are illustrated in Figure 4. 
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Figure 4 Description of the study sections and corresponding research methods 

3.1 Initial review of BIM integration with BPA  

The bibliometric analysis of the literature was carried out using VOSViewer [93]. 

VOSViewer supports the analysis of clustering solutions with visualisations[92]. Scopus was 

chosen as the source to search the key published literature on BIM-enabled BPA, as it was 

identified by Aghaei Chadegani et al. [14] that Scopus has broader coverage of journals in the 

area of construction IT than other search engines including Web of Science with more recent 

publications. The following query was used to retrieve recent publications on BIM-enabled 

BPA. 

TITLE-ABS-KEY (“BIM” OR "building information modelling" OR "building 

information modelling”) AND TITLE-ABS-KEY (“building performance” OR "energy 

analysis" OR "energy performance")  

The query limited the years of publication to recent ten years (from 2009 to 2018), only 

Articles or Article in Press in Journals were included, and finally it restricted the language to be 

English. 

3.2 Content analysis of key studies linking BIM to BPA 

Following the bibliometric review assisted by VOSViewer, content analysis, which is the 

research method that has been adopted in multiple studies [28,91] in the field of engineering 

and management, was adopted to summarise the research contents within the selected sample 

of journal articles. Content analysis is a tool to examine trends and patterns in documents, and 

it allows researchers to sift through a large amount of data with relative ease in a systematic 

approach. The detailed steps of performing content analysis can be found in several existing 

studies such as Bogus et al. [10].  

3.3 Incorporating different project stages into the integrated BIM&BPA  

Based on the design stage descriptions illustrated in Figures 1-3, bibliometric review, 

content analysis, as well as existing studies stressing LoD and project life cycle[2], a follow-up 

discussion targeting on the integrated BIM and BPA in the context of project stages was 

initiated and discussed in a qualitative approach. The workflow was demonstrated, 

highlighting the input of building parameters and outputs within different LoDs.  

4 The bibliometric analysis 

Following the bibliometric search in Scopus, manual searching and screening were also 

conducted to weed out studies that did not fall into the scope of BIM-enabled BPA. For 

example, the study of Jalaei et al. [46], although adopting BIM in the conceptual building 
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design for decision making of material selection, did not focus on integrating BIM and BPA. 

Finally, 546 research papers in total were selected from Scopus. These papers have 6,264 

keywords; 299 of them, including both Author and Index keywords, were used in at least five 

papers. Some of the irrelevant or apparent keywords (e.g., BIM or building) were manually 

removed from the list. Then, some keywords with semantically similar meanings were 

categorised into the same terminology. For example, air conditioning, heating, and ventilation 

were categorised as HVAC; Bayesian networks, decision trees, and artificial neural network 

were all categorised as Machine learning based methods. After removing the irrelevant 

keywords and categorizing the remaining keywords with semantic similarities, 57 keywords 

are selected, as shown in Figure 5. These keywords were categorised and visualised to 

highlight the research focuses in recent years. 

 

Figure 5 The identified 57 major keywords (not all the 57 keywords are visible) 

The font size of the keywords indicates the frequency of them in the sample journal articles. 

The distance between two keywords could infer their closeness. For example, the architectural, 

structural or building services design is highly relevant to decision making and life-cycle 

assessment. It can be found that architectural, structural or building services design, energy 

performance, and building performance assessment are the most frequently studied as the 

research focuses. These frequently keywords can be found closely connected to the rest 

keywords (e.g., data acquisition, handling, and processing). The relationships among these 

keywords can be summarised as below: 
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• Energy performance of a building is one of the widely studied building performance 

assisted by BPA software, especially in the early design stages [56]. Other building 

performance studied included but were not limited to daylighting [24], and thermal 

comfort; 

• Sustainability rating systems (e.g., LEED or Leadership in Energy and Environmental 

Design) have been embedded in BIM-driven green building design [68];  

• Influence factors to BPA that should be considered, for example, the real behaviour of 

building users [26]; 

• The linkage between BIM and BPA could be achieved or showcased with certain hardware 

and software, such as a wireless sensor network to monitor thermal conditions in the built 

environment [64] 

• Data shared between BIM and BPA need further handling, processing, and analytics, such 

as sensitivity analysis as showcased in Ahn et al. [3]. Multiple data analytics approaches 

have been adopted in the assisting BIM-driven BPA, such as algorithms [37] and 

programming [48]. These approaches have been applied in achieving optimisation [52]in 

building performance design; 

• Interoperability-related data format (e.g., IFC or Industry Foundation Class) would be 

needed to allow information exchange between BIM and BPA. The information would 

include both geometric information [44]and semantic data [59]. 

• Other research focuses, such as utilising integrated BIM and BPA for engineering 

education purpose [39], have not been widely studied. 

These 57 keywords were categorised into six clusters which could be defined as:  

• BPA measurements (e.g., energy performance);  

• Design-related (e.g., ecodesign);  

• Influence factors to BPA ;  

• Equipment or hardware needed in BIM or BPA (e.g., laser application);  

• Methodologies adopted (e.g., machine learning-based methods);  

• Interoperability-related (e.g., IFC).  

Not all the initially identified 57 keywords were all related to BIM-enabled BPA, 

especially discussing the input (e.g., building envelope) and output variables (e.g., energy use) 

in BPA. Therefore, these 57 keywords were further reduced to 15 according to their relevance 

to this research. A total of 60 out of the 546 papers which used these 15 keywords were 

identified for further content analysis. Figure 6 illustrates these 15 main keywords.   
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Figure 6 Categorized keywords related to BIM integration with BPA 

According to Figure 6, BPA can be divided into these few major categories:  

• Building energy performance (e.g., energy conservation) 

• Environmental sustainability 

• Indoor comfort including illumination and daylighting  

• Resources (e.g., water and carbon footprint) 

Several main input factors in building design that would affect BPA include: 

• Thermal characteristics of building elements (insulation, roofs, windows); 

• Building envelope including position and orientation information; 

• Heating, ventilation and air conditioning (HVAC) system  

Besides these BPA categories, Figure 6also indicates that sustainability assessment (e.g., 

LEED rating system[86]) is one of the key research areas[51]. It was suggested by Chong et al. 

[22] that new BIM standards and guidelines should include requirements on BIM tools’ 

compliance with specific sustainability assessment. Interoperability is a crucial issue when 

linking BIM into BPA. BIM offers interoperability opportunities and integration among 

different players. Although BIM can provide accurate material quantities and building 

components [34], insufficient interoperability between BIM and BPA raises barriers to reliable 

BIM-based BPA such as energy assessment [21].  

5 Content analysis of the literature 

Content analysis was conducted to summarise the 60 papers selected in the previous 

section. BIM-enabled BPA is achieved through BIM authoring tools and BPA analysis tools. 

Some BIM authoring tools have integrated BPA to deliver lifecycle building performance 

simulations, including expected energy demand, the projected financial running costs of the 

energy demand and CO2 emissions. BIM-enabled BPA allows a fast, accurate, and iterative 

workflow as the ability to import the building geometry and thermal data from BIM has 

significant potential to reduce the time and uncertainty in BPA [43]. The potential 
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interoperability between BIM and BPA was tested by Calquin et al. [11] to showcase how the 

existing BIM authoring tools (e.g., Autodesk Revit) could support BPA.   

More statistical details of the totally 60 similar studies listed in Table 1are summarised in 1 

Figure 7.  2 
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Figure 7 Frequency of research keywords in totally 60 research papers linking BIM to 4 

BPA 5 

As the showcases for demonstration purpose, Table 1 lists some typical examples of 6 

studies in linking BIM authoring tools to BPA tools.  7 

Table 1 Studies in linking BIM authoring tool to BPA tool 8 

Case 

study  

BIM 

authoring  
BPA tools 

Data 

exchange and 

format 

Information 

shared from 

BIM to 

BPA 

Contribution 

Eight- 

floor 

residential 

apartment 

building in 

Canada[51] 

Autodesk 

Revit 

incorporating 

early stage 

design (i.e., 

conceptual 

design) 

information 

Ecotect and 

IES-VE for 

energy 

analysis and 

lighting 

simulation 

IFC and 

gbXML in 

Ecotect, and 

gbXML in 

IES-VE  

Building’s 3D 

geometric 

information, 

building 

components, 

building 

services, Place 

and location 

Plug-ins were created to 

enhance interoperability; 

The workflow developed 

in linking BIM to BPA 

enabled users to compare 

the select different 

materials and 

components for design 

and performance 

analysis. 

A five-story ArchiCAD  Energy- IFC providing Geometry and Both the pros and cons of 
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library 

building in 

Korea [3] 

Plus information 

delivery manual 

(IDM) and the 

model view 

definition 

(MVD) 

space 

boundary 

information  

full and semi-automation 

from BIM to energy 

simulation were 

discussed.  

A high-rise 

residential 

building in 

the U.S.[75] 

Autodesk 

Revit 

Dynamo; 

Autodesk 

Green 

Building 

Studio 

gbXML open 

schema 

Project 

location, 

building type, 

moreover, 

building 

operating 

schedule, 

construction 

and material 

properties 

A BIM-based framework 

was proposed and tested 

for building performance 

optimisation in the design 

stage  

Five test 

cases in 

Modelica- 

BIM 

Structure 

Example 

package[57] 

Autodesk 

Revit 

Modelica-BIM 

Structure 

Example 

package  

Revit2Modelica 

consisting of 

Revit 

Application 

Programming 

Interface (API)  

Geometry, 

materials 

properties, and 

location 

information 

BIM-based energy 

simulation using an 

Object-Oriented Physical 

Modelling approach 

using ModelicaBIM 

library was developed 

and validated.  

A 

residential 

building and 

an 

instructional 

facility in 

the U.S.[43] 

Autodesk 

Revit 

The BPA tool 

not specified 
gbXML 

Thermal 

properties, but 

the limited 

geometric 

information 

could be 

transported 

from BIM to 

BPA 

As-is building thermal 

properties were tested 

and updated in 

gbXML-based BIM for 

energy analysis.  

An office 

building and 

a university 

library 

building in 

Korea[21] 

Autodesk 

Revit and 

ArchiCAD 

Energy- 

Plus 

IFC converted 

to Input Data 

Format (IDF) 

Building 

materials with 

thermal 

properties, 

geometry, 

space type 

The BIM-enabled energy 

performance assessment 

process, a materials 

library, and a decision- 

support 

the system was initiated 

to address the low 

interoperability issue 

between BIM and BPA. 
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These few examples of previous studies are shown in Table 1 to demonstrate the current 11 

research in addressing the gap of interoperability between BIM authoring tools and BPA tools 12 

through certain data format (e.g., IFC and gbXML). Although IFC and gbXML are the two 13 

major data formats studies on BIM-enabled BPA, researchers have also proposed alternative 14 

technical or managerial approaches, such as combination of design tools and visual 15 

programming language suggested by Negendahl [67] and Revit2Modelica consisting of Revit 16 

Application Programming Interface (API) developed by Kim et al. [57]. 17 

The research keywords in these 60 selected studies were divided into seven categories, 18 

namely project stages, BIM authoring tools, BPA tools adopted, input information in BIM, 19 

outputs in BPA, the data format, and key contributions & issues raised in the studies. Major 20 

findings are listed below: 21 

• Interoperability[31,41,43,48,60,72] is one of the most frequently stressed issues in the 22 

integration of BIM and BPA. Multiple approaches have been proposed to address the 23 

interoperability issue, including algorithms [15,33,48], programming[9,25,55], and 24 

plug-ins [23,70,87]. Ontology and semantics[8,15,78]were addressed in some of these 25 

selected studies. These key terms, including framework [5,68,83], interface 26 

[58,69,77],prototype [13,18,40], and platform [21,27,46],have been frequently highlighted 27 

in these studies.  28 

• Building energy performance is the most frequently studied BPA output, followed by 29 

carbon footprint, daylighting, thermal comfort, and indoor environmental quality.  30 

• Many BIM authoring tools and BPA tools were adopted in these case studies. Compared to 31 

the BIM tools in which Autodesk Revit is the dominating software package, the use of BPA 32 

tools tended to vary widely.  33 

• Most studies targeted at the building design stage, especially the early design stage as the 34 

phase where BIM can be coordinated with BPA. However, there has still been insufficient 35 

studies incorporating LoDs into the design stages. Gourlis and Kovacic [38] stressed the 36 

importance of incorporating LoDs in bridging BIM to building energy modelling (BEM) in 37 

order the reduce the uncertainties in integrated BIM and BEM, which are not solely an 38 

issue of software interoperability but also the redefinition of the design process. 39 

The interoperability issue has been emphasised in the research of BIM integration to BPA. 40 

BPA for performance-based design is an area allowing the architects to create and explore 41 

different design alternatives [6]. There is a consensus on the need to achieve 42 

performance-based design via the integrated use of BIM. Lack of integration and low levels of 43 

BIM use prevents applying BIM in the early design decisions to improve building energy 44 

performance. The issue of interoperability is widely present in many areas if collaboration and 45 

data exchange are needed [6]. An open data readable by any software package is considered 46 

vital to enhance the multi-party collaboration. Therefore, it is imperative to use an open 47 

standard that facilitates the collaborative work allowing any stakeholder to exchange data no 48 

matter what software where the data is created. The ISO-registered IFC data standard can 49 

facilitate BIM interoperability by allowing information flow within the AEC industry [96]. IFC 50 

is a scheme widely accepted by the AEC industry to exchange BIM-based models [6]. It uses 51 
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four layers (i.e., resources, core, interoperability and domain) to describe the geometric 52 

information, semantic information, and ontology in a BIM-based model. Besides IFC, gbXML 53 

is another widely adopted scheme that facilitates the exchange of data between BIM and BPA 54 

tools. Previous studies [90,95,98] summarized in Figure6 shared the similar methodology by 55 

developing a framework, interface or platform with specific data schema (e.g., IFC or gbXML), 56 

defining the scope of input information in BIM (e.g., geometric zones) and BPA output (e.g., 57 

energy performance), adopting a building case study for validation, and proposing 58 

recommendation for further improvements. In the web service based framework linking BIM 59 

to building energy simulation, Cheng and Das [20] highlighted code checking for automating 60 

the building design evaluation process. Unfortunately, the full potential of BPA has not been 61 

achieved due to a lack of integration that prevents collaboration relationships throughout the 62 

project life cycle. It could also be indicated from existing studies of linking BIM to BPA that 63 

there is a further need of studying the interoperability between BIM and BPA tools when 64 

building components are in a higher LoD or when the building is more complicated.   65 

The content analysis results showed two major research problems in BIM integration 66 

with BPA: interoperability issues and BPA across the project life-cycle. To further address the 67 

interoperability issues in BIM integration with BPA, a total of129 journal articles from the 68 

refined literature sample focusing on interoperability issues in BIM-enabled BPA were 69 

reviewed. Figure 8 illustrates these keywords within the 129 BIM-interoperability related 70 

articles. 71 

 72 

Figure 8 Keywords within interoperability-related issues in BIM 73 

It can be found that the design stages, including architectural and structural of buildings, 74 

are the keywords most frequently studied in the research. The connection lines convey the 75 

information summarised and evaluated below: 76 

• The interoperability issues encountered in BIM, highlighted in multiple studies 77 

[4,71,83], have been more frequently studied in the area of energy performance 78 
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compared to other areas such as life cycle or GIS (i.e., Geographic Information System). 79 

Currently, the interoperability in BIM is still low and limited to 3D coordination, and 80 

there have been limited standards guiding performance-based design in BIM [6]. An 81 

established standard to allow BIM in a multi-dimensional information transfer would be 82 

needed for enhanced multi-stakeholder information interaction. The information 83 

interaction should not be limited to design stages when utilising BIM for BPA, but also 84 

construction stages and follow-up phases in the project life cycle. Currently, the BPA in 85 

existing studies of BIM interoperability has mainly been focusing on energy 86 

performance. It is expected that comprehensive coverage of building sustainability is 87 

incorporated into an indicator system. This sustainability indicator system assisted by 88 

integrated BIM and BPA should not be limited to energy performance, thermal comfort, 89 

daylighting, but also resident health and wellbeing indoor; 90 

• Data handling, storage, sharing, exchange in BIM interoperability is the key technical 91 

issue, with specific mainstream information flow formats, such as IFC. Interoperability, 92 

mainly related to IFC capacity to support information exchange among multiple BIM 93 

tools for different applications (e.g., energy simulation) is one of the main BIM-related 94 

research focuses according to Santos et al. [81]. Uggla and Horemuz [89] tested the 95 

geographic capabilities of IFC and found that the open BIM standard IFC could be 96 

improved by adding a separate scale factor for the horizontal plane and support for 97 

object-specific map projections. Venugopal et al. [94] found the ambiguous nature of 98 

the current IFC definitions and suggested a semantically robust reform in order to 99 

extend IFC and to define subsets as model view definitions (MVD). Other work 100 

performed to improve the IFC schema can be found in various studies. For example, Sun 101 

et al. [29] applied a content-based compression algorithm to reduce the redundant 102 

information carried in the existing IFC files for information optimisation. It could be 103 

envisaged that enhanced IFC scheme or another open data platform will be implemented 104 

in the future for seamless information flow in AEC projects; 105 

• Non-graphic information defined by semantics and ontology is one of the researches 106 

focuses. The interoperability issue within BIM-BPA integration should include both 107 

graphics and semantic aspects. Semantic performance could enhance IFC 108 

interoperability to BPA [73] and improve the interoperability between BIM and its 109 

synergies [53]. Extending the BIM interoperability at the semantic level is essential to 110 

link BIM with other geospatial data crossing construction project stages [54]. Karan and 111 

Irizarry [54] proposed a methodology to integrate BIM and GIS and applied the 112 

semantic web technology for construction site planning, and stated that future work was 113 

needed to develop an interoperable framework for linked data; 114 

• Both technological aspects (e.g., data interoperability[47,78]) and managerial (e.g., 115 

collaboration among project parties [49,50] and data management [31]) have been 116 

studied for the successful integration between BIM and BPA. The interface and 117 

BIM-based “green” building platform to enable the information sharing among AEC 118 

professionals, end-users and policymakers have been studied by El-Diraby et al. [27] to 119 

emphasise both technical and managerial aspects of BIM. Interoperability issues in BIM 120 
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have not been widely studied for AEC education and construction project management 121 

(e.g., interdisciplinary communication). More studies could be performed to verify how 122 

the improved interoperability would affect the AEC project performance, e.g., 123 

productivity, cost, and scheduling, etc. From the managerial perspective, case studies 124 

could be conducted to verify the effects of enhanced interoperability on project 125 

performance. 126 

6 Qualitative Discussion 127 

This paper finally discusses the integration of BIM and BPA to facilitate a more precise 128 

communication between architect/engineer and energy modeller/building performance analyst 129 

at different stages of a building project. 130 

At the design stages, the BIM model is enriched continuously. Section 2 has illustrated the 131 

capabilities of BIM-enabled BPA with different model LoDs. The LoDs were defined (as 132 

shown in Figure 1, Figure 2, and Figure 3) based on the LoD matrix proposed by 133 

Abou-Ibrahim1 and Hamzeh[2]. Some research has taken into account the LoDs in 134 

BIM-enabled BPA[30]. 135 

BPA can be conducted across the project life cycle. As the project progresses, the 136 

building performance may not meet the original design requirement. As a result, building 137 

performance monitoring measures should be taken to identified the gap between the designed 138 

building performance and the actual performance, and potential causes of the gaps (e.g., 139 

human behaviour related factors studied by Chen et al. [17], Li et al. [99], and Magalhães et 140 

al. [63]). The performance gap analysis strengthens the design review and knowledge base 141 

proposed in the BIM-IKBMS framework by Ghaffarian et al. [35]. The comparison of 142 

building performance and design review form the loop in the framework, which enables the 143 

learning process in building design stages to address the gap between actual and designed 144 

building performance. The building performance simulation would then be updated adopting 145 

the developed deterministic or stochastic models by addressing the causes of performance 146 

gaps. One example of the prediction model for building performance is data mining approach 147 

studied by Singaravel et al.[84].  148 

The proposed BIM-enabled BPA serves as the case by contributing to the knowledge 149 

base – a digital asset. The knowledge base would provide a collection of previous experience, 150 

history and operations for building components so that the building maintenance teams could 151 

adopt efficient implements in certain similar cases according to Motawa and Almarshad [66]. 152 

As indicated by Singaravel et al. [84], deep-learning neural network approach could be one 153 

method to allow reliable prediction of BPA using the established cases from the knowledge 154 

base. The database could be further developed to apply Big Data for BPA by incorporating 155 

more input parameters, such as user profile and building sector, etc. 156 

More future research directions can be proposed following the discussion of 157 

BIM-enabled BPA in the context of green buildings. For example, the performance analysis 158 

of green buildings adopting integrated photovoltaics in the research of Kuo et al. [61] can be 159 

extended by studying BIM-enabled BPA for buildings using renewable energy sources. 160 

BIM-enabled BPA for green buildings can also be extended from low energy-based design to 161 
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other aspects of sustainability, such as low carbon, indoor comfort, and resource 162 

consumption.     163 

7 Conclusions 164 

This study adopted multiple research methods in identifying the major research topics in 165 

the area of BIM integration with BPA across the project life-cycle. A bibliometric review was 166 

conducted to identify the most frequent keywords within BIM integration with BPA. Major 167 

categories within BPA (e.g., building energy performance) and corresponding influence 168 

factors (e.g., building envelope) were identified through a literature review.  169 

The raising issue of interoperability between BIM and BPA was highlighted as one of the 170 

main research areas. Through a further bibliometric analysis to narrow the scope of search 171 

focusing on interoperability within BIM, it was indicated that 1) most interoperability issues 172 

were related to application of BIM in building energy performance analysis; 2) both 173 

geographic and semantic information was involved in studying BIM interoperability issues; 3) 174 

both technical (e.g., data scheme) and managerial aspects should be considered critical in 175 

integrating BIM to BPA. The interoperability issue was further studied using content analysis 176 

to summarise 60 existing studies attempting linking BIM to BPA. Approaches to enhancing the 177 

interoperability issue between BIM and BPA could be found in these terminologies, including 178 

framework, interface, prototype, and platform, with critical methods proposed (e.g., algorithms, 179 

programming, and plug-ins). Ontology and semantics have become the research focuses. This 180 

research proposed the research directions to incorporate BIM to BPA crossing the building 181 

project delivery stages. 182 

Both bibliometric analysis and content analysis also revealed the importance of integrating 183 

BIM and BPA in the project life-cycle. The LoDs at different project stages were highlighted 184 

which involve essential building information and building performance outcomes. The 185 

definition of LoDs enables information exchange and data sharing between BIM and BPA in 186 

different design stages. This paper proposed the research direction which allows a more precise 187 

communication between architect/engineer and energy modeller/building performance analyst 188 

at different stages of a building project. The performance gap analysis, development of 189 

knowledge base, and design review in the further discussion drive the ongoing learning process 190 

in transporting information in the building design model to the building performance model. 191 

Future case studies could be conducted to investigate the information exchange between BIM 192 

and BPA crossing different stages in the project life cycle. Future research can also extend the 193 

BIM-enabled BPA on a broader scope of green buildings by considering more sustainability 194 

measurements or scenarios, such as the adoption of renewable energy sources, indoor comfort, 195 

and resource consumptions, etc.     196 
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