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1. Introduction

Building Information Modelling (BIM) is a revolutionary tech-
nology that, when applied to the Architecture, Engineering, Con-
struction and Operations (AECO) sector, could transform the way
in which buildings are conceived, designed, built and maintained
[1].

On the other hand, the AECO sector is currently responsible for a
large part of the world’s energy consumption [2] and, conse-
quently, its daily operation produces several negative environmen-
tal impacts [3]. Therefore, the AECO sector is under great pressure
to reduce the levels of polluting emissions [4] and is compelled to
increase the energy efficiency of its current methods (materials,
processes, equipment, buildings).

To achieve this challenging goal, BIM technology can play a very
important role [5], from the design phase until the end-of-life
phase, as it can, amongst others, allow comparisons between mate-

rials and solutions in the design stage [6-8] and renovation pro-
cesses [9,10], evaluate the interior thermal comfort from BIM
models [11,12], estimate energy needs, act as a platform for visu-
alising analysis results [13,14] and aid in energy certification pro-
cesses [15,16].

However, there is a lack of knowledge concerning the extent to
which BIM technology is being used to improve energy efficiency
in buildings. Therefore, a systematic literature review is needed,
that comprises and organises all the information regarding the cur-
rent methodologies and processes that enable energy efficiency
gains through BIM modelling, including existing limitations and
possible future developments.

Thus, the current paper focuses on this subject and intends to
help AECO stakeholders in understanding all the ways in which
BIM can be used as a tool to improve energy efficiency levels
within the sector. With this goal in mind, the current paper is
organised in five sections. Section 1 introduces the topic and
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details its structure. Section 2 details the scientific methodology
used in this research paper. Section 3 develops a scientometric
analysis of the literature. Section 4 performs a systematic literature
review regarding the use of BIM to improve building energy effi-
ciency. Lastly, Section 5 presents the conclusions drawn in this
paper.

2. Research methodology

A four-stage methodology was applied to develop the current
paper, with the first being the search for publications, the second
the definition and application of exclusion criteria, the third the
elaboration of a scientometric analysis, and the last the execution
of a systematic literature review. This methodology is detailed in
Fig. 1.

2.1. Phase one: Search for publications

Systematic literature review guidelines describe at least three
types of inclusion criteria [17], these being databases to search,
keywords to use and type of publication to include.

Four databases were used in the search for publications: Scien-
ceDirect, Google Scholar, the American Society of Civil Engineers
Library and the Institution of Civil Engineers Library.

Regarding keywords, three different search terms were defined
to gather the most relevant information related to BIM use to
improve building energy efficiency:

i) “BIM” AND “Building” AND “Energy Efficiency”;
ii) “BIM” AND “Building” AND “Energy Efficiency” OR “Energy
Performance”;
iii) “BIM” AND “Building” AND “Green”.

Considering the type of publications, all types of documents in
the research were included, to guarantee a wide diversity of infor-
mation sources.

From these databases, and with the determined search terms,
1271 publications were gathered and stored in the library man-
ager software EndNote. Additionally, 285 publications were
added to the library, these being gathered from the reference
lists of publications considered of major relevance to the subject
of this paper.
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2.2. Phase two: Exclusion criteria

Regarding exclusion criteria, these were applied in three stages.
Firstly, the duplicates were removed. This stage excluded 215 ref-
erences from the library created. After that, through the reading of
titles and abstracts, 781 records were excluded from the database.
The third and final stage consisted of a full and detailed reading of
the remaining papers and excluded 341 references. The final num-
ber of publications used in the following sections of this paper was
219, corresponding to references [2-16,18-221].

2.3. Phase three: scientometric analysis

Several categories of quantifiable bibliometric data, such as the
evolution of publications per year, evolution of citations per year,
etc., were analysed with statistics-based methods. The metric data
was exported from EndNote to Microsoft Excel to process the data
and produce graphs, which help to interpret this type of data.

Additionally, co-occurrence and co-authorship analysis were
carried out, these types of analysis being the most associated with
the concept of scientometric analysis [28,62,127,210]. The metric
data was exported from EndNote to VOSViewer, a software capable
of creating bibliometric networks [222], which allow these types of
analysis to be performed.

2.4. Phase four: Systematic literature review

In this phase, the main topics of information were identified
and grouped into key categories of information. In total, 14 main
topics were identified, and five main categories were created,
allowing for a structured presentation of information.

The systematic literature review consisted of the establishment
of the state of the art for each of the 14 main topics. Thus, for the
papers related to each topic, their research gaps, findings, conclu-
sions, and current shortcomings were identified. Possible solutions
to overcome the actual gaps and shortcomings were proposed.

3. Scientometric analysis

In this section, a scientometrics analysis is made. Several biblio-
metric properties of all the gathered papers were analysed, with
the goal of exposing the current state and evolution of knowledge
surrounding the topics of BIM and energy efficiency in buildings.
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3.1. Number of publications and citations

The evolution of the number and type of publications was eval-
uated over the period between the years 2009 and 2019. The evo-
lution of publications per year and the respective types are shown
in Fig. 2.

There is an upward trend in research associated with the use of
BIM to improve building energy efficiency. Starting in 2011, a non-
linear evolution of publications was identified, with occasional
exceptions in 2016 and 2018. The maximum number of publica-
tions was identified in 2019, with 67 publications. It can therefore
be said that the subjects under analysis in the current paper are of
current and high interest in the scientific community.

Between the years 2009 and 2019, most publications (169 of
214) were journal articles. This may indicate that a great portion
of the gathered information is reliable, increasing the quality of
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Renewable and Sustainable Energy Reviews
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Procedia Engineering

Journal of Cleaner Production

Sustainable Cities and Society

Journal of Building Engineering

Building and Environment

Applied Energy

Energy

Energy Procedia
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International Journal of Sustainable Built Environment
Conterences
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the analysis done in this paper. Similarly, a clear rise in the number
of citations is visible between 2009 and 2019.

With the exception of book sections, all the other types of pub-
lications had their maximum number of occurrences in the year
2019, the last analysed, which corroborates the previous hypothe-
sis that research on the use of BIM to improve building energy effi-
ciency is of current high interest.

3.2. Publication source

Regarding the source of publications, only the two highest types
of publications were considered, these being journal articles and
conference papers. A total of 50 scientific journals and 27 confer-
ences were identified. Considering the high number of journals,
Fig. 3 includes only the journals with two or more articles pub-
lished and the total of articles presented in conferences.

S 10 15 20 25
NO. OF PUBLICATIONS

§
(o8]
(e}

Fig. 3. Publication sources.

36
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It was observed that the three journals with the most publica-
tions were Automation in Construction with 27 publications, fol-
lowed by Renewable and Sustainable Energy Reviews with 19
publications, and Energy and Buildings with 18 publications. These
journals are all edited by Elsevier and can be considered as refer-
ences regarding the use of BIM and/or energy efficiency in build-
ings. On the conferences side, a total of 29 publications were
identified. Of these, 18 were held between 2017 and 2019, which
indicates a growing interest in the topic.

3.3. Origin of publications

For this analysis, it was decided to assign to each publication
the country represented by the institution of its first author. A total
of 37 countries with publications were identified. Of these, 26 had
two or more publications, as shown in Fig. 4. The research leaders
in terms of number of publications are the United States of Amer-
ica, China, and the United Kingdom, which demonstrates the inter-
est of developed countries in reducing their environmental
impacts.

Energy & Buildings 250 (2021) 111292

It can therefore be stated that the higher technological develop-
ment of each country can contribute to a greater amount of
research on these fields, which are technology reliant. This is cor-
roborated by the lack of research in less developed countries.

3.4. Most cited publications

The absolute number of citations for each publication was also
analysed. The five most cited publications are presented in Table 1
and includes both general publications about BIM, as well as speci-
fic publications about energy efficiency.

3.5. Keywords co-occurrence

For this analysis, a normalisation of ambiguous keywords was
necessary. After this process, a total of 565 different keywords
were identified and used as input in VOSViewer, creating a key-
word co-occurrence network. The created network, shown in
Fig. 5, visually represents the number of occurrences of a keyword

Table 1
Top 5 cited publications.
Order Citations Title Authors Institution
1 1809 Building Information Modeling (BIM): Trends, Benefits, Risks, and Challenges for the AEC S. Azhar Auburn University [USA]
Industry [34]
2 1163 Building Information Modeling (BIM) for existing buildings — Literature review and future R. Volk Karlsruhe Institute of
needs [10] J. Stengel Technology [Germany]
F.
Schultmann
3 1064 A review on the prediction of building energy consumption [221] H. Zhao Ecole Centrale Paris [France]
F. Magouleés
4 602 How to Measure the Benefits of BIM [38] K. Barlish Arizona State University [USA]
K. Sullivan
5 582 Energy Performance of LEED® for New Construction Buildings [16] C. Turner New Buildings Institute [USA]
M. Frankel
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by the node size, and the degree of co-occurrence between key-
words by the link thickness.

As expected, “BIM”, “Energy” and “Building” are the biggest
nodes of the created network. In the keyword co-occurrence net-
work, keywords such as “Sustainability”, “LCA”, “Design”, and
“Construction” display strong links with “BIM”, which may indi-
cate that efficiency could be improved by analysing the effect that
BIM can have regarding the subjects that these keywords
represent.

Regarding the “Building” keyword, it displays strong links with
keywords such as “Performance”, “Retrofitting”, “NZEB” and
“Architecture”. These keywords may therefore represent processes
capable of improving a building’s energy efficiency.

Thus, these secondary keywords represent relevant fields of
study, representing some of the main topics of information identi-
fied and analysed in Section 4.3.

3.6. Software

A total of 94 different software tools were identified. Fig. 6 illus-
trates the 30 most used software tools in the library, organized by
their application fields: BIM modelling, energy analysis and soft-
ware development.

Regarding the BIM modelling software, Autodesk® Revit, was
the most used. Therefore, it can be considered as a reference in
BIM modelling. This group includes software for building mod-
elling, visual aspect of the models, and model errors checking.

For energy analysis, EnergyPlus is the most used in this field,
followed by EcoTect, Green Building Studio, and IES-VE. Regarding
the remaining tools in this application field, most of them are used
in the energy evaluation of the building, while others are used to
simulate lighting, LCA analysis, CFD analysis and air quality
analysis.

Lastly, regarding the software development, new tools were
identified, referring to several programming languages presented
mainly in Dynamo, Grasshopper and MATLAB. The first two are
visual languages which are usually incorporated into BIM mod-
elling tools.

3.7. Software co-occurrence
A software co-occurrence network was created, regarding only

the tools identified in the publications. In this network, shown in
Fig. 7, the node size represents the degree of utilisation of a certain

Energy & Buildings 250 (2021) 111292

tool, and the link thickness represents the number of times that
both tools were mentioned. The created network thus gives some
perspective on the current level of interoperability between mod-
elling tools and energy analysis tools.

It is clearly seen that the high use of Autodesk® Revit makes it a
central piece of the network. This tool presents several connections
with energy analysis tools, including the four most used energy
analysis tools and created or self-developed tools, previously
identified.

ArchiCAD, on the other hand, presents a connection with only
one energy analysis tool, EnergyPlus. As this tool is one of the most
popular amongst architects, this may represent a limitation,
regarding the design and conception of energy efficient buildings.

Regarding the created, or self-developed, tools, these present a
strong connection with Revit, which may indicate that they are
based on this tool or created as a plugin capable of enhancing
Revit’s capabilities, regarding energy analysis.

4. Systematic literature review

In this section, a systematic literature review is done based on
the publications within the created library. While reading of these
publications, key topics were identified. After that, these key topics
were grouped in the main information categories. These categories,
topics, and associated publications are presented in Table 2.

4.1. BIM technologies

This category brings together topics associated with BIM tech-
nologies or technologies that relate to BIM, and that can shape
energy efficiency increase in buildings. The main topics identified
in this category relate directly to BIM capabilities and compatibil-
ity, emergent technologies integration within BIM and external
data combination with BIM tools.

4.1.1. Interoperability

Interoperability, in the specific case of BIM and energy analysis
tools, is seen as low [92], tool-dependent [70] and as a challenge to
an industry-wide BIM adoption [5,30,85,189]. Some works, from
Gao et al. [73], Kim et al. [113] and Lu et al. [126] identify the pro-
cess of data extraction as one of the challenges hindering high
interoperability levels, while others, as per Ceranic et al. [46],
Kamel et al. [110] and Tang et al. [190], mention discrepancies in

Table 2

Categories and topics identified.
Category Topic Publications
BIM technologies Interoperability [3,5,18,28,30-

32,39,46,55,60,67,70,72,78,85,91,92,103,106,110,113,126,133,140,152,156,160,167,176,188-

190,198,211]
Laser scanner and thermographic
camera data merging
Urban scale analysis (BIM/GIS)
Building monitoring
Software development
Output visualization platforms
Materials and solutions [2,6-
comparison and optimization
Energy needs estimation
Nearly Zero-Energy Building
(NZEB)
Life-cycle analysis (LCA)

BIM model-based tool
development
Sustainable buildings

[42,54,74,75,79,89,90,118,119,166,199-201]

[40,47,56,87,98,149,171,180,184,207]
[33,42,59,83,96,131,148,192,197,214,220]
[21,22,48,50,77,109,123,129,130,134,135,146,154,155,216]
[13,14,19,58,149,193]

8,34,37,38,53,61,63,69,82,86,94,95,121,124,128,138,147,153,166,173,179,181,182,209,212,213,215,219]
[36,52,73,76,81,99,104,105,111,117,128,137,161,168,175,182,194,202,217,218,221]
[23,44,52,100,112,116,127,141,187]

[24-27,41,45,64,66,68,71,84,101,102,114,122,142-

144,150,151,158,162,163,172,177,178,185,186,196,205,207,208]

Hygrothermal design  Energy certification
Thermal comfort
Building renovation

Training Training quality

[4,15,16,29,35,51,65,97,115,125,132,139,159,164,165,204,206]
[9,11,12,48,57,93,141,203,210]
[9,10,43,80,109,120,169,170,174,186]
[20,49,62,88,136,145,157]
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data file structures of software as another obstruction to the evolu-
tion of interoperability. Another obstacle is due to loss of data in
the data exchange process between tools, as per Gao et al. [72]
and Ghaffarianhoseini et al. [78].

An increase in interoperability levels is necessary [55], acceler-
ating BIM based energy analysis with more reliable outputs
[39,91,106,152,167,211]. The automation of BIM models conver-
sion to BEM models [18,140,198] and use of concepts such as open-
BIM and SimModel could lead to better energy analysis results
[28,60,67]. On the other hand, the standardisation of file structures
could present itself as the most common solution for interoperabil-
ity issues [133,156,211]. Actually, Industry Foundation Classes
(IFC) stands out as the most used standard regarding BIM data
[3,31], and through their model view definitions, such as MVD
Energy Analysis View, IFC4 could streamline the process of energy
analysis using a BIM model, increasing interoperability levels
[28,103,223].

4.1.2. Laser scanner and thermographic camera data merging
Thermographic cameras can be used to create thermal images,
whose information (surface temperatures) can be merged with
the geometric point clouds (laser scanner) [54], resulting in a file
with both geometric and thermal information, usually a gbXML file
[118,200,201]. This enables the creation and calibration of models
with enough information to analyse their energy performance
[89,119], including the assessment of the thermal resistance of
materials in their current states [90]. New tools, such as Leica-
Geosystems’ BLK 360, could potentially increase the speed and pre-
cision of the process of creating as-is BIM-thermal models. More-
over, this process creates large files that can have their size
reduced by increasing the spacing between points [74,75,200].

4.1.3. Urban scale analysis (BIM/GIS)

The energy performance of a building is directly influenced by
the dynamics and interdependencies between the built environ-
ment [98,149], air convection, surface radiation and, when it exists,
public thermal and energy infrastructure and its own interdepen-
dencies. In this regard, SIG 3D tools, like CityGML could help create
large-scale models [87]. However, they lack the BIM level of detail.
Also, new BIM objects that represent all aspects of urban-scale
analyses should be made available in open BIM format. The inte-
gration of SIG in the BIM environment could revolutionise the
energy analysis of buildings [56,171].

4.1.4. Building monitoring

Real-time building monitoring could contribute to keeping it in
its peak efficiency during its lifecycle [83]. Through the creation of
a Digital Twin model, maintenance plans can be created and stored
in the model. Currently, this type of data can be stored in BIM mod-
els [148,192] but, as seen by Zhang. [220], it requires manual data
inputs and is only for historic record purposes, given that BIM tools
do not have real-time sensor information integration capabilities
[33]. Sensor information could also ease diagnostics tasks [42].
However, it is necessary to enable the integration of sensor infor-
mation and real-time sync with BIM models [59]. Sensor data inte-
gration could be the next step in the development of BIM tools,
through BIM 7D, or the development of a BIM 11D, dedicated to
building monitoring. Another relevant area to this topic, as shown
by Dibowski et al. [224,225] and Ferrari et al. [226], regards auto-
mated fault detection on buildings and its systems by making man-
ual, time-consuming engineering tasks solvable by a computer,
allowing the building to run at its peak efficiency more easily.
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4.2. BIM model-based tool development

The wide range of BIM capabilities allow users and developers
to explore and create new purposes within BIM models. As such,
this category explores the role of BIM in the development of new
tools, or new methods of analysis, with focus on enhancing energy
efficiency in buildings.

4.2.1. Software development

BIM models are capable of storing vast amounts of information
and can therefore be used as databases for external tools with
automatic access to the information [48,109]. On the other hand,
the direct implementation of visual programming turns BIM tools
into easily programmable tools [146], that simulate the most effi-
cient combination of materials and solutions [21,129], taking
advantage of the parametric nature of BIM models [50,154,155],
the simplification of model conversion [123,216], the energy eval-
uation of buildings [130] and optimisation of systems [77], includ-
ing sewage, as per Marzouk and Othman [135]. Also, through
Monte Carlo simulation and genetic algorithms [134], it is also pos-
sible to economically analyse BIM models with higher accuracy.
Some independently developed tools are making their way into
mainstream BIM tools.

4.2.2. Output visualization platforms

BIM models and tools could also be used to show results. San-
key diagrams can be used to illustrate energy use flow through a
building, but these are based on models created with simplifica-
tions [19], that is, with lower accuracy. Alternatively, as Niu et al.
[149] and Truong et al. [193] have shown, results can be repre-
sented with different colours directly on the BIM, improving the
reading and clarity of the results, improving user behaviour
[13,193] and promoting the construction of more efficient build-
ings [14,58]. Therefore, BIM tools developers should concentrate
their efforts on making it easier to import data from energy analy-
sis tools and on developing new styles of representation.

4.3. Sustainable buildings

This topic exposes the role of BIM models and BIM tools in the
creation of more efficient buildings, through the concept of sus-
tainable buildings methodologies, paradigms, design solutions
and energy consumption estimation.

4.3.1. Materials and solutions comparison and optimisation

BIM models possess high levels of versatility [34], allowing
design teams [37,212,219] to change building features in a fast
and simple manner [38,124,128,138,179], optimising designs and
solutions [63,82,209]. BIM tools can help analyse the effect on
energy performance of the size and shape of glass panels in solar
radiation gains [8,153,173], different insulation materials
[153,181], the use of recycled materials [53,215] and different wall
solutions [7]. Regarding this topic, BIM tools are mainly used to
help analyse the effects of the building envelope [69,86,94]| and
building orientation [2,6,182] on energy performance. Given the
current complexity of building envelopes and their effect on heat
losses [2,147], it is necessary to improve the modelling of thermal
bridges in the BIM environment [95].

4.3.2. Energy needs estimation

Energy needs are influenced by the building geometry, equip-
ment and user behaviour [218,221]. So far, as a “proof of concept”
[76], BIM models can store all of this information, apart from user
behaviour, which lacks research [81,99,104] but, as shown by Baldi
et al. [227], occupant-building interaction can be automated and
help improve overall building performance, opening the door to
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BIM integration. Moreover, BIM can act as a basis for energy anal-
ysis software to estimate a building’'s energy needs
[36,175,194,202]. Regarding equipment, especially related with
renewable energy, BIM tools are not yet capable of modelling all
of the existing solutions on this front [105,111]. Seeing the interest
in developing a cost estimation tool with 3D features [168], real-
time energy consumption should be available in future BIM tools
[73], with higher levels of interoperability between these and
energy analysis tools [128] and country-specific energy standards
[137], achieving more accurate results.

4.3.3. Nearly Zero-Energy Buildings (NZEB)

Nearly Zero-Energy Buildings (NZEB) are characterised as
highly efficient buildings, with low heat transfer coefficients
and highly efficient equipment. As detailed in Sections 4.3.1
and 4.3.2, BIM tools can help designers to achieve more sustain-
able buildings [23], even in the early design stages [116,127], by
accelerating the estimation of energy needs, allowing them to
choose the solutions that bring the needs down to almost zero
[52,141,187].

4.3.4. Life-cycle analysis (LCA)

Life-cycle analysis (LCA) applied to buildings involves, among
others, a thorough inventory of the energy used during con-
struction, use and demolition [24], given that all stages of a
building’s life represent environmental impacts [178], with the
potential of reducing said impacts [26]. BIM tools can be used
for LCA analysis, as per Cavalliere et al. [45] and Fernandez
et al. [71], on a database capacity [101], storing some physical
material properties, according to Edwars et al. [66] and Gao
et al. [72]. However, as per Kim [114] and Peng [158], the
information that BIM can currently store may not be enough
for complete and reliable LCA analysis. In spite of these limita-
tions, BIM-LCA integration can currently be accomplished on
three levels [185]: first, material quantification for environmen-
tal impact assessment [185,205], second, environmental data
integration in BIM materials [64,185,208] and third, data extrac-
tion and transfer between tools [185]. Currently, most of the
BIM-LCA integration used by researchers is done through
ATHENA, joined by Revit [150]. Of all the stages of use of a
building, there is however a lack of knowledge regarding end-
of-life impacts [25,162,207] and its integration in BIM environ-
ment. The LCA-BIM integration could also improve certification
processes on the environmental side of buildings [27,84,122],
reduce analysis elapsed times [41,151,177] and improve LCA
analysis reliability [102,186].

4.4. Hygrothermal design

This category gathers information about using BIM and energy
tools to improve the hygrothermal design of buildings. Exploring
the integration in BIM of concepts such as energy certification,
thermal comfort and renovation processes will allow owners,
developers and users to increase the levels of energy efficiency
actively and passively.

4.4.1. Energy certification

Energy certification assigns a rating to buildings according to
their efficiency, which is influenced by many aspects that BIM is
capable of storing [35], and, as such, shows great potential for inte-
gration, as per Doan et al. [65]. Using BIM to perform energy certi-
fication of buildings could potentially accelerate the process and
reduce associated costs, as per Li et al. [4], Ansah et al. [29] and
Rezgui et al. [164]. However, for now, researchers are only able
to perform specific tasks within BIM regarding specific energy cer-
tification systems, such as. Jalaei et al. [15] proceeded to calculate,
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through BIM, the minimum points needed to obtain certification in
the LEED system, while Liu et al. [125] achieved 31 out of 78 Green
Mark certification items through BIM. Chen et al. [51] tried to join
geolocation services to the LEED certification system in BIM envi-
ronment, in order to streamline the process and Wong et al.
[206] identified 26 BEAM-Plus credits could be attained directly
through BIM. The main limitation to this integration concerns the
existence of several energy certification systems [132], with each
one being specific to a certain country or area [97]. In future devel-
opments, the use of thousands of BIM models and big data tech-
niques [16,159] could improve the certification processes
currently in use or help create standardised systems.

4.4.2. Thermal comfort

Thermal comfort relies on six parameters [57], with four of
them (i.e., solar radiation, temperature, humidity, and air velocity)
being completely objective and independent from personal percep-
tion. BIM tools can already estimate the levels of solar radiation
[48]. For interior air temperature and humidity, their estimation
can be performed in an energy simulation tool, after importing
the BIM model [11]. Interior air velocity, which can be simulated
using CFD tools, once again after BIM model export, [12,141,203].
These types of analysis and simulations have been increasingly
used [9], with the goal of optimising thermal comfort [93]. How-
ever, data transfer and interoperability between tools must be
higher or, alternatively, BIM tools should be developed with native
thermal comfort analysis capabilities.

4.4.3. Building renovation

Improving the energy efficiency levels in existing buildings is a
complex process, given that almost all of its physical properties
are fixed [43]. BIM tools have increasingly been used to evaluate
existing buildings’ energy performance [170], with the benefits,
through simulation, of allowing the comparison of the current
performance with the performance after the proposed renovation
[9] and identifying the best renovation solutions [80]. Scherer
[174] establishes two stages for the creation of an as-built BIM
model: data acquisition [10,169] and data analysis
[109,120,186]. However, and in order to create more reliable
models, the process of data acquisition, specifically, thermal and
physical properties, must be developed, with possible solutions
as presented in Section 4.1.2.

4.5. Training

This category represents the current state and limitations of
training future professionals in the use of BIM to enhance energy
efficiency in buildings.

4.5.1. Training quality

The evolution of knowledge represents a challenge for edu-
cational institutions, and curricula must include the most
recent knowledge [88]. Regarding the scientific fields of BIM
and energy efficiency, and despite the inclusion of modelling
in current curricula, HVAC systems design is not taught (except
for mechanical engineers), resulting in a low implementation
level of BIM for energy calculations. However, the implementa-
tion of energy analysis through BIM will allow future designers
to solve existing issues more easily [20]. In this regard, the
European project BIMcert sought to find solutions to some
training limitations [136]. Collaboration between educational
institutions can mitigate this issue [62], promoting a standard-
isation of methodologies [49,145]. Additionally, BIM knowledge
acquired in the classroom could lead to solutions to all the
current barriers associated with BIM tools and energy effi-
ciency analysis.
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5. Conclusions

With the rapid increase of the global population, we will need
to build 13,000 new buildings per day by 2050 [228], which rep-
resents a capital projects investment of approximately $3.3 tril-
lion annually [229]. This growth represents significant potential
environmental impacts. However, higher energy efficiency can
help reduce the negative environmental impacts frequently asso-
ciated with the AECO sector. BIM coupled with BEM can play an
important role on this front, allowing designers to achieve more
efficient solutions, helping owners maintain their buildings at
their peak efficiency level for longer, and constructors to achieve
more efficient building processes, forging a way to a more sus-
tainable future. This paper provides an overview of the current
state of BIM adoption regarding the enhancement of energy effi-
ciency in buildings. From this work, the following conclusions can
be drawn:

i) Regarding the scientometric analysis:

- There is a high interest among the scientific community in
the topic covered in this paper, given the exponential
growth in the number of publications and citations verified,
the fact that there are 50 journals with publications on this
topic, and the number of conferences identified, the major-
ity very recent.

- The main keywords identified were “Building”, “Sustainabil-
ity” and “Design”. These keywords reveal that research into
BIM and energy efficiency may influence the sustainability
levels in buildings, through designers’ choices.

- “Revit” is the most used BIM modelling software. Regarding
energy analysis, there are several tools in use, with the most
used being “EnergyPlus”, “Ecotect”, “Green Building Studio”
and “IES - Virtual Environment”. “Revit” presents strong
interoperability connections with several energy analysis
tools. On the other hand, ArchiCAD, which is most used by
architects, does not, which may make the design of energy
efficient buildings difficult.

ii) Regarding the systematic literature review:

- Currently, interoperability is described by Hanafi et al. [92]
as being low. Farzaneh et al. [70] characterizes this property
as being software dependent. As such, interoperability is
hindered by loss of information in the data transfer pro-
cesses, mainly because of different file structures. On this
front, researchers, like Carvalho et al. [3] and Arayici et al.
[31] make use of Industry Foundation Classes to overcome
current interoperability challenges. Through IFC4 specifica-
tion, MVD Energy Analysis View may represent a solution
to the issues of compatibility between tools. Regarding this
topic, a future survey paper, regarding only the interactions
between BIM and energy analysis tools would be beneficial
to understand the true extent of current interoperability
levels.

- Currently, as is BIM models can have geometric data merged
with thermographic data, by using thermographic cameras
with laser scanners, as seen by Chi et al. [54]|. Ham et al.
[89] states that this data association is essential to enhance
calibration process of as-is BIM and BEM models. However,
as seen by Lagiiela et al. [118], thermal bridges and other
defects cannot currently be included in the gbXML schema
used in this process. As such, new tools, capable of survey-
ing geometric and thermographic data simultaneously
could be the solution to the current issues.

- Energy efficiency in buildings is highly influenced by its sur-
roundings [98,149]. As such, BIM-GIS integration, possibly
through CityGML, as suggested by Groger et al. [87] will
allow calculations to include energy interdependencies
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between buildings in the urban environment and the impact
of urban infrastructures on a building’s energy efficiency,
revolutionizing current energy efficiency calculation meth-
ods [53,171].

Regarding building monitoring, the Digital Twin concept is
the frontrunner technology. This process could, for instance,
ease fault diagnostics processes in buildings, as stated by
Bruno, et al. [42]. However, as seen by Aste et al. [33], BIM
tools are not yet ready for the process (storing live data from
sensors and visualising the results). A new BIM dimension
(BIM 11D - Monitoring) could result from this research
trend.

Promoted by the ease of use of visual programming tools,
there has been a great deal of software development to
tackle current software limitations on building energy mod-
elling and analysis.

BIM tools have been used as visualisation platforms, with
researcher using different methods to represent results.
Some, such as Niu et al. [149] and Truong et al. [193] repre-
sent energy analysis results directly on models as colour
gradients, while Abdelaim et al. [19] resorted to Sankey dia-
grams to display such results. However, new representation
capabilities should be implemented in future BIM tools, as
well as better data conversion and visualization mecha-
nisms [149].

BIM tools and models have allowed designers to achieve the
most efficient solutions and choose the most efficient mate-
rials when designing or renovating a building. Aspects such
as building orientation, window sizes, and wall materials,
can be changed iteratively on the models, until the most
efficient solution is achieved. Currently, some researchers
focus their work on the impact of the building envelope in
the building’s energy performance, such as Evins [69], Gran-
adeiro et al. [86] and Hensen et al. [94], while others,
namely Pacheco et al. [2], Abanda et al. [6] and Singh et al.
[182] focus their research on the impact of building orienta-
tion on energy performance. However, given the complexity
of current buildings’ envelopes, BIM tools need to improve
their thermal bridges modelling capabilities [95].

In the past, the energy needs of bigger buildings were esti-
mated using specific software. Nowadays, with BIM, this
can be easily done for all kinds of buildings, helping design-
ers while still in the design phase. However, as stated by
Gao et al. [73], there is a need for a BIM capability in which
real-time energy consumption can be calculated. Addition-
ally, country specific energy standards should be imple-
mented [137] in such a tool, allowing its use internationally.
According to Cavalliere et al. [45] and Fernandez et al. [71],
BIM technology represents a good support for LCA analysis.
However, there is still the necessity to research further the
impact of the end-of-life phase of buildings [25,162,207]
and its integration on BIM models, as well as the need to
include LCA-relevant parameters in BIM databases.

BIM could and should be used as the basis for future energy
certification of buildings. However, first it is necessary to
internationally standardise the energy certification
schemes. As such, in future developments, the use of thou-
sands of BIM models and big data techniques [16,159] could
improve the certification processes and help the certifica-
tion systems standardization processes.

The use of BIM to analyse thermal comfort levels has been
increasingly used [9], with the goal of optimising them
[93]. However, there is still a lack of interoperability
between tools, hindering this process. As such, the inclusion
of plugins or native thermal capabilities into BIM tools
would improve these estimations.
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- BIM training has been on the rise lately. However, energy
efficiency analysis through BIM should be included in future
curricula, preferably in a standard way worldwide.

Currently, BIM is already capable of influencing the energy
efficiency levels in buildings, whether at the design, operational
or end of life stage, or even during renovation operations. How-
ever, we are only halfway through the process of maximising
the abilities of BIM, with many possible future developments
showing the potential for improving the energy efficiency levels
in buildings, by resorting to BIM models. One of the major chal-
lenges we still need to overcome is data exchange between
design tools and energy simulation software. Aside from inter-
operability issues between BIM and BEM, there are also chal-
lenges surrounding the value BEM brings to owners and
designers. Traditionally, owners and developers wanted designs
to be completed quickly and at a low cost. As a result, archi-
tects felt pressured to focus their designs on functionality and
cost, as opposed to energy consumption and sustainability.
Hence, we need more research on the economic benefits of
implementing building energy modelling, so as to convince
owners that BEM can potentially help increase their financial
bottom line. In addition, BIM software needs to develop solu-
tions to streamline the integration of BIM and BEM. With the
increasing research activity in this area, we will be able to con-
tinue to generate data to make a strong case for the integration
of BIM and BEM and its use starting in early design decision,
which is when designers’ can more significantly impact a build-
ing’s potential towards sustainable and financially viable
solutions.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgements

The second author acknowledges the: Base Funding -
UIDB/04708/2020 of the CONSTRUCT - Instituto de I&D em Estru-
turas e Construgdes - funded by national funds through the FCT/
MCTES (PIDDAC).

References

[1] B. Hardin, D. McCool, BIM and construction management: proven tools,
methods, and workflows, John Wiley & Sons (2015).

[2] R. Pacheco, J. Ordéiiez, G. Martinez, Energy efficient design of building: A
review, Renew. Sustain. Energy Rev. 16 (2012) 3559-3573, https://doi.org/
10.1016/j.rser.2012.03.045.

[3] J. Carvalho, L. Braganga, R. Mateus, Optimising building sustainability
assessment using BIM, Autom. Constr. 102 (2019) 170-182, https://doi.org/
10.1016/j.autcon.2019.02.021.

[4] Y. Li, S. Kubicki, A. Guerriero, Y. Rezgui, Review of building energy
performance certification schemes towards future improvement, Renew.
Sustain. Energy Rev. 113 (2019), https://doi.org/10.1016/j.rser.2019.109244.

[5] T. Olawumi, D. Chan, Identifying and prioritizing the benefits of integrating
BIM and sustainability practices in construction projects: a Delphi survey of
international experts, Sustain. Cities Society. 40 (2018) 16-27, https://doi.org/
10.1016/j.5¢s.2018.03.033.

[6] H. Abanda, L. Byers, An investigation of the impact of building orientation on
energy consumption in a domestic building using emerging BIM (Building
Information Modelling), Energy. 97 (2016) 517-527, https://doi.org/10.1016/
j.energy.2015.12.135.

[7] H. Abanda, M. Tah, G. Nkeng, Earth-block versus sandcreteblock houses:
embodied energy and CO2 assessment, Eco-Efficient Masonry Bricks Blocks
(2015) 481-514, https://doi.org/10.1016/b978-1-78242-305-8.00022-X.

[8] I Acosta, M. Campano, ]J. Molina, Window design in architecture: analysis of
energy savings for lighting and visual comfort in residential spaces, Appl.
Energy 168 (2016) 493-506, https://doi.org/10.1016/j.apenergy.2016.02.005.

11

Energy & Buildings 250 (2021) 111292

[9] S. Habibi, The promise of BIM for improving building performance, Energy
Build. 153 (2017) 525-548, https://doi.org/10.1016/j.enbuild.2017.08.009.

[10] R. Volk, ]. Stengel, F. Schultmann, Building Information Modeling (BIM) for
existing buildings — literature review and future needs, Autom. Constr. 38
(2014) 109-127, https://doi.org/10.1016/j.autcon.2013.10.023.

[11] V. Gan, M. Deng, Y. Tan, W. Chen, ]. Cheng. BIM-based framework to analyze

the effect of natural ventilation on thermal comfort and energy performance

in buildings. in: 10th International Conference on Applied Energy Hong Kong,

China 2019. DOI:10.1016/j.egypro.2019.01.971.

E. Shamsutdinov, I. Sultanguzin, D. Kruglikov, T. Yatsyuk, I. Kalyakin, Y.

Yavorovsky, et al., Using of BIM, BEM and CFD technologies for design and

construction of energy-efficient houses, E3S Web Conf. 124 (2019), https://

doi.org/10.1051/e3sconf/201912403014.

C. Checchini, A. Magrini, L. Gobbi. A 3d platform for energy data visualization

of building assets. IOP Conference Series: Earth and Environmental Science.

Milan 2019. DOI:10.1088/1755-1315/296/1/012035.

T. Gerrish, K. Ruikar, M. Cook, M. Johnson, M. Phillip, C. Lowry, BIM

application to building energy performance visualisation and management:

challenges and potential, Energy Build. 144 (2017) 218-228, https://doi.org/
10.1016/j.enbuild.2017.03.032.

F. Jalaei, A. Jrade, Integrating building information modeling (BIM) and LEED

system at the conceptual design stage of sustainable buildings, Sustainable

Cities Society. 18 (2015) 95-107, https://doi.org/10.1016/j.5c5.2015.06.007.

[16] C. Turner, M. Frankel. Energy Performance of LEED® for New Construction
Buildings. 2008.

[17] M. Borrego, M.)J. Foster, J.E. Froyd, Systematic literature reviews in
engineering education and other developing interdisciplinary fields, J. Eng.
Educ. 103 (2014) 45-76, https://doi.org/10.1002/jee.20038.

[18] A. Abaglo, C. Bonaldab, E. Pertusa. Environmental Digital Model: Integration
of BIM into environmental building simulations. CISBAT 2017 International
Conference - Future Buildings & Districts — Energy Efficiency from Nano to
Urban Scale. Lausanne, Switzerland 2017. DOI:10.1016/j.egypro.2017.07.438.

[19] A. Abdelalim, W. O’Brien, Z. Shi, Data visualization and analysis of energy flow
on a multi-zone building scale, Autom. Constr. 84 (2017) 258-273, https://
doi.org/10.1016/j.autcon.2017.09.012.

[20] A. Abdelmegid, A. Gonzélez, M. Poshdar, M. O’Sullivan, G. Walker, F. Ying,
Barriers to adopting simulation modelling in construction industry, Autom.
Constr. 111 (2020), https://doi.org/10.1016/j.autcon.2019.103046.

[21] T. Ahmad, A. Aibinu, M. Thaheem, BIM-based iterative tool for sustainable
building design: a conceptual framework, Procedia Eng. 180 (2017) 782-792,
https://doi.org/10.1016/j.proeng.2017.04.239.

[22] T. Ahmad, M. Thaheem, Economic sustainability assessment of residential
buildings: A dedicated assessment framework and implications for BIM,
Sustainable Cities Society. 38 (2018) 476-491, https://doi.org/10.1016/j.
5c5.2018.01.035.

[23] R. Ahuja, A. Sawhney, M. Arif, Driving lean and green project outcomes using
BIM: A qualitative comparative analysis, Int. J. Sustainable Built Environ. 6
(2017) 69-80, https://doi.org/10.1016/j.ijsbe.2016.10.006.

[24] S. Ajayi, L. Oyedele, O. Ilori, Changing significance of embodied energy: a
comparative study of material specifications and building energy sources, ].
Build. Eng. 23 (2019) 324-333, https://doi.org/10.1016/j.jobe.2019.02.008.

[25] L. Akanbi, L. Oyedele, K. Omoteso, M. Bilal, O. Akinade, A. Ajayi, et al.,
Disassembly and deconstruction analytics system (D-DAS) for construction in
a circular economy, J. Cleaner Prod. 223 (2019) 386-396, https://doi.org/
10.1016/j.jclepro.2019.03.172.

[26] H. Aladag, G. Demirdogen, Z. Isik, Building Information Modeling (BIM) Use in
Turkish Construction Industry, Procedia Eng. 161 (2016) 174-179, https://
doi.org/10.1016/j.proeng.2016.08.520.

[27] C. Anand, B. Amor, Recent developments, future challenges and new research
directions in LCA of buildings: a critical review, Renew. Sustain. Energy Rev.
67 (2017) 408-416, https://doi.org/10.1016/j.rser.2016.09.058.

[28] A. Andriamamonjy, D. Saelens, R. Klein, A combined scientometric and
conventional literature review to grasp the entire BIM knowledge and its
integration with energy simulation, J. Build. Eng. 22 (2019) 513-527, https://
doi.org/10.1016/j.jobe.2018.12.021.

[29] M. Ansah, X. Chen, H. Yang, L. Lu, P. Lam, A review and outlook for integrated
BIM application in green building assessment, Sustain. Cities Society. 48
(2019), https://doi.org/10.1016/j.s¢cs.2019.101576.

[30] Y. Arayici, P. Coates, L. Koskela, M. Kagioglou, C. Usher, K. O'Reilly, Technology
adoption in the BIM implementation for lean architectural practice, Autom.
Constr. 20 (2011) 189-195, https://doi.org/10.1016/j.autcon.2010.09.016.

[31] Y. Arayici, T. Fernando, V. Munoz, M. Bassanino, Interoperability specification
development for integrated BIM use in performance based design, Autom.
Constr. 85 (2018) 167-181, https://doi.org/10.1016/j.autcon.2017.10.018.

[32] M. Asl, S. Zarrinmehr, M. Bergin, W. Yan, BPOpt: A framework for BIM-based
performance optimization, Energy Build. 108 (2015) 401-412, https://doi.
org/10.1016/j.enbuild.2015.09.011.

[33] N. Aste, M. Manfren, G. Marenzi, Building automation and control systems
and performance optimization: a framework for analysis, Renew. Sustain.
Energy Rev. 75 (2017) 313-330, https://doi.org/10.1016/j.rser.2016.10.072.

[34] S. Azhar. Building Information Modeling (BIM): Trends, Benefits, Risks, and
Challenges for the AEC Industry. 2011. 10.1061/(ASCE)LM.1943-
5630.0000127.

[35] S. Azhar, W. Carlton, D. Olsen, I. Ahmad, Building information modeling for
sustainable design and LEED® rating analysis, Autom. Constr. 20 (2011) 217~
224, https://doi.org/10.1016/j.autcon.2010.09.019.

[12]

[13]

[14]

[15]


http://refhub.elsevier.com/S0378-7788(21)00576-4/h0005
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0005
https://doi.org/10.1016/j.rser.2012.03.045
https://doi.org/10.1016/j.rser.2012.03.045
https://doi.org/10.1016/j.autcon.2019.02.021
https://doi.org/10.1016/j.autcon.2019.02.021
https://doi.org/10.1016/j.rser.2019.109244
https://doi.org/10.1016/j.scs.2018.03.033
https://doi.org/10.1016/j.scs.2018.03.033
https://doi.org/10.1016/j.energy.2015.12.135
https://doi.org/10.1016/j.energy.2015.12.135
https://doi.org/10.1016/b978-1-78242-305-8.00022-x
https://doi.org/10.1016/j.apenergy.2016.02.005
https://doi.org/10.1016/j.enbuild.2017.08.009
https://doi.org/10.1016/j.autcon.2013.10.023
https://doi.org/10.1051/e3sconf/201912403014
https://doi.org/10.1051/e3sconf/201912403014
https://doi.org/10.1016/j.enbuild.2017.03.032
https://doi.org/10.1016/j.enbuild.2017.03.032
https://doi.org/10.1016/j.scs.2015.06.007
https://doi.org/10.1002/jee.20038
https://doi.org/10.1016/j.autcon.2017.09.012
https://doi.org/10.1016/j.autcon.2017.09.012
https://doi.org/10.1016/j.autcon.2019.103046
https://doi.org/10.1016/j.proeng.2017.04.239
https://doi.org/10.1016/j.scs.2018.01.035
https://doi.org/10.1016/j.scs.2018.01.035
https://doi.org/10.1016/j.ijsbe.2016.10.006
https://doi.org/10.1016/j.jobe.2019.02.008
https://doi.org/10.1016/j.jclepro.2019.03.172
https://doi.org/10.1016/j.jclepro.2019.03.172
https://doi.org/10.1016/j.proeng.2016.08.520
https://doi.org/10.1016/j.proeng.2016.08.520
https://doi.org/10.1016/j.rser.2016.09.058
https://doi.org/10.1016/j.jobe.2018.12.021
https://doi.org/10.1016/j.jobe.2018.12.021
https://doi.org/10.1016/j.scs.2019.101576
https://doi.org/10.1016/j.autcon.2010.09.016
https://doi.org/10.1016/j.autcon.2017.10.018
https://doi.org/10.1016/j.enbuild.2015.09.011
https://doi.org/10.1016/j.enbuild.2015.09.011
https://doi.org/10.1016/j.rser.2016.10.072
https://doi.org/10.1016/j.autcon.2010.09.019

Vitor Pereira, José Santos, F. Leite et al.

[36] M. Azzi, H. Duc, Q. Ha, Toward sustainable energy usage in the power
generation and construction sectors—a case study of Australia, Autom.
Constr. 59 (2015) 122-127, https://doi.org/10.1016/j.autcon.2015.08.001.

[37] S. Baezley, E. Heffernan, T. McCarthy, Enhancing energy efficiency in
residential buildings through the use of BIM: The case for embedding
parameters during design, Int. Conf. Improving Residential Energy Efficiency
(2017), https://doi.org/10.1016/j.egypro.2017.07.479.

[38] K. Barlish. How To Measure the Benefits of BIM: How To Measure the Benefits
of BIM; 2012. DOI:10.1016/j.autcon.2012.02.008.

[39] V. Bazjanac, T. Maile, C. Nytsch-Geusen. Generation of building geometry for
Energy Performance simulation using MODELICA. CESBP / BauSim 2016 -
IBPSA 2016.

[40] W. Bonenberg, X. Wei, Green BIM in Sustainable Infrastructure, Procedia
Manuf. 3 (2015) 1654-1659, https://doi.org/10.1016/j.promfg.2015.07.483.

[41] T. Bruce-Hyrkds, P. Pasanen, R. Castro, Overview of whole building life-cycle

assessment for green building certification and ecodesign through industry

surveys and interviews, Procedia CIRP 69 (2018) 178-183, https://doi.org/
10.1016/j.procir.2017.11.127.

S. Bruno, M. De Fino, F. Fatiguso, Historic Building Information Modelling:

performance assessment for diagnosis-aided information modelling and

management, Autom. Constr. 86 (2018) 256-276, https://doi.org/10.1016/j.
autcon.2017.11.009.

1. Capeluto, C. Ochoa, Simulation-based method to determine climatic energy

strategies of an adaptable building retrofit fagade system, Energy. 76 (2014)

375-384, https://doi.org/10.1016/j.energy.2014.08.028.

[44] M. Casini, Designing the third millennium’s buildings, Smart Build. (2016) 3-
54, https://doi.org/10.1016/b978-0-08-100635-1.00001-0.

[45] C. Cavalliere, G. Habert, G. Dell'Osso, A. Hollberg, Continuous BIM-based

assessment of embodied environmental impacts throughout the design

process, ]. Cleaner Prod. 211 (2019) 941-952, https://doi.org/10.1016/j.
jclepro.2018.11.247.

B. Ceranic, D. Latham, A. Dean, Sustainable design and building information

modelling: case study of energy plus house, Hieron’s Wood, Derbyshire UK,

Energy  Procedia 83 (2015)  434-443, https://doi.org/10.1016/

j.egypro.2015.12.163.

M. Chalal, M. Benachir, M. White, R. Shrahily, Energy planning and forecasting

approaches for supporting physical improvement strategies in the building

sector: a review, Renew. Sustain. Energy Rev. 64 (2016) 761-776, https://doi.
org/10.1016/j.rser.2016.06.040.

S. Chang, D. Castro-Lacouture, F. Dutt, P. Yang, Framework for evaluating and

optimizing algae facades using closed-loop simulation analysis integrated

with BIM, in: World Engineers Summit - Applied Energy Symposium &

Forum: Low Carbon Cities & Urban Energy Joint Conference. Singapore, 2017,

https://doi.org/10.1016/j.egypro.2017.12.677.

R. Charef, H. Alaka, S. Emmitt, Beyond the third dimension of BIM: a

systematic review of literature and assessment of professional views, J. Build.

Eng. 19 (2018) 242-257, https://doi.org/10.1016/j.jobe.2018.04.028.

[50] L. Chen, W. Pan, BIM-aided variable fuzzy multi-criteria decision making of

low-carbon building measures selection, Sustain. Cities Soc. 27 (2016) 222-

232, https://doi.org/10.1016/j.5¢s.2016.04.008.

P. Chen, T. Nguyen, Integrating web map service and building information

modeling for location and transportation analysis in green building

certification process, Autom. Constr. 77 (2017) 52-66, https://doi.org/
10.1016/j.autcon.2017.01.014.

S. Chen, Use of green building information modeling in the assessment of net

zero energy building design, J. Environ. Eng. Landscape Manage. 27 (2019)

174-186, https://doi.org/10.3846/jeelm.2019.10797.

[53] T. Chen, ]. Burnett, C. Chau, Analysis of embodied energy use in the residential
building of Hong Kong, Energy 26 (2000) 323-340, https://doi.org/10.1016/
S0360-5442(01)00006-8.

[54] Y. Cho, C. Wang, 3D Thermal Modeling for Existing Buildings using Hybrid
LIDAR System, Comput. Civil Eng. (2011), https://doi.org/10.1061/41182(416)
68.

[55] H. Chong, C. Lee, X. Wang, A mixed review of the adoption of Building

Information Modelling (BIM) for sustainability, J. Cleaner Prod. 142 (2017)

4114-4126, https://doi.org/10.1016/j.jclepro.2016.09.222.

T. Chowdhury, ]. Adafin, S. Wilkinson. Review of digital technologies to

improve productivity of New Zealand construction industry. Journal of

Information Technology in Construction. 2019;24:569-87. DOI:10.36680/j.

itcon.2019.032.

D. Coakley, E. Corry, M. Keane. Validation of Simulated Thermal Comfort

using a Calibrated Building Energy Simulation (BES) model in the context of

Building Performance Evaluation & Optimisation. in: 13th International

Conference for Enhanced Building Operations,. Montreal, Quebec 2013.

C. Conaghan, D. Jordan, R. Guida, R. Rawte, D. McLean, M. Sapar, Development

of an innovative energy modelling framework for design and operation of

building clusters in the tropics, in: World Engineers Summit — Applied Energy

Symposium & Forum: Low Carbon Cities & Urban Energy Joint Conference.

Singapore, 2017, https://doi.org/10.1016/j.egypro.2017.12.686.

A. Costa, M. Keane, ]. Torrens, E. Corry, Building operation and energy

performance: Monitoring, analysis and optimisation toolkit, Appl. Energy 101

(2013) 310-316, https://doi.org/10.1016/j.apenergy.2011.10.037.

G. Costa, A. Sicilia, X. Oregi, J. Pedrero, L. Mabe, A catalogue of energy

conservation measures (ECM) and a tool for their application in energy

simulation models, J. Build. Eng. 29 (2020), https://doi.org/10.1016/j.
jobe.2019.101102.

[42]

[43]

[46]

[47]

[48]

[49]

[51]

[52]

[56]

[57]

[58]

[59]

[60]

12

Energy & Buildings 250 (2021) 111292

[61] B. D’Amico, F. Pomponi, Accuracy and reliability: a computational tool to
minimise steel mass and carbon emissions at early-stage structural design,
Energy  Build. 168  (2018) 236-250, https://doi.org/10.1016/j.
enbuild.2018.03.031.

[62] A. Darko, A. Chan, X. Huo, D. Owusu-Manu, A scientometric analysis and
visualization of global green building research, Build. Environ. 149 (2019)
501-511, https://doi.org/10.1016/j.buildenv.2018.12.059.

[63] K. Deepa, B. Suryarajan, V. Nagaraj, K. Srinath, K. Vasanth, Energy analysis of
buildings, Int. Res. ]. Eng. Technol. 6 (2019).

[64] ]. Diaz, L. Antén. Sustainable Construction Approach through Integration of

LCA and BIM Tools. Computing in Civil and Building Engineering (2014).

Orlando, Florida 2014. p. 293-0. DOI:10.1061/9780784413616.036.

D. Doan, A. Ghaffarianhoseini, N. Naismith, A. Ghaffarianhoseini, T. Zhang, ].

Tookey, Examining Green Star certification uptake and its relationship with

Building Information Modelling (BIM) adoption in New Zealand, J. Environ.

Manage. 250 (2019), https://doi.org/10.1016/j.jenvman.2019.109508 109508.

R. Edwards, E. Lou, A. Bataw, S. Kamaruzzaman, C. Johnson, Sustainability-led

design: feasibility of incorporating whole-life cycle energy assessment into

BIM for refurbishment projects, ]J. Build. Eng. 24 (2019), https://doi.org/

10.1016/j.jobe.2019.01.027.

T. El-Diraby, T. Krijnen, M. Papagelis, BIM-based collaborative design and

socio-technical analytics of green buildings, Autom. Constr. 82 (2017) 59-74,

https://doi.org/10.1016/j.autcon.2017.06.004.

S. Eleftheriadis, D. Mumovic, P. Greening, Life cycle energy efficiency in

building structures: A review of current developments and future outlooks

based on BIM capabilities, Renew. Sustain. Energy Rev. 67 (2017) 811-825,

https://doi.org/10.1016/j.rser.2016.09.028.

R. Evins, A review of computational optimisation methods applied to

sustainable building design, Renew. Sustain. Energy Rev. 22 (2013) 230-

245, https://doi.org/10.1016/j.rser.2013.02.004.

[70] A. Farzaneh, D. Monfet, D. Forgues, Review of using Building Information
Modeling for building energy modeling during the design process, J. Build.
Eng. 23 (2019) 127-135, https://doi.org/10.1016/j.jobe.2019.01.029.

[71] A. Fernandez, F. Rijswijk, C. Ruhsam, I. Krofak, K. Kogler, A. Shadrina, et al.,
Applying Adaptive Case Management to Enable Energy Efficiency
Performance Tracking in Building Construction Projects, 17th International
Conference on Business Process Management 2019 Industry Forum, 2019.

[72] H. Gao, C. Koch, Y. Wu, Building information modelling based building energy
modelling: a review, Appl. Energy 238 (2019) 320-343, https://doi.org/
10.1016/j.apenergy.2019.01.032.

[73] H. Gao, L. Zhang, C. Koch, Y. Qu, BIM-based real time building energy
simulation and optimization in early design stage, IOP Conf. Series: Mater.
Sci. Eng. (2019), https://doi.org/10.1088/1757-899X/556/1/012064.

[74] T. Garwood, B. Hughes, D. O’Connor, ]J. Calautit, M. Oates, T. Hodgson.
Geometry Extraction for High Resolution Building Energy Modelling
Applications from Point Cloud Data: A Case Study of a Factory Facility. in:
9th International Conference on Applied Energy. Cardiff, U.K. 2017. 10.1016/
j.egypro.2017.12.567.

[75] T. Garwood, B. Hughes, D. O’Connor, J. Calautit, M. Oates, T. Hodgson, A
framework for producing gbXML building geometry from Point Clouds for
accurate and efficient Building Energy Modelling, Appl. Energy 224 (2018)
527-537, https://doi.org/10.1016/j.apenergy.2018.04.046.

[76] T. Garwood, B. Hughes, M. Oates, D. O’Connor, R. Hughes, A review of energy
simulation tools for the manufacturing sector, Renew. Sustain. Energy Rev. 81
(2018) 895-911, https://doi.org/10.1016/j.rser.2017.08.063.

[77] P. Geyer, Systems modelling for sustainable building design, Adv. Eng. Inf. 26
(2012) 656-668, https://doi.org/10.1016/j.aei.2012.04.005.

[78] A. Ghaffarianhoseini, ]. Tookey, A. Ghaffarianhoseini, N. Naismith, S. Azhar, O.

Efimova, et al., Building Information Modelling (BIM) uptake: clear benefits,

understanding its implementation, risks and challenges, Renew. Sustain.

Energy Rev. 75 (2017) 1046-1053, https://doi.org/10.1016/j.

rser.2016.11.083.

E. Gigliarelli, F. Calcerano, L. Cessari. Implementation Analysis and Design for

Energy Efficient Intervention on Heritage Buildings. Digital Heritage Progress

in Cultural Heritage: Documentation, Preservation, and Protection 2016. p.

91-103. DOI:10.1007/978-3-319-48496-9_8.

G. Giuda, V. Villa, P. Piantanida, BIM and energy efficient retrofitting in school

buildings, Energy Procedia 78 (2015) 1045-1050, https://doi.org/10.1016/

j-egypro.2015.11.066.

[81] O. Géger, Y. Hua, K. Géger, Completing the missing link in building design
process: enhancing post-occupancy evaluation method for effective feedback
for building performance, Build. Environ. 89 (2015) 14-27, https://doi.org/
10.1016/j.buildenv.2015.02.011.

[82] A. Goel, L. Ganesh, A. Kaur, Sustainability integration in the management of
construction projects: a morphological analysis of over two decades’ research
literature, J]. Cleaner Prod. 236 (2019), https://doi.org/10.1016/j.
jclepro.2019.117676.

[83] H. Gokge, K. Gokce, Multi dimensional energy monitoring, analysis and
optimization system for energy efficient building operations, Sustain. Cities
Society. 10 (2014) 161-173, https://doi.org/10.1016/j.5cs.2013.08.004.

[84] Y. Gong, S. Tae, S. Suk, C. Chae, G. Ford, M. Smith, et al., Life cycle assessment
applied to green building certification in South Korea, Procedia Eng. 118
(2015) 1309-1313, https://doi.org/10.1016/j.proeng.2015.08.493.

[85] G. Gourlis, I. Kovacic, Building Information Modelling for analysis of energy
efficient industrial buildings - a case study, Renew. Sustain. Energy Rev. 68
(2017) 953-963, https://doi.org/10.1016/j.rser.2016.02.009.

[65]

[66]

[67]

[68]

[69]

[79]

[80]


https://doi.org/10.1016/j.autcon.2015.08.001
https://doi.org/10.1016/j.egypro.2017.07.479
https://doi.org/10.1016/j.promfg.2015.07.483
https://doi.org/10.1016/j.procir.2017.11.127
https://doi.org/10.1016/j.procir.2017.11.127
https://doi.org/10.1016/j.autcon.2017.11.009
https://doi.org/10.1016/j.autcon.2017.11.009
https://doi.org/10.1016/j.energy.2014.08.028
https://doi.org/10.1016/b978-0-08-100635-1.00001-0
https://doi.org/10.1016/j.jclepro.2018.11.247
https://doi.org/10.1016/j.jclepro.2018.11.247
https://doi.org/10.1016/j.egypro.2015.12.163
https://doi.org/10.1016/j.egypro.2015.12.163
https://doi.org/10.1016/j.rser.2016.06.040
https://doi.org/10.1016/j.rser.2016.06.040
https://doi.org/10.1016/j.egypro.2017.12.677
https://doi.org/10.1016/j.jobe.2018.04.028
https://doi.org/10.1016/j.scs.2016.04.008
https://doi.org/10.1016/j.autcon.2017.01.014
https://doi.org/10.1016/j.autcon.2017.01.014
https://doi.org/10.3846/jeelm.2019.10797
https://doi.org/10.1016/S0360-5442(01)00006-8
https://doi.org/10.1016/S0360-5442(01)00006-8
https://doi.org/10.1061/41182(416)68
https://doi.org/10.1061/41182(416)68
https://doi.org/10.1016/j.jclepro.2016.09.222
https://doi.org/10.1016/j.egypro.2017.12.686
https://doi.org/10.1016/j.apenergy.2011.10.037
https://doi.org/10.1016/j.jobe.2019.101102
https://doi.org/10.1016/j.jobe.2019.101102
https://doi.org/10.1016/j.enbuild.2018.03.031
https://doi.org/10.1016/j.enbuild.2018.03.031
https://doi.org/10.1016/j.buildenv.2018.12.059
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0315
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0315
https://doi.org/10.1016/j.jenvman.2019.109508
https://doi.org/10.1016/j.jobe.2019.01.027
https://doi.org/10.1016/j.jobe.2019.01.027
https://doi.org/10.1016/j.autcon.2017.06.004
https://doi.org/10.1016/j.rser.2016.09.028
https://doi.org/10.1016/j.rser.2013.02.004
https://doi.org/10.1016/j.jobe.2019.01.029
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0355
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0355
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0355
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0355
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0355
https://doi.org/10.1016/j.apenergy.2019.01.032
https://doi.org/10.1016/j.apenergy.2019.01.032
https://doi.org/10.1088/1757-899X/556/1/012064
https://doi.org/10.1016/j.apenergy.2018.04.046
https://doi.org/10.1016/j.rser.2017.08.063
https://doi.org/10.1016/j.aei.2012.04.005
https://doi.org/10.1016/j.rser.2016.11.083
https://doi.org/10.1016/j.rser.2016.11.083
https://doi.org/10.1016/j.egypro.2015.11.066
https://doi.org/10.1016/j.egypro.2015.11.066
https://doi.org/10.1016/j.buildenv.2015.02.011
https://doi.org/10.1016/j.buildenv.2015.02.011
https://doi.org/10.1016/j.jclepro.2019.117676
https://doi.org/10.1016/j.jclepro.2019.117676
https://doi.org/10.1016/j.scs.2013.08.004
https://doi.org/10.1016/j.proeng.2015.08.493
https://doi.org/10.1016/j.rser.2016.02.009

Vitor Pereira, José Santos, F. Leite et al.

[86] V. Granadeiro, J. Duarte, J. Correia, V. Leal, Building envelope shape design in
early stages of the design process: Integrating architectural design systems
and energy simulation, Autom. Constr. 32 (2013) 196-209, https://doi.org/
10.1016/j.autcon.2012.12.003.

[87] G. Groger, L. Pliimer, CityGML - Interoperable semantic 3D city models, ISPRS
J. Photogramm. Remote Sens. 71 (2012) 12-33, https://doi.org/10.1016/j.
isprsjprs.2012.04.004.

[88] S. Gunhan, Integrating research findings into sustainable building delivery
teaching, Procedia Eng. 145 (2016) 158-163, https://doi.org/10.1016/j.
proeng.2016.04.037.

[89] Y. Ham, M. Golparvar-Fard, An automated vision-based method for rapid 3D
energy performance modeling of existing buildings using thermal and digital
imagery, Adv. Eng. Inf. 27 (2013) 395-409, https://doi.org/10.1016/j.
2ei.2013.03.005.

[90] Y. Ham, M. Golparvar-Fard, Mapping actual thermal properties to building

elements in gbXML-based BIM for reliable building energy performance

modeling, Autom. Constr. 49 (2015) 214-224, https://doi.org/10.1016/j.
autcon.2014.07.009.

M. Hamedani, R. Smith, Evaluation of performance modelling: optimizing

simulation tools to stages of architectural design, Procedia Eng. 118 (2015)

774-780, https://doi.org/10.1016/j.proeng.2015.08.513.

[92] M. Hanafi, G. Sing, S. Abdullah, R. Ismail. Organisational Readiness of Building
Information Modelling Implementation: Architectural Practices. Teknologi.
2016;78. DOI:10.11113/jt.v78.8265.

[93] B.He, M. Ye, L. Yang, X. Fu, B. Mou, C. Griffy-Brown, The combination of digital
technology and architectural design to develop a process for enhancing
energy-saving: the case of Maanshan China, Technol. Soc. 39 (2014) 77-87,
https://doi.org/10.1016/j.techsoc.2014.10.002.

[94] ]. Hensen, R. Lamberts, Building Performance Simulation for Design and
Operation, Spon Press, London, 2011.

[95] K. Hiyama, S. Kato, M. Kubota, J. Zhang, A new method for reusing building
information models of past projects to optimize the default configuration for
performance simulations, Energy Build. 73 (2014) 83-91, https://doi.org/
10.1016/j.enbuild.2014.01.025.

[96] A. Hodorog, A. Alhamani, I. Petri, Y. Rezgui, S. Kubicki, A. Guerriro. Social
media mining for BIM skills and roles for energy efficiency. in: 2019 IEEE
International Conference on Engineering, Technology and Innovation (ICE/
ITMC). France 2019. p. 1-10. DOI:10.1109/ICE.2019.8792571.

[97] S. Hong, S. Lee, J. Yu, Automated management of green building material
information using web crawling and ontology, Autom. Constr. 102 (2019)
230-244, https://doi.org/10.1016/j.autcon.2019.01.015.

[98] T. Hong, Y. Chen, X. Luo, N. Luo, S. Lee, Ten questions on urban building
energy modeling, Build. Environ. 168 (2020), https://doi.org/10.1016/j.
buildenv.2019.106508.

[99] T. Hong, H. Sun, Y. Chen, S. Taylor-Lange, D. Yan, An occupant behavior
modeling tool for co-simulation, Energy Build. 117 (2016) 272-281, https://
doi.org/10.1016/j.enbuild.2015.10.033.

[100] M. Hu, Does zero energy building cost more? — An empirical comparison of
the construction costs for zero energy education building in United States,
Sustain. Cities Society. 45 (2019) 324-334, https://doi.org/10.1016/j.
scs.2018.11.026.

[101] M. Hu, Building impact assessment—a combined life cycle assessment and
multi-criteria decision analysis framework, Resour. Conserv. Recycl. 150
(2019), https://doi.org/10.1016/j.resconrec.2019.104410.

[102] S. Hui. New Opportunities of Using Building Information Modelling (BIM) for
Green Buildings. in: 15th Asia Pacific Conference on the Built Environment.
Taiwan 2019.

[103] B. Ilhan, H. Yaman, Green building assessment tool (GBAT) for integrated
BIM-based design decisions, Autom. Constr. 70 (2016) 26-37, https://doi.org/
10.1016/j.autcon.2016.05.001.

[104] D. loannidis, P. Tropios, S. Krinidis, G. Stavropoulos, D. Tzovaras, S.

Likothanasis, Occupancy driven building performance assessment, J.

Innovation Digital Ecosyst. 3 (2016) 57-69, https://doi.org/10.1016/j.

jides.2016.10.008.

N. Jakica, State-of-the-art review of solar design tools and methods for

assessing daylighting and solar potential for building-integrated

photovoltaics, Renew. Sustain. Energy Rev. 81 (2018) 1296-1328, https://
doi.org/10.1016/j.rser.2017.05.080.

R. Jin, B. Zhong, L. Ma, A. Hashemi, L. Ding, Integrating BIM with building

performance analysis in project life-cycle, Autom. Constr. 106 (2019), https://

doi.org/10.1016/j.autcon.2019.102861.

[107] W. Jung, G. Lee, The Status of BIM Adoption on Six Continents, Int. J. Civ.,
Struct., Constr. Architectural Eng. 9 (2015), https://doi.org/10.5281/
zenodo.1100430.

[108] W. Jung, G. Lee, Slim BIM Charts for Rapidly Visualizing and Quantifying
Levels of BIM Adoption and Implementation, J. Comput. Civil Eng. 30 (2016),
https://doi.org/10.1061/(asce)cp.1943-5487.0000554.

[109] E. Kamel, A. Memari, Automated building energy modeling and assessment
tool (ABEMAT), Energy. 147 (2018) 15-24, https://doi.org/10.1016/j.
energy.2018.01.023.

[110] E. Kamel, A. Memari, Review of BIM’s application in energy simulation: Tools,
issues, and solutions, Autom. Constr. 97 (2019) 164-180, https://doi.org/
10.1016/j.autcon.2018.11.008.

[111] J. Kanters, M. Horvat, M. Dubois, Tools and methods used by architects for
solar design, Energy Build. 68 (2014) 721-731, https://doi.org/10.1016/j.
enbuild.2012.05.031.

[91]

[105]

[106]

13

Energy & Buildings 250 (2021) 111292

[112] S. Kesidou, B. Sovacool, Supply chain integration for low-carbon buildings: a
critical interdisciplinary review, Renew. Sustain. Energy Rev. 113 (2019),
https://doi.org/10.1016/j.rser.2019.109274.

[113] J. Kim, W. Jeong, M. Clayton, J. Haberl, W. Yan, Developing a physical BIM
library for building thermal energy simulation, Autom. Constr. 50 (2015) 16—
28, https://doi.org/10.1016/j.autcon.2014.10.011.

[114] K. Kim, BIM-Enabled Sustainable Housing Refurbishment—LCA Case Study,

Sustain. Constr. Technol. (2019) 349-394, https://doi.org/10.1016/b978-0-

12-811749-1.00019-5.

H. Kreiner, A. Passer, H. Wallbaum, A new systemic approach to improve the

sustainability performance of office buildings in the early design stage,

Energy Build. 109 (2015) 385-396, https://doi.org/10.1016/j.

enbuild.2015.09.040.

A. Kristiansen, T. Ma, R. Wang, Perspectives on industrialized transportable

solar powered zero energy buildings, Renew. Sustain. Energy Rev. 108 (2019)

112-124, https://doi.org/10.1016/j.rser.2019.03.032.

[117] H. Kuo, S. Hsieh, R. Guo, C. Chan, A verification study for energy analysis of
BIPV buildings with BIM, Energy Build. 130 (2016) 676-691, https://doi.org/
10.1016/j.enbuild.2016.08.048.

[118] S. Lagiiela, L. Diaz-Vilariiio, J. Armesto, P. Arias, Non-destructive approach for
the generation and thermal characterization of an as-built BIM, Constr. Build.
Mater. 51 (2014) 55-61, https://doi.org/10.1016/j.conbuildmat.2013.11.021.

[119] S. Lagiiela, L. Diaz-Vilarifio, . Martinez, . Armesto, Automatic thermographic
and RGB texture of as-built BIM for energy rehabilitation purposes, Autom.
Constr. 31 (2013) 230-240, https://doi.org/10.1016/j.autcon.2012.12.013.

[120] A. Latif, A. Ahmad, M. Abdullah, A. Ismail, A. Ghani, A review on energy
performance in malaysian universities through building information
modelling (BIM) adaptation, IOP Conf. Series: Earth Environ. Sci. (2019),
https://doi.org/10.1088/1755-1315/291/1/012033.

[121] ]. Lee, Y. Ham, Impact analysis on the variations of the thermo-physical
property of building envelopes and occupancy in building energy
performance assessment, Procedia Eng. 145 (2016) 556-564, https://doi.
org/10.1016/j.proeng.2016.04.044.

[122] N. Lee, S. Tae, Y. Gong, S. Roh, Integrated building life-cycle assessment model
to support South Korea’'s green building certification system (G-SEED),
Renew. Sustain. Energy Rev. 76 (2017) 43-50, https://doi.org/10.1016/j.
rser.2017.03.038.

[123] J. Li, N. Li, K. Afsari, J. Peng, Z. Wu, H. Cui, Integration of Building Information

Modeling and Web Service Application Programming Interface for assessing

building surroundings in early design stages, Build. Environ. 153 (2019) 91-

100, https://doi.org/10.1016/j.buildenv.2019.02.024.

S. Liu, X. Meng, C. Tam, Building information modeling based building design

optimization for sustainability, Energy Build. 105 (2015) 139-153, https://

doi.org/10.1016/j.enbuild.2015.06.037.

Z. Liu, K. Chen, L. Peh, K. Tan, A feasibility study of Building Information

Modeling for Green Mark New Non-Residential Building (NRB), in: World

Engineers Summit - Applied Energy Symposium & Forum: Low Carbon Cities

& Urban Energy Joint Conference. Singapore, 2017, https://doi.org/10.1016/

j.egypro.2017.12.651.

Y. Lu, Z. Wu, R. Chang, Y. Li, Building Information Modeling (BIM) for green

buildings: a critical review and future directions, Autom. Constr. 83 (2017)

134-148, https://doi.org/10.1016/j.autcon.2017.08.024.

[127] T. Luo, Y. Tan, C. Langston, X. Xue, Mapping the knowledge roadmap of low
carbon building: a scientometric analysis, Energy Build. 194 (2019) 163-176,
https://doi.org/10.1016/j.enbuild.2019.03.050.

[128] S. Luziani, B. Paramita. Autodesk Green Building Studio an Energy Simulation
Analysis in the Design Process. ISTEcS 2019 Equity, Equality, And Justice In
Urban Housing Development. Bali 2019. 10.18502/kss.v3i21.5007.

[129] Z. Ma, Z. Yili, Model of next generation energy-efficient design software for
buildings, Tsinghua Sci. Technol. 13 (2008) 298-304, https://doi.org/10.1016/
$1007-0214(08)70165-2.

[130] S. Mahmoud, T. Zayed, M. Fahmy, Development of sustainability assessment
tool for existing buildings, Sustain. Cities Society. 44 (2019) 99-119, https://
doi.org/10.1016/j.5¢cs.2018.09.024.

[131] K. Mahmud, U. Amin, M. Hossain, J. Ravishankar, Computational tools for
design, analysis, and management of residential energy systems, Appl.
Energy 221 (2018) 535-556, https://doi.org/10.1016/j.apenergy.2018.03.111.

[132] S. Maltese, L. Tagliabue, F. Cecconi, D. Pasini, M. Manfren, A. Ciribini,
Sustainability Assessment through Green BIM for Environmental, Social and
Economic Efficiency, Procedia Eng. 180 (2017) 520-530, https://doi.org/
10.1016/j.proeng.2017.04.211.

[133] E. Maradza, ]J. Whyte, G. Larsen, Standardisation of Building Information
Modelling in the UK and USA: Challenges and Opportunities, Architect. Eng.
Conf. (2013), https://doi.org/10.1061/9780784412909.044.

[134] M. Marzouk, S. Azab, M. Metawie, BIM-based approach for optimizing life
cycle costs of sustainable buildings, J. Cleaner Prod. 188 (2018) 217-226,
https://doi.org/10.1016/j.jclepro.2018.03.280.

[135] M. Marzouk, A. Othman, Modeling the performance of sustainable sanitation
systems using building information modeling, ]. Cleaner Prod. 141 (2017)
1400-1410, https://doi.org/10.1016/j.jclepro.2016.09.226.

[136] B. McAuley, A. Behan. Delivering Energy Savings for the Supply Chain
Through Building Information Modelling as a Result of the Horizon 2020
Energy BIMcert Project. SEEEDS 2019 2019. 10.1007/978-3-030-44381-8_12.

[137] B. McAuley, A. Behan. Delivering Energy Savings for the Supply Chain
Through Building Information Modelling as a Result of the Horizon 2020
Energy BIMcert Project. SEEEDS 2019 2019. 10.1007/978-3-030-44381-8_12.

[115]

[116]

[124]

[125]

[126]


https://doi.org/10.1016/j.autcon.2012.12.003
https://doi.org/10.1016/j.autcon.2012.12.003
https://doi.org/10.1016/j.isprsjprs.2012.04.004
https://doi.org/10.1016/j.isprsjprs.2012.04.004
https://doi.org/10.1016/j.proeng.2016.04.037
https://doi.org/10.1016/j.proeng.2016.04.037
https://doi.org/10.1016/j.aei.2013.03.005
https://doi.org/10.1016/j.aei.2013.03.005
https://doi.org/10.1016/j.autcon.2014.07.009
https://doi.org/10.1016/j.autcon.2014.07.009
https://doi.org/10.1016/j.proeng.2015.08.513
https://doi.org/10.1016/j.techsoc.2014.10.002
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0470
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0470
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0470
https://doi.org/10.1016/j.enbuild.2014.01.025
https://doi.org/10.1016/j.enbuild.2014.01.025
https://doi.org/10.1016/j.autcon.2019.01.015
https://doi.org/10.1016/j.buildenv.2019.106508
https://doi.org/10.1016/j.buildenv.2019.106508
https://doi.org/10.1016/j.enbuild.2015.10.033
https://doi.org/10.1016/j.enbuild.2015.10.033
https://doi.org/10.1016/j.scs.2018.11.026
https://doi.org/10.1016/j.scs.2018.11.026
https://doi.org/10.1016/j.resconrec.2019.104410
https://doi.org/10.1016/j.autcon.2016.05.001
https://doi.org/10.1016/j.autcon.2016.05.001
https://doi.org/10.1016/j.jides.2016.10.008
https://doi.org/10.1016/j.jides.2016.10.008
https://doi.org/10.1016/j.rser.2017.05.080
https://doi.org/10.1016/j.rser.2017.05.080
https://doi.org/10.1016/j.autcon.2019.102861
https://doi.org/10.1016/j.autcon.2019.102861
https://doi.org/10.5281/zenodo.1100430
https://doi.org/10.5281/zenodo.1100430
https://doi.org/10.1061/(asce)cp.1943-5487.0000554
https://doi.org/10.1016/j.energy.2018.01.023
https://doi.org/10.1016/j.energy.2018.01.023
https://doi.org/10.1016/j.autcon.2018.11.008
https://doi.org/10.1016/j.autcon.2018.11.008
https://doi.org/10.1016/j.enbuild.2012.05.031
https://doi.org/10.1016/j.enbuild.2012.05.031
https://doi.org/10.1016/j.rser.2019.109274
https://doi.org/10.1016/j.autcon.2014.10.011
https://doi.org/10.1016/b978-0-12-811749-1.00019-5
https://doi.org/10.1016/b978-0-12-811749-1.00019-5
https://doi.org/10.1016/j.enbuild.2015.09.040
https://doi.org/10.1016/j.enbuild.2015.09.040
https://doi.org/10.1016/j.rser.2019.03.032
https://doi.org/10.1016/j.enbuild.2016.08.048
https://doi.org/10.1016/j.enbuild.2016.08.048
https://doi.org/10.1016/j.conbuildmat.2013.11.021
https://doi.org/10.1016/j.autcon.2012.12.013
https://doi.org/10.1088/1755-1315/291/1/012033
https://doi.org/10.1016/j.proeng.2016.04.044
https://doi.org/10.1016/j.proeng.2016.04.044
https://doi.org/10.1016/j.rser.2017.03.038
https://doi.org/10.1016/j.rser.2017.03.038
https://doi.org/10.1016/j.buildenv.2019.02.024
https://doi.org/10.1016/j.enbuild.2015.06.037
https://doi.org/10.1016/j.enbuild.2015.06.037
https://doi.org/10.1016/j.egypro.2017.12.651
https://doi.org/10.1016/j.egypro.2017.12.651
https://doi.org/10.1016/j.autcon.2017.08.024
https://doi.org/10.1016/j.enbuild.2019.03.050
https://doi.org/10.1016/S1007-0214(08)70165-2
https://doi.org/10.1016/S1007-0214(08)70165-2
https://doi.org/10.1016/j.scs.2018.09.024
https://doi.org/10.1016/j.scs.2018.09.024
https://doi.org/10.1016/j.apenergy.2018.03.111
https://doi.org/10.1016/j.proeng.2017.04.211
https://doi.org/10.1016/j.proeng.2017.04.211
https://doi.org/10.1061/9780784412909.044
https://doi.org/10.1016/j.jclepro.2018.03.280
https://doi.org/10.1016/j.jclepro.2016.09.226

Vitor Pereira, José Santos, F. Leite et al.

[138] J. Monteiro, A. Silva, A. Mortal, ]. Anibal, M. Silva, M. Oliveira et al. INCREaSE
2019. in: 2nd International Congress on Engineering and Sustainability in the
XXI Century. Portugal 2019.

[139] I. Motawa, K. Carter, Sustainable BIM-based evaluation of buildings, Procedia
- Social Behav. Sci. 74 (2013) 419-428, https://doi.org/10.1016/j.
sbspro.2013.03.015.

[140] M. Muller, F. Esmanioto, N. Huber, E. Loures, O. Canciglieri, A systematic
literature review of interoperability in the green Building Information
Modeling lifecycle, J. Cleaner Prod. 223 (2019) 397-412, https://doi.org/
10.1016/j.jclepro.2019.03.114.

[141] C. Mytafides, A. Dimoudi, S. Zoras, Transformation of a university building
into a zero energy building in Mediterranean climate, Energy Build. 155
(2017) 98-114, https://doi.org/10.1016/j.enbuild.2017.07.083.

[142] M. Najjar, K. Figueiredo, A. Haddad. Increasing energy efficiency of building
envelopes towards nearly zero energy buildings integrating BIM and LCA.
SDEWES 2018. Brazil 2018.

[143] M. Najjar, K. Figueiredo, A. Hammad, A. Haddad, Integrated optimization with
building information modeling and life cycle assessment for generating
energy efficient buildings, Appl. Energy 250 (2019) 1366-1382, https://doi.
org/10.1016/j.apenergy.2019.05.101.

[144] M. Najjar, K. Figueiredo, M. Palumbo, A. Haddad, Integration of BIM and LCA:
Evaluating the environmental impacts of building materials at an early stage
of designing a typical office building, Journal of Building Engineering. 14
(2017) 115-126, https://doi.org/10.1016/j.jobe.2017.10.005.

[145] NBS. International BIM Report 2016.

[146] K. Negendahl, Building performance simulation in the early design stage: an
introduction to integrated dynamic models, Autom. Constr. 54 (2015) 39-53,
https://doi.org/10.1016/j.autcon.2015.03.002.

[147] L. Ng, A. Persily, S. Emmerich, Improving infiltration modeling in commercial
building energy models, Energy Build. 88 (2015) 316-323, https://doi.org/
10.1016/j.enbuild.2014.11.078.

[148] A. Nical, W. Wodyiski, Enhancing Facility Management through BIM 6D,
Procedia Eng. 164 (2016) 299-306,  https://doi.org/10.1016/j.
proeng.2016.11.623.

[149] S. Niu, W. Pan, Y. Zhao, A BIM-GIS integrated web-based visualization system
for low energy building design, Procedia Eng. 121 (2015) 2184-2192, https://
doi.org/10.1016/j.proeng.2015.09.091.

[150] R. Nizam, C. Zhang, L. Tian, A BIM based tool for assessing embodied energy
for buildings, Energy Build. 170 (2018) 1-14, https://doi.org/10.1016/j.
enbuild.2018.03.067.

[151] M. Nwodo, C. Anumba, A review of life cycle assessment of buildings using a
systematic approach, Build. Environ. 162 (2019), https://doi.org/10.1016/j.
buildenv.2019.106290.

[152] J. O’'Donnell, T. Maile, C. Rose, N. Mrazovi¢, E. Morrissey, C. Regnier et al.
Transforming BIM to BEM: Generation of Building Geometry for the NASA
Ames Sustainability Base BIM. 2013. DOI:0.2172/1168736.

[153] O. Oduyemi, M. Okoroh, Building performance modelling for sustainable
building design, Int. ]. Sustain. Built Environ. 5 (2016) 461-469, https://doi.
org/10.1016/j.ijsbe.2016.05.004.

[154] F. Oliveira, Desenvolvimento de ferramenta BIM para avaliagdo prescritiva de
Eficiéncia Energética Integrada ao processo de projeto Doctoral Thesis,
Universidade Federal de Alagoas, 2019.

[155] F. Oliveira, L. Bittencourt, D. Déria. Uma ferramenta BIM para simulagdo de
eficiéncia energética nas fases iniciais de projeto. PARC Pesquisa em
Arquitetura e Construgdo. 2020. DOI:10.20396/parc.v11i0.8653782.

[156] T. @stergdrd, R. Jensen, S. Maagaard, Building simulations supporting decision
making in early design - a review, Renew. Sustain. Energy Rev. 61 (2016)
187-201, https://doi.org/10.1016/j.rser.2016.03.045.

[157] R. Palmatier, M. Houston, J. Hulland, Review articles: purpose, process, and
structure, J. Acad. Mark. Sci. 46 (2017) 1-5, https://doi.org/10.1007/s11747-
017-0563-4.

[158] C. Peng, Calculation of a building’s life cycle carbon emissions based on
Ecotect and building information modeling, ]. Cleaner Prod. 112 (2016) 453-
465, https://doi.org/10.1016/j.jclepro.2015.08.078.

[159] Y. Peng, . Lin, J. Zhang, Z. Hu, A hybrid data mining approach on BIM-based
building operation and maintenance, Build. Environ. 126 (2017) 483-495,
https://doi.org/10.1016/j.buildenv.2017.09.030.

[160] Z. Pezeshki, A. Soleimani, A. Darabi, Application of BEM and using BIM
database for BEM: A review, ]J. Build. Eng. 23 (2019) 1-17, https://doi.org/
10.1016/j.jobe.2019.01.021.

[161] Press A. THE DESIGN PROCESS—EARLY STAGES. ASHRAE GreenGuide 2006. p.
416.

[162] M. Razali, N. Haron, S. Hassim, A. Alias, A. Harun, A. Abubakar, A Review:

Application of Building Information Modelling (BIM) over Building Life

Cycles, IOP Conf. Series: Earth Environ. Sci. (2019), https://doi.org/10.1088/

1755-1315/357/1/012028.

F. Rezaei, C. Bulle, P. Lesage, Integrating building information modeling and

life cycle assessment in the early and detailed building design stages, Build.

Environ. 153 (2019) 158-167, https://doi.org/10.1016/j.

buildenv.2019.01.034.

Y. Rezgui, T. Beach, O. Rana, A governance approach for bim management

across lifecycle and supply chains using mixed-modes of information

delivery, ]. Civil Eng. Manage. 19 (2013) 239-258, https://doi.org/10.3846/

13923730.2012.760480.

S. Roh, S. Tae, S. Shin, Development of building materials embodied

greenhouse gases assessment criteria and system (BEGAS) in the newly

[163]

[164]

[165]

14

Energy & Buildings 250 (2021) 111292

revised Korea Green Building Certification System (G-SEED), Renew. Sustain.
Energy Rev. 35 (2014) 410-421, https://doi.org/10.1016/j.rser.2014.04.034.

[166] R. Roslan, R. Omar, R. Roslan, I. Baharuddin, W. Wahab, Z. Hari et al. Building
Information Modelling (BIM) For Estimation of Heat Flux from Streetscape
Material. International Journal of Engineering and Advanced Technology.
2019;9:3520-4. DOI:10.35940/ijeat.A2679.109119.

[167] E. Samuel, E. Joseph-Akwara, A. Richard, Assessment of energy utilization and
leakages in buildings with building information model energy, Front.
Architect. Res. 6 (2017) 29-41, https://doi.org/10.1016/j.foar.2017.01.002.

[168] H. Samuelson, A. Lantz, C. Reinhart, Non-technical barriers to energy model
sharing and reuse, Build. Environ. 54 (2012) 71-76, https://doi.org/10.1016/j.
buildenv.2012.02.001.

[169] L. Sanhudo, N. Ramos, J. Martins, R. Almeida, E. Barreira, M. Simdes, et al.,
Building information modeling for energy retrofitting - a review, Renew.
Sustain. Energy Rev. 89 (2018) 249-260, https://doi.org/10.1016/j.
rser.2018.03.064.

[170] A. Santos, S. Scheer, D. Leitner. O uso do BIM para avalia¢do do desempenho
dos edificios. Gestdo & Tecnologia de Projetos. 2019;14:17-33. DOI:10.11606/
gtp.v14i2.151292.

[171] R. Santos, A. Costa, A. Grilo, Bibliometric analysis and review of Building
Information Modelling literature published between 2005 and 2015, Autom.
Constr. 80 (2017) 118-136, https://doi.org/10.1016/j.autcon.2017.03.005.

[172] R. Santos, Costa Ar, ]. Silvestre, L. Pyl, Informetric analysis and review of
literature on the role of BIM in sustainable construction, Autom. Constr. 103
(2019) 221-234, https://doi.org/10.1016/j.autcon.2019.02.022.

[173] A. Sayigh. Green Buildings and Renewable Energy. In: Sayigh A, editor.
Innovative Renewable Energy. Florence, Italy 2019.

[174] R. Scherer, P. Katranuschkov, BIMification: How to create and use BIM for
retrofitting, Adv. Eng. Inf. 38 (2018) 54-66, https://doi.org/10.1016/j.
aei.2018.05.007.

[175] E. Serra, Z. Filho. Methods for Assessing Energy Efficiency of Buildings. Journal
of Sustainable Development of Energy, Water and Environment Systems.
2019;7. DOI:10.13044/j.sdewes.d6.0243.

[176] F. Shadram, ]J. Mukkavaara, An integrated BIM-based framework for the
optimization of the trade-off between embodied and operational energy,
Energy Build. 158 (2018) 1189-1205, https://doi.org/10.1016/j.
enbuild.2017.11.017.

[177] N. Shafig, M. Nurrudin, S. Gardezi, A. Kamaruzzaman, Carbon footprint
assessment of a typical low rise office building in Malaysia using building
information modelling (BIM), Int. ]J. Sustain. Build. Technol. Urban Dev. 6
(2015) 157-172, https://doi.org/10.1080/2093761x.2015.1057876.

[178] A. Sharma, A. Saxena, M. Sethi, V. Shree, Varun, Life cycle assessment of

buildings: a review, Renew. Sustain. Energy Rev. 15 (2011) 871-875, https://

doi.org/10.1016/j.rser.2010.09.008.

M. Shoubi, M. Shoubi, A. Bagchi, A. Barough, Reducing the operational energy

demand in buildings using building information modeling tools and

sustainability approaches, Ain Shams Eng. J. 6 (2015) 41-55, https://doi.
org/10.1016/j.asej.2014.09.006.

H. Shrivastava, S. Akhtar, Development of a building information

modeling tool for green sustainable building design: A review, in:

Proceedings of the International Conference on Sustainable Materials

and Structures for Civil Infrastructures (Smsci2019), 2019, https://doi.org/

10.1063/1.5127150.

[181] J. Sierra-Pérez, B. Rodriguez-Soria, ]. Boschmonart-Rives, X. Gabarrell,
Integrated life cycle assessment and thermodynamic simulation of a public
building’s envelope renovation: Conventional vs. Passivhaus proposal, Appl.
Energy. 212 (2018) 1510-1521, https://doi.org/10.1016/j.
apenergy.2017.12.101.

[182] P. Singh, A. Sadhu, Multicomponent energy assessment of buildings using
building information modeling, Sustain. Cities Society. 49 (2019), https://doi.
org/10.1016/.5¢5.2019.101603.

[183] P. Smith, BIM implementation - global initiatives & creative approaches,
Creative Constr. Conf. (2014).

[184] S. Solaimani, M. Sedighi, Toward a holistic view on lean sustainable
construction: a literature review, J. Cleaner Prod. 248 (2020), https://doi.
org/10.1016/j.jclepro.2019.119213.

[185] B. Soust-Verdaguer, C. Llatas, A. Garcia-Martinez, Critical review of bim-
based LCA method to buildings, Energy Build. 136 (2017) 110-120, https://
doi.org/10.1016/j.enbuild.2016.12.009.

[186] H. Sozer, H. Sozen, Energy saving, global warming and waste recovery
potential of retrofitting process for a district, J. Cleaner Prod. 238 (2019),
https://doi.org/10.1016/j.jclepro.2019.117915.

[187] T. Spiegelhalter, Energy-efficiency Retrofitting and Transformation of the FIU-
college of Architecture + The Arts into a Net-Zero-Energy-Building by 2018,
Energy Procedia 57 (2014) 1922-1930, https://doi.org/10.1016/
j.egypro.2014.10.056.

[188] G. Spiridigliozzi, L. Pompei, C. Cornaro, L. De Santoli, F. Bisegna, BIM-BEM
support tools for early stages of zero-energy building design, IOP Conf. Series:
Mater. Sci. Eng. (2019), https://doi.org/10.1088/1757-899X/609/7/072075.

[189] F. Stipo, A standard design process for sustainable design, Procedia Comput.
Sci. 52 (2015) 746-753, https://doi.org/10.1016/j.procs.2015.05.121.

[190] L. Tang, C. Chen, S. Tang, Z. Wu, P. Trofimova, Building information modeling
and building performance optimization, Encyclopedia Sustain. Technol.
(2017) 311-320, https://doi.org/10.1016/b978-0-12-409548-9.10200-3.

[191] Handbook for the introduction of Building Information Modelling by the
European Public Sector: EU BIM taskgroup; 2016.

[179]

[180]


https://doi.org/10.1016/j.sbspro.2013.03.015
https://doi.org/10.1016/j.sbspro.2013.03.015
https://doi.org/10.1016/j.jclepro.2019.03.114
https://doi.org/10.1016/j.jclepro.2019.03.114
https://doi.org/10.1016/j.enbuild.2017.07.083
https://doi.org/10.1016/j.apenergy.2019.05.101
https://doi.org/10.1016/j.apenergy.2019.05.101
https://doi.org/10.1016/j.jobe.2017.10.005
https://doi.org/10.1016/j.autcon.2015.03.002
https://doi.org/10.1016/j.enbuild.2014.11.078
https://doi.org/10.1016/j.enbuild.2014.11.078
https://doi.org/10.1016/j.proeng.2016.11.623
https://doi.org/10.1016/j.proeng.2016.11.623
https://doi.org/10.1016/j.proeng.2015.09.091
https://doi.org/10.1016/j.proeng.2015.09.091
https://doi.org/10.1016/j.enbuild.2018.03.067
https://doi.org/10.1016/j.enbuild.2018.03.067
https://doi.org/10.1016/j.buildenv.2019.106290
https://doi.org/10.1016/j.buildenv.2019.106290
https://doi.org/10.1016/j.ijsbe.2016.05.004
https://doi.org/10.1016/j.ijsbe.2016.05.004
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0770
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0770
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0770
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0770
https://doi.org/10.1016/j.rser.2016.03.045
https://doi.org/10.1007/s11747-017-0563-4
https://doi.org/10.1007/s11747-017-0563-4
https://doi.org/10.1016/j.jclepro.2015.08.078
https://doi.org/10.1016/j.buildenv.2017.09.030
https://doi.org/10.1016/j.jobe.2019.01.021
https://doi.org/10.1016/j.jobe.2019.01.021
https://doi.org/10.1088/1755-1315/357/1/012028
https://doi.org/10.1088/1755-1315/357/1/012028
https://doi.org/10.1016/j.buildenv.2019.01.034
https://doi.org/10.1016/j.buildenv.2019.01.034
https://doi.org/10.3846/13923730.2012.760480
https://doi.org/10.3846/13923730.2012.760480
https://doi.org/10.1016/j.rser.2014.04.034
https://doi.org/10.1016/j.foar.2017.01.002
https://doi.org/10.1016/j.buildenv.2012.02.001
https://doi.org/10.1016/j.buildenv.2012.02.001
https://doi.org/10.1016/j.rser.2018.03.064
https://doi.org/10.1016/j.rser.2018.03.064
https://doi.org/10.1016/j.autcon.2017.03.005
https://doi.org/10.1016/j.autcon.2019.02.022
https://doi.org/10.1016/j.aei.2018.05.007
https://doi.org/10.1016/j.aei.2018.05.007
https://doi.org/10.1016/j.enbuild.2017.11.017
https://doi.org/10.1016/j.enbuild.2017.11.017
https://doi.org/10.1080/2093761x.2015.1057876
https://doi.org/10.1016/j.rser.2010.09.008
https://doi.org/10.1016/j.rser.2010.09.008
https://doi.org/10.1016/j.asej.2014.09.006
https://doi.org/10.1016/j.asej.2014.09.006
https://doi.org/10.1063/1.5127150
https://doi.org/10.1063/1.5127150
https://doi.org/10.1016/j.apenergy.2017.12.101
https://doi.org/10.1016/j.apenergy.2017.12.101
https://doi.org/10.1016/j.scs.2019.101603
https://doi.org/10.1016/j.scs.2019.101603
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0915
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0915
https://doi.org/10.1016/j.jclepro.2019.119213
https://doi.org/10.1016/j.jclepro.2019.119213
https://doi.org/10.1016/j.enbuild.2016.12.009
https://doi.org/10.1016/j.enbuild.2016.12.009
https://doi.org/10.1016/j.jclepro.2019.117915
https://doi.org/10.1016/j.egypro.2014.10.056
https://doi.org/10.1016/j.egypro.2014.10.056
https://doi.org/10.1088/1757-899X/609/7/072075
https://doi.org/10.1016/j.procs.2015.05.121
https://doi.org/10.1016/b978-0-12-409548-9.10200-3

Vitor Pereira, José Santos, F. Leite et al.

[192] S. Tereno, C. Anumba, E. Gannon, C. Dubler, The benefits of BIM integration
with facilities management: a preliminary case study, Comput. Civil Eng.
(2015), https://doi.org/10.1061/9780784479247.084.

[193] H. Truong, A. Francisco, A. Khosrowpour, J. Taylor, N. Mohmmadi. Method for
visualizing energy use in building information models. in: 9th International
Conference on Applied Energy. Cardiff, UK. 2017. DOI:10.1016/
j-egypro.2017.12.089.

[194] Q. Tushar, M. Bhuiyan, M. Sandanayake, G. Zhang, Optimizing the energy
consumption in a residential building at different climate zones: towards
sustainable decision making, J. Cleaner Prod. 233 (2019) 634-649, https://
doi.org/10.1016/j.jclepro.2019.06.093.

[195] K. Ulla, L. Lill, E. Witt, An Overview of BIM Adoption in the Construction
Industry: Benefits and Barriers, in: 10th Nordic Conference on Construction
Economics and Organization, 2019, https://doi.org/10.1108/S2516-
285320190000002052.

[196] Rethinking productivity across the construction industry: The challenge of
change. Economist Intelligence Unit; 2015.

[197] G. Uva, M. Dassisti, F. lannone, G. Florio, F. Maddalena, M. Ruta, et al.,
Modelling framework for sustainable co-management of multi-purpose
exhibition systems: the “Fiera del Levante” Case, Procedia Eng. 180 (2017)
812-821, https://doi.org/10.1016/j.proeng.2017.04.242.

[198] B. Vladimir, Acquisition of Building Geometry in the simulation of Energy
Performance, Seventh International IBPSA Conference. Rio de Janeiro,
2001.

[199] C. Wang, Y. Cho, Automated gbXML-Based Building Model Creation for
Thermal Building Simulation, in: 2014 2nd International Conference on 3D
Vision, 2014, pp. 111-117, https://doi.org/10.1109/3dv.2014.109.

[200] C. Wang, Y. Cho, Automatic As-is 3D building models creation from

unorganized point clouds, Constr. Res. Congress (2014), https://doi.org/

10.1061/9780784413517.094.

C. Wang, Y. Cho, Performance evaluation of automatically generated BIM

from laser scanner data for sustainability analyses, Procedia Eng. 118 (2015)

918-925, https://doi.org/10.1016/j.proeng.2015.08.531.

C. Wang, ]. Shia, Z. Chena, X. Zhab. Study on energy consumption of large

public building based on sub-metering technology. in: 10th International

Symposium on Heating, Ventilation and Air Conditioning. Jinan, China 2017.

DOI:10.1016/j.proeng.2017.10.273.

H. Wang, Z. Zhai, Advances in building simulation and computational

techniques: a review between 1987 and 2014, Energy Build. 128 (2016)

319-335, https://doi.org/10.1016/j.enbuild.2016.06.080.

[204] T. Wei, Y. Chen, Green building design based on BIM and value engineering, J.
Ambient Intell. Hum. Comput. (2019), https://doi.org/10.1007/s12652-019-
01556-z.

[205] ]J. Won, J. Cheng, Identifying potential opportunities of building information
modeling for construction and demolition waste management and
minimization, Autom. Constr. 79 (2017) 3-18, https://doi.org/10.1016/j.
autcon.2017.02.002.

[206] J. Wong, K. Kuan, Implementing ‘BEAM Plus’ for BIM-based sustainability
analysis, Autom. Constr. 44 (2014) 163-175, https://doi.org/10.1016/j.
autcon.2014.04.003.

[207] J. Wong, X. W, Li H, Chan G, Li H. A review of cloud-based BIM technology in
the construction sector. Journal of Information Technology in Construction
2014;19:281-91. https://www.itcon.org/2014/16.

[208] ]J. Wong, J. Zhou, Enhancing environmental sustainability over building life
cycles through green BIM: a review, Autom. Constr. 57 (2015) 156-165,
https://doi.org/10.1016/j.autcon.2015.06.003.

[209] K. Wong, Q. Fan, Building information modelling (BIM) for sustainable
building design, Facilities. 31 (2013) 138-157, https://doi.org/10.1108/
02632771311299412.

[210] I. Wuni, G. Shen, R. Osei-Kyei, Scientometric review of global research
trends on green buildings in construction journals from 1992 to 2018,
Energy Build. 190 (2019) 69-85, https://doi.org/10.1016/j.
enbuild.2019.02.010.

[201]

[202]

[203]

15

Energy & Buildings 250 (2021) 111292

[211] Y.A. Xiong, BIM-based Interoperability Platform in Support of Building
Operation and Energy Management Doctoral Thesis, Virginia Polytechnic
Institute and State University, 2020.

[212] X. Xu, C. Li, ]. Wang, W. Huang, Collaboration between designers and
contractors to improve building energy performance, J. Cleaner Prod. 219
(2019) 20-32, https://doi.org/10.1016/j.jclepro.2019.02.036.

[213] Z. Xu, S. Wang, E. Wang, Integration of BIM and Energy Consumption
Modelling for Manufacturing Prefabricated Components: A Case Study in
China, Adv. Civil Eng. 2019 (2019) 1-18, https://doi.org/10.1155/2019/
1609523.

[214] T. Yang, D. Clements-Croome, M. Marson. Building Energy Management
Systems. Encyclopedia of Sustainable Technologies 2017. p. 291-309.
DOI:10.1016/b978-0-12-409548-9.10199-x.

[215] S. Yin, B. Li, Z. Xing, The governance mechanism of the building material
industry (BMI) in transformation to green BMI: the perspective of green
building, Sci. Total Environ. 677 (2019) 19-33, https://doi.org/10.1016/j.
scitotenv.2019.04.317.

[216] H. Ying, S. Lee, An algorithm to facet curved walls in IFC BIM for building
energy analysis, Autom. Constr. 103 (2019) 80-103, https://doi.org/10.1016/
j.autcon.2019.03.004.

[217] Y. Yuan, J. Yuan, The theory and framework of integration design of building
consumption efficiency based on BIM, Procedia Eng. 15 (2011) 5323-5327,
https://doi.org/10.1016/j.proeng.2011.08.987.

[218] S. Zaidi, Energy Modeling Existing Large University Buildings Master’s Thesis,
University of Cincinnati, 2019.

[219] P. Zardo, L. Ribeiro, A. Mussi, Aplicacdes de BIM e Design Paramétrico para
Eficiéncia Energética das Edificagdes: Uma Andlise de Aplicagdes Préticas.
Arquitetura, Revista. 15 (2019), https://doi.org/10.4013/arq.2019.152.02.

[220] T. Zhang, Investigating the Effectiveness of BIM-BMS Integration on
Managing Existing Building Facilities Doctoral Thesis, A New Zealand
Educational Building Case, Auckland University of Technology, 2019.

[221] H. Zhao, F. Magoulés, A review on the prediction of building energy
consumption, Renew. Sustain. Energy Rev. 16 (2012) 3586-3592, https://
doi.org/10.1016/j.rser.2012.02.049.

[222] VOSViewer. 2020. Accessed 15/07/2020. https://www.vosviewer.com/

[223] L. Sanhudo, J.P. Martins, N. Ramos, R. Almeida, A. Rocha, D. Pinto, et al., BIM

framework for the specification of information requirements in energy-

related projects, Eng., Constr. Architect. Manage. (2020), https://doi.org/
10.1108/ECAM-07-2020-0488.

H. Dibowski, J. Vass, O. Holub, J. Rojicek, Automatic Setup of Fault Detection

Algorithms in Building and Home Automation, in: 2016 IEEE 21st

International Conference on Emerging Technologies and Factory

Automation (ETFA), IEEE, Berlin, Germany, 2016, https://doi.org/10.1109/

ETFA.2016.7733622.

H. Dibowski, O. Holub, ]. Rojicek, Knowledge-Based Fault Propagation in

Building Automation Systems, in: 2016 International Conference on Systems

Informatics, Modelling and Simulation (SIMS), 2016, pp. 124-132, https://

doi.org/10.1109/sims.2016.22.

R. Ferrari, H. Dibowski, S. Baldi, A Message Passing Algorithm for Automatic

Synthesis of Probabilistic Fault Detectors from Building Automation

Ontologies, in: [FAC 2017 World Congress. Toulouse, France, 2017, https://

doi.org/10.1016/j.ifacol.2017.08.809.

S. Baldi, C.D. Korkas, M. Lv, E.B. Kosmatopoulos, Automating occupant-

building interaction via smart zoning of thermostatic loads: a switched self-

tuning approach, Appl. Energy 231 (2018) 1246-1258, https://doi.org/
10.1016/j.apenergy.2018.09.188.

V. Bertollini. Here’s What Building the Future Looks Like for a 10-Billion-

Person Planet. 2018. Accessed 04/04/2021. https://redshift.autodesk.com/

building-the-future/.

[229] J. Woetzel, N. Garemo, J. Mischke, M. Hjerpe, R. Palter. Bridging global
infrastructure gaps. 2016. Accessed 04/04/2021. https://www.mckinsey.com/
business-functions/operations/our-insights/bridging-global-infrastructure-
gaps#.

[224]

[225]

[226]

[227]

[228]


https://doi.org/10.1061/9780784479247.084
https://doi.org/10.1016/j.jclepro.2019.06.093
https://doi.org/10.1016/j.jclepro.2019.06.093
https://doi.org/10.1108/S2516-285320190000002052
https://doi.org/10.1108/S2516-285320190000002052
https://doi.org/10.1016/j.proeng.2017.04.242
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0990
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0990
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0990
http://refhub.elsevier.com/S0378-7788(21)00576-4/h0990
https://doi.org/10.1109/3dv.2014.109
https://doi.org/10.1061/9780784413517.094
https://doi.org/10.1061/9780784413517.094
https://doi.org/10.1016/j.proeng.2015.08.531
https://doi.org/10.1016/j.enbuild.2016.06.080
https://doi.org/10.1007/s12652-019-01556-z
https://doi.org/10.1007/s12652-019-01556-z
https://doi.org/10.1016/j.autcon.2017.02.002
https://doi.org/10.1016/j.autcon.2017.02.002
https://doi.org/10.1016/j.autcon.2014.04.003
https://doi.org/10.1016/j.autcon.2014.04.003
https://www.itcon.org/2014/16
https://doi.org/10.1016/j.autcon.2015.06.003
https://doi.org/10.1108/02632771311299412
https://doi.org/10.1108/02632771311299412
https://doi.org/10.1016/j.enbuild.2019.02.010
https://doi.org/10.1016/j.enbuild.2019.02.010
http://refhub.elsevier.com/S0378-7788(21)00576-4/h1055
http://refhub.elsevier.com/S0378-7788(21)00576-4/h1055
http://refhub.elsevier.com/S0378-7788(21)00576-4/h1055
http://refhub.elsevier.com/S0378-7788(21)00576-4/h1055
https://doi.org/10.1016/j.jclepro.2019.02.036
https://doi.org/10.1155/2019/1609523
https://doi.org/10.1155/2019/1609523
https://doi.org/10.1016/j.scitotenv.2019.04.317
https://doi.org/10.1016/j.scitotenv.2019.04.317
https://doi.org/10.1016/j.autcon.2019.03.004
https://doi.org/10.1016/j.autcon.2019.03.004
https://doi.org/10.1016/j.proeng.2011.08.987
http://refhub.elsevier.com/S0378-7788(21)00576-4/h1090
http://refhub.elsevier.com/S0378-7788(21)00576-4/h1090
http://refhub.elsevier.com/S0378-7788(21)00576-4/h1090
https://doi.org/10.4013/arq.2019.152.02
http://refhub.elsevier.com/S0378-7788(21)00576-4/h1100
http://refhub.elsevier.com/S0378-7788(21)00576-4/h1100
http://refhub.elsevier.com/S0378-7788(21)00576-4/h1100
http://refhub.elsevier.com/S0378-7788(21)00576-4/h1100
https://doi.org/10.1016/j.rser.2012.02.049
https://doi.org/10.1016/j.rser.2012.02.049
https://doi.org/10.1108/ECAM-07-2020-0488
https://doi.org/10.1108/ECAM-07-2020-0488
https://doi.org/10.1109/ETFA.2016.7733622
https://doi.org/10.1109/ETFA.2016.7733622
https://doi.org/10.1109/sims.2016.22
https://doi.org/10.1109/sims.2016.22
https://doi.org/10.1016/j.ifacol.2017.08.809
https://doi.org/10.1016/j.ifacol.2017.08.809
https://doi.org/10.1016/j.apenergy.2018.09.188
https://doi.org/10.1016/j.apenergy.2018.09.188
https://redshift.autodesk.com/building-the-future/
https://redshift.autodesk.com/building-the-future/
https://www.mckinsey.com/business-functions/operations/our-insights/bridging-global-infrastructure-gaps%23
https://www.mckinsey.com/business-functions/operations/our-insights/bridging-global-infrastructure-gaps%23
https://www.mckinsey.com/business-functions/operations/our-insights/bridging-global-infrastructure-gaps%23

	Using BIM to improve building energy efficiency – A scientometric and systematic review
	1 Introduction
	2 Research methodology
	2.1 Phase one: Search for publications
	2.2 Phase two: Exclusion criteria
	2.3 Phase three: scientometric analysis
	2.4 Phase four: Systematic literature review

	3 Scientometric analysis
	3.1 Number of publications and citations
	3.2 Publication source
	3.3 Origin of publications
	3.4 Most cited publications
	3.5 Keywords co-occurrence
	3.6 Software
	3.7 Software co-occurrence

	4 Systematic literature review
	4.1 BIM technologies
	4.1.1 Interoperability
	4.1.2 Laser scanner and thermographic camera data merging
	4.1.3 Urban scale analysis (BIM/GIS)
	4.1.4 Building monitoring

	4.2 BIM model-based tool development
	4.2.1 Software development
	4.2.2 Output visualization platforms

	4.3 Sustainable buildings
	4.3.1 Materials and solutions comparison and optimisation
	4.3.2 Energy needs estimation
	4.3.3 Nearly Zero-Energy Buildings (NZEB)
	4.3.4 Life-cycle analysis (LCA)

	4.4 Hygrothermal design
	4.4.1 Energy certification
	4.4.2 Thermal comfort
	4.4.3 Building renovation

	4.5 Training
	4.5.1 Training quality


	5 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	References


