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ARTICLE INFO ABSTRACT

Keywords: Facing the increasing pursuit of sustainable buildings, the construction industry has been
Building information modelling (BIM) adopting new project technologies. Building Sustainability Assessment (BSA) methods are a key
Building sustainability assessment (BSA) tool to evaluate building sustainability, but their use is hindered by the time-consuming assess-
SBTool ment process and required data. With the emergence of Building Information Modelling (BIM),
Dynamo new potentialities have been found, such as continuous data storage and integrated building

Project tool design. Facing the opportunity to integrate BSA into BIM, this research aims to automate the

assessment of a BSA scheme by creating a BIM-based application for the project’s early stages.
Visual Programming Language (VPL) was used to translate SBTool”'-H criteria requirements into
computable rules and create the SBTool®™ application. Results show the feasibility of automating
BSA with BIM, by integrating 19 criteria into SBTool®™ and identifying BIM connections for the
remaining 6 criteria. The applied procedure has established a novel framework to carry out BSA
within the BIM environment in a faster and more reliable way using fewer resources. It offers a
decision support tool for the design process able to provide valuable contributions to enhance
building sustainability and meet decarbonisation and climate goals.

Abbreviations

AP Acidification Potential

BIM Building Information Modelling
BSA Building Sustainability Assessment

CAD Computer Aided Design

CSAT Rainwater Satisfaction Coefficient
EP Eutrophication Potential

FFDP Fossil Fuels Depletion Potential
GWP Global Warming Potential

IDF Input Data File

IFC Industry Foundation Classes

LCA Life Cycle Assessment

LOD Level of Development

* Corresponding author.
E-mail addresses: jpcarvalho@civil.uminho.pt (J.P. Carvalho), braganca@civil.uminho.pt (L. Braganca), ricardomateus@civil.uminho.pt (R. Mateus).

https://doi.org/10.1016/j.jobe.2023.107228

Received 31 January 2023; Received in revised form 28 June 2023; Accepted 30 June 2023
Available online 1 July 2023

2352-7102/© 2023 Elsevier Ltd. All rights reserved.


mailto:jpcarvalho@civil.uminho.pt
mailto:braganca@civil.uminho.pt
mailto:ricardomateus@civil.uminho.pt
www.sciencedirect.com/science/journal/23527102
https://www.elsevier.com/locate/jobe
https://doi.org/10.1016/j.jobe.2023.107228
https://doi.org/10.1016/j.jobe.2023.107228
https://doi.org/10.1016/j.jobe.2023.107228

J.P. Carvalho et al. Journal of Building Engineering 76 (2023) 107228

ODP Ozone Layer Depletion Potential

POCP Photochemical Ozone Creation Potential
PVC Polyvinyl Chloride

REH Portuguese thermal regulation

RRAE Portuguese acoustic regulation

voC Volatile Organic Compound

VPL Visual Programming Language

1. Introduction

General society and worldwide authorities are increasingly looking for more sustainable buildings [1]. Up to date, in Europe,
buildings are responsible for 40% of the energy consumption, 36% of CO, emissions, 25% of the waste produced and 50% of the raw
material consumption [2,3]. To turn buildings more efficient and sustainable, there is a need to act since the early project stages by
introducing and analysing different sustainability measures, to effectively enhance building sustainability [4]. To support
decision-making regarding effective sustainable measures and to monitor building’s sustainable performance, Building Sustainability
Assessment (BSA) methods have been developed all over the world and adapted to the specific conditions of each location and
building. BSA must be properly adapted to region-specific aspects, to be in line with the local climate, society, culture, traditions, and
building objectives and priorities [5,6]. They provide the opportunity for buildings to demonstrate their environmental, social, and
economic benefits to the local community [7]. However, carrying out a BSA is currently a time-consuming and complex process,
requiring the knowledge of interdisciplinary data and a long manual calculation procedure. Thus, BSA is commonly used in the
project’s later stages after finishing the project design, where modifications are unbearable or too expensive [8,9]. Furthermore, BSA is
a voluntary approach with an absence of mandatory regulation and, together with the remaining setbacks, they have established a
scenario for its reduced adoption [10]. There is a need to develop a more expedited method to perform BSA, with a real-time and
dynamic evaluation, able to support project improvements and modifications, instead of the traditional static approach [11].

Buildings also need to comply with several requirements and criteria, such as normative standards, comfort and safety specifi-
cations, industry guidelines, and project requirements [12-14]. BSA can be related to existing requirements, as it also demands deep
knowledge about the building, which is often difficult to obtain. With the deployment of digitalisation in the construction sector,
building requirements are being translated into computer rules, to accelerate and guarantee building compliance in a faster and more
reliable way [15]. BSA is based on a set of key performance indicators, which can also be represented by computer rules. Therefore, the
opportunity arises to translate BSA methods into computable rules and effectively integrate them into existing computer software.

Building Information Modelling (BIM) is a novel methodology which is slowly replacing CAD and has emerged to support designers
in managing all the project data and improving project efficiency [16,17]. BIM creates an excellent opportunity to incorporate sus-
tainable measures throughout the design process, especially during the project’s early stages, promoting the development of
high-performance buildings [18]. It allows to store multidisciplinary information and encourages real-time collaboration among all the
stakeholders [8,19,20]. BIM potential for automated rule checking has already been recognised and, together with Visual Program-
ming Language (VPL), several compatible rules have been developed, creating better, faster, and more comprehensive assessment
procedures [15].

Despite the existing research on the connection of BIM with BSA, a proper framework for this integration has not been established
[21]. Authors tend to develop theoretical methods, which allow gathering BSA data through BIM, but any automatic evaluation has
been made yet. With the possibility of translating BSA criteria into computable rules and facing the increased use of BIM, the op-
portunity for sustainability assessment automation arises. By automating BSA methods, they will eventually be an integral part of the
common design process, providing a decision support tool to enhance building sustainability.

Thus, this research aims to establish a novel procedure for the automation of the Portuguese residential version of the BSA method
SBTool"T. By translating the BSA scheme into a computer application integrated into the Open BIM environment, a fast and reliable
sustainability analysis can be performed during the project’s early stages. Designers will be provided with an intuitive tool to analyse
their building’s sustainable performance, allowing them to introduce and compare improvement measures with few resources.
Moreover, by creating an automated assessment procedure for the project’s early stages, BSA application will be encouraged and
coordination with all project disciplines enhanced. VPL will be used to translate the BSA requirements into computable rules and the
application will be hosted in a BIM platform to fit into the BIM environment.

2. Literature review

2.1. Building sustainability assessment methods

Following the need to achieve more sustainable buildings, BSA methods have been developed worldwide by public authorities,
international organisations, and private consultancy companies [6,22]. Usually, BSA schemes are developed according to a specific
location or construction needs, but there are others which have the flexibility to be adapted to each region’s requirements [23,24].
Moreover, more than 600 assessment schemes have been developed globally for BSA [24], addressing environmental, social, and
economic aspects [25]. BSA methods aim at implementing and evaluating the building’s sustainable performance by assessing a set of
partial building features and aggregating the results into a sustainability score [6,25]. These rating systems are organised into
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evaluation categories, which include criteria and multiple indicators on several topics, such as energy, waste, water, material impacts,
transport, accessibility, social aspects, Life Cycle Assessment (LCA) or indoor environment [22,23,26]. BSA has an important role in
sustainable building development, providing support for designers and building owners when dealing with the building life cycle
design, construction, and operation [11]. Among some of the most known BSA methods are BREEAM, LEED, SBTool, CASBEE, DGNB,
Green Star, HQE and BEAM [27,28]. The first three assessment schemes - BREEAM, LEED, and SBTool — have been considered the basis
for all other approaches [29].

Currently, BSA is used as a voluntary approach taken by owners and/or developers to demonstrate their building’s sustainable
features [26]. However, authors have been discussing that nowadays, green building schemes are being seen as market-oriented tools
to increase the building’s value instead of focusing on sustainable-related aspects [11]. Furthermore, BSA is usually applied during the
project’s later stages or even after the construction itself, where improvement changes are often unfeasible [30]. Such a problem is
related to the required amount of multi-disciplinary data for the assessment, as well as the required time to carry out the analysis. Due
to the short deadlines of design teams, they are usually not able to spend resources and time performing BSA during the project’s initial
stages [10,31]. Moreover, improvement modifications will require the repetition of the assessment procedure, discouraging designers
to do it [32]. Zhang et al. [30] have also reached similar conclusions about BSA status, suggesting the need for a real-time and dynamic
assessment, which would be able to be applied in the project’s initial stages in order effectively optimise the building final score.
Different authors have also highlighted some other constraints of BSA methods, such as data collection, calculation mistakes,
user-friendly restrictions and complex credit structures [33-35].

2.2. BIM and applications for building sustainability

With the growing digitalisation of the construction sector [36], BIM has emerged as a working methodology capable of managing
the project design and all the building data with a virtual model through the building life cycle [37]. It is an integrated process where
the building characteristics and data are digitally represented to improve interoperability and real-time collaboration among stake-
holders [38]. BIM provides decision support data for designers and allows them to easily identify errors and incompatibilities, resulting
in a more efficient process and result.

The BIM methodology implies the creation of a Building Information Model, which consists of a realistic and enriched represen-
tation of the building through a virtual model [13]. It is created based on a parametric and object-oriented approach, where parameters
are defined to characterise the relation between the model objects [39]. The BIM model can store several multi-disciplinary data
throughout the entire building life cycle, and it creates the opportunity to virtually construct and simulate the building performance
before the construction itself [40]. The BIM model is classified according to its content and information through the Level of Devel-
opment (LOD). The LOD specifies and articulates the content and reliability of a BIM model, facilitating stakeholders’ communication,
as well as supporting them in understating the BIM model’s usability and limitations [41]. The LOD identifies the specific minimum
content requirements for a certain use, and it is defined according to the objects graphic and data information [19]. For instance, the
United States General Services Administration [42] has defined the minimum capabilities of the BIM model at different development
stages. A LOD 200 is enough to estimate costs, while a LOD 300 is required to carry out building performance simulations. For sus-
tainability purposes, a LOD 100 allows to integrate sustainable principles, a LOD 200 allows to get approximate quantities of materials
and a LOD 300 allows for the extraction of precise quantities and other sustainable data such as recycled content or locally produced
materials.

To create a BIM model, it is required to use a BIM authoring platform, which generates multiple uses information and allows to
create and edit BIM models. Examples of BIM platforms are Autodesk Revit, ArchiCAD and Bentley MicroStation. To fully explore BIM
method potentialities, virtual models are usually exported to BIM tools — software that performs a specific type of analysis, such as
building performance analysis [8]. Autodesk Insight, IESVE or Solibri are examples of BIM tools. Interoperability between BIM
platforms and tools is often made through an Industry Foundation Classes (IFC) model. The IFC is commonly readable by all BIM
platforms and tools, being a platform-neutral and object-based structured format that describes building and construction industry
data [43].

The use of BIM for sustainability purposes has also gained exponential attention in the past years [44,45]. Designers and stake-
holders are increasingly looking for more efficient and ecological buildings and new approaches have been developed to support
decision-making and enhance building sustainability. BIM has been recognised as an effective method to address building’s envi-
ronmental, social, and economic performance, with different applications throughout the building life cycle [21,46]. Authors [47,48]
have identified the preconstruction and project phases as key stages to act on building sustainability. As BIM benefits are also more
noticeable during the same phases, BIM influence on building sustainability becomes clear [26]. Among the most known BIM-based
sustainable applications, the following stand out: life cycle analysis, energy analysis, daylight and lighting analysis, sustainability
assessment, acoustic analysis, water consumption analysis and waste management.

A set of investigations have been made addressing the use of BIM to assess BSA methods, with credits directly calculated and
documented in a short period of time with few resources [49]. Moreover, BSA exploits the full potential of the BIM method, requiring
building multi-disciplinary data and building performance simulation results [32]. Direct benefits of BIM application regard decision
support, automatic data extraction, automatic assessment, process efficiency and resource-use reduction. In a systematic review from
Carvalho et al. [32], LEED has been identified as the most addressed BSA method regarding BIM integration. Several authors [50-53]
have used BIM to assess LEED credits and prerequisites, mainly in the categories of Energy and Atmosphere and, Materials and Re-
sources. Research has also been made on the integration of BIM with other schemes such as BREEAM, SBTool, BEAM Plus, Green Star
and Green Mark [21,34,54-58]. The majority of these approaches have developed a theoretical framework where the assessment data
can be gathered from BIM models and tools. A couple of practical applications can also be found but with limited focus on some BSA



J.P. Carvalho et al. Journal of Building Engineering 76 (2023) 107228

criteria, especially regarding the site analysis, indoor environment and building performance.

A common conclusion among authors is that BIM is still not properly oriented for building sustainability and its full potential was
not reached yet [21,34,43]. There is a need to extend current research, by including all sustainability dimensions and topics, as well as
comprehensively integrating BIM for sustainability assessment [7,59]. BIM software should also embrace more sustainability issues
and improve interoperability between them, avoiding the need for model checking and remodelling [51,54,59,60]. It is also frequently
necessary to use several software to gather assessment data for the evaluation of only one BSA scheme [32]. Consequently, in-
vestigators [55,56] argue that BIM-based sustainability assessment requires the development of BIM coordination and execution plans
to address and guide building certification, as well as the need to include BSA in BIM national standards [60].

2.3. Visual programming

VPL has been successfully recognised as an easy-to-learn codification mode when compared with traditional coding languages,
which are commonly text-based programming languages [12,61]. It allows programming with a two-dimensional notation using visual
elements instead of textual ones, providing faster and easier interpretation [12,17,27]. By being integrated with several BIM platforms,
VPL presents a high degree of control and customisability of BIM models due to its geometric modelling functionalities and ability to
create algorithms [44,62]. VPL provides transparency, flexibility and portability as design rules are machine and human-readable
[12].

VPL has been commonly applied in different types of research, including building sustainability. Rule checking is one of the main
topics when using VPL during the last few years, as the process consists of repetitive tasks that can be automatically performed with
proper codification [12]. Burggraf et al. [15] have created an automatic system for checking semantic data of BIM-based factory
designs through Dynamo. Cavalliere et al. [62] have proposed a novel approach to evaluate the flexibility of buildings during the
design process phases. By automating design rules into six criteria through VPL, they have reached a real-time method to provide data
for decision-making regarding flexible and sustainable choices. Ghannad et al. [12] have also automated rule checking by introducing
a new modularised framework that integrates LegalRuleML with VPL. It encompasses a compliance checking process from the
interpretation of natural language-based requirements to machine-readable rules, categorisation, and execution. VPL codes have been
commonly developed for automatic extraction and process of quantities from BIM models [36] and, they can be used to rapidly define
Life Cycle Inventories. Villaschi et al. [63] have successfully developed a VPL framework on Dynamo to automate the verification of
Brazilian design rules for buildings, providing a novel tool for designers and authorities to evaluate building compliance. Furthermore,
Dynamo has been used both to collect LCA data, as well as to perform the calculation itself, allowing for the direct assessment of the
building and material’s environmental impacts [62,64]. BSA methods have also been addressed with VPL. Kensek et al. [52] have
evaluated if a building should earn LEED Pilot credit 55 — Avoiding Bird Collisions with a software-assisted approach based on
Dynamo.

Other BIM-based VPL approaches concern the use of Dynamo to handle and correct faulty analytical data from BIM geometries,
enhancing the procedure of obtaining a Finite Element Model [17]. Sheikhkhoshkar et al. [28] have shown other applications for
building structural analysis, by using VPL, Matlab and Excel to extract spatial data regarding construction joints from BIM models.
Banfi and Previtali [65] have used VPL and a 3D real-time platform to obtain extended reality for the analysis of archaeological sites
and heritage buildings. Scan-to-BIM and digital photogrammetry methods have also been used. Likewise, VPL is emerging for topics
such as facility management, with several links between BIM models, databases, and sensors data [13,61]. Moreover, Thai [66] has
suggested that VPL should be included in architecture, design, and engineering classes to facilitate the programming learning process.
VPL has a steeper learning curve than text-based languages, lowering the barriers when entering into programming [17].

Among the most recognised VPL tools are Grasshopper for Rhinoceros3D, Dynamo for Autodesk Revit, Marionette for Vectorworks,
Generative components, Digital Project, and Yeti [17,67].

2.4. SBTool

This research will be focused on the Portuguese residential version of SBTool. SBTool has influenced several rating systems,
including for Austria, Spain, Japan, South Korea, Italy, Czech Republic, and Portugal, due to its flexibility to be adapted to the local
conditions of each region. SBTool covers a wide range of sustainable issues, and its scope can be modified to be as narrow or as broad as
desired, from more than 100 criteria to half a dozen [6,68,69]. Such criteria are usually selected when transposing the international
SBTool system to each location, according to the local standards, practices, customs, and priorities. Moreover, criteria weights are also
adjusted to region-specific and site-specific factors, by using a multi-variable method to define the weighting system, which is detailed
in Ref. [6]. In the Portuguese version of SBTool (SBTool’T), each sustainability criterion is classified with a quantitative score that

Table 1
SBTool”"-H conversion scale.
Qualitative Level Quantitative Value
A+ P>1.00
A 0.70 <P <1.00
B 040 <P <0.70
C 0.10 <P <0.40
D 0.00<P<0.10
E P <0.00
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results from the comparison between two benchmarks: national best and conventional practices. The quantitative score is then nor-
malised through equation (1) and turned into a qualitative score through a linear evolution according to Table 1. The aim is to establish
a dimensionless value and to easily express the building score to non-experts. In the qualitative scale, D corresponds to the national
conventional practice, while A corresponds to the national best practice. After weighing and aggregating all the parameters, a final
sustainable classification is given to the building [6].

P, P,

P=2—, 1
i — P @

P; — Result of the normalisation of parameter i

P; — Case study quantification of parameter i

P} — National best practice for parameter i

P,; — National conventional practice for parameter i

The transposition of SBTool for the Portuguese context was made at different levels for residential buildings, service buildings, and
urban areas, among others [70-72]. Between the local versions, SBTool’T-H stands out as it focuses on new and existing residential
buildings. The aim was to develop a method to assess the sustainability of residential buildings and to raise awareness about the
benefits of adopting more sustainable solutions [6]. SBTool"T-H has a total of 25 criteria, sorted by 9 categories, which are divided into
three sustainability dimensions, as presented in Table 2. The calculation procedure follows the international systems, where each
criterion has a different weight and it is classified with a quantitative score, resulting from the benchmark comparison and
normalisation.

Up to date, carrying out a manual sustainability assessment is a very time-consuming process, requiring multi-disciplinary data
about the building and a set of pre-defined calculations, as part of an inefficient interactive assessment process. The application of BSA
methods is also usually incompatible with project short deadlines and project modifications also require the repetition of the
assessment process. Therefore, there is an urgent need to optimise and automate BSA, so they can be easily applied during the project’s
early stages — supporting eventual modifications with few resources — and effectively enhancing building sustainability.

3. Material and methods
3.1. Methodology

Facing the capabilities of BIM for sustainability purposes and the current nonexistence of an established BIM-based method to
automate BSA evaluation, this research aims to establish a procedure and a BIM-based application to automate sustainability
assessment during the project’s early stages. Moreover, it is also intended to efficiently integrate BSA into the BIM environment, to
effectively enhance building sustainability. The Portuguese residential version of SBTool (SBTool?T-H), which is based on Key-
Performance Indicators will be used as a case study and the BIM-based application will be named SBTool®™. The following specific
objectives are intended for the SBTool®™:

e Simple and intuitive method to promote and encourage BSA implementation by designers;

e Applicable in the project’s early stages to effectively act on building sustainability, where modifications are still feasible and more

cost-effective;

Provide real-time feedback to act as a decision support tool for designers, allowing them to constantly understand the sustainability

level of their projects and solutions;

e Allow to quickly introduce and analyse improvement measures to optimise building sustainability;

e Integrated into the Open BIM concept to effectively include BSA in the common BIM project workflow. The aim is to promote BSA
use when adopting the BIM methodology for project development;

e Include as many criteria as possible to fully automate the evaluation process and avoid parallel processes (and rework) when
assessing non-covered criteria.

Based on the research objectives, this study will develop a BIM-based application for end-users to support project design and in-

crease building sustainability. Thus, SBTool®™ needs to be applied during the building design and modelling stage and, to successfully
Table 2
SBTool"™-H list of categories.
Dimension Dimension weight (%) Category Number of criteria Category weight (%)
Environment 40 C1 - Climate change and outdoor air quality 1 12
C2 - Land use and biodiversity 5 19
C3 - Energy Efficiency 2 39
C4 — Materials and waste management 5 22
C5 — Water efficiency 2 8
Social 30 C6 — Occupant’s health and comfort 5 60
C7 — Accessibilities 2 30
C8 - Education and awareness of sustainability 1 10
Economic 30 C9 - Life cycle costs 2 100
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create a link with BIM methodology, it must be related to a BIM authoring platform. Given the capabilities of Autodesk Revit, which are
described in the next section, it was chosen as a BIM platform to host the SBTool®™™ application.

The method to develop SBTool®™ itself will be based on an automated code checking procedure [15]. The research methodology

will consider the four main aspects of automated code checking with slight deviations, assumptions, and extra works, according to the
research needs:

1.

. Based on the previous analysis, a research process map will be established for the development of the SBToo.

. BIM additional linkage — As it is expected that Dynamo will not be able to automate the assessment of all SBToo

Rule interpretation — SBTool"T-H assessment requirements and calculation procedures will be carefully analysed to identify all the
necessary inputs and workflow. Moreover, for each SBTool”'-H criterion, all the input data will be identified, as well as a possible
way to include it in the sustainability analysis. According to the data type, different integration methods and data collection
procedures will be suggested. This data will then be translated into a computer-processable language to be later programmed.
1B application,
defining all the information flow and required software. Different assessment stages will be identified, highlighting the key data for
each phase and which software is intended to be used.

. BIM model preparation — After the theoretical establishment of the assessment procedure, a BIM model will be created as a case

study to test the developed theory. The model will be created in Autodesk Revit with all the identified required data for the
assessment and a set of modelling guidelines will be followed. The model will be a simple and small building, as the goal is only to
test and validate SBTool®™ functionality. Less complex and sized models allow for faster analysis of SBTool®™™, granting quicker
programming and validation. The case study will be used to manually assess SBTool"’-H for validation purposes, and it is described
below.

. Rule execution — All the established “rules” during the interpretation phase and the identified research procedure will be pro-

grammed through VPL by using Dynamo. This phase consists of the development of the SBTool®™ application, which will reflect
SBTool’T-H criteria. Moreover, the application will gather and group the required assessment data from the BIM model and the user
to perform the assessment calculations and display the building score. During this phase, SBTool®™ template will also be created to
establish a set of new shared parameters, according to the sustainability assessment requirements.

. Rule report and validation — SBTool®™™ rule report consists on the building sustainable evaluation, which will be the analysis

output. The application itself will display the “rule report” by presenting the individual score of each criterion, as well as the
building global score. Such output will be provided directly into the Autodesk Revit environment — to function as a real-time
decision support tool — and through an Excel spreadsheet — which will serve to carry out the full and final assessment of
SBTool?"-H. During this stage SBTool®™ will also be validated, confronting the results of the BIM application, with the manual
application of SBTool"T-H.

1"T-H criteria,
especially the ones that require performance analysis data, an additional BIM linkage will be proposed to gather the remaining
assessment information. Such linkage will be made by exporting the created BIM model to specific BIM tools, where building
performance analysis can be carried out. The BIM model specifications, the export stage and the required BIM tools will be
identified, as well as the specific data that should be collected from each tool. These data can later be grouped with the SBTool®™
results to achieve a final sustainability score for the building.

Fig. 1 presents the summarised method adopted for the development of SBTool®™,

3.2. Software

The following section summarises and justifies the software selection for the research. As stated, Autodesk Revit will be used as a

BIM platform, both to create the BIM model and to host the SBTool®™ application. Autodesk Revit is a frequently used platform in BIM-
sustainability related fields [66]. It has the capacity to import and export several file formats, including IFC (allowing to frame

SBTool"T-H

Assessment
Requirements

Validation

Assessment
Procedure
—[ Quantitative Data J [ Qualitative Data }7
¢ |
SBTool®™
Template BIM Model R SBTool®™

Additional BIM l o
Tools a R

Fig. 1. Summarised method for SBTool®™ development.
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SBTool®™ into the Open BIM environment) and, to develop personalised interfaces to perform specific tasks through Dynamo. Soft-
ware capabilities have been found appropriate for SBTool assessment [32] and fully meet the research needs, allowing to fit for the
following requirements:

e Ability to create and import BIM models;

e Ability to characterise the BIM model with sustainability requirements;
e Ability to host the application to avoid interoperability issues;

e Ability to export the model for building performance simulation.

The application will be made through VPL in Dynamo, which provides a convenient and automated data exchange procedure with a
BIM model in Autodesk Revit [28]. Dynamo provides a user-friendly workspace where the code is presented as nodes connected with
wires [13,17]. Personalised interfaces can be created for querying and manipulating the BIM model data [15]. With SBTool®™ ne-
cessities in line with Dynamo capabilities, this tool was chosen to develop the application. BIM model characteristics can be instantly
assessed and processed according to the application requirements, allowing the user to introduce external inputs, as well as display the
final scores in the Autodesk Revit environment. Furthermore, Dynamo can also export data through an Excel spreadsheet with the
analysis results.

According to a couple of requirements of some SBTool”T-H criteria, building performance analysis will be required to have a full
sustainability evaluation. Such requirements concern building energy and acoustic performance, which must be made in specific BIM
tools. These tools’ calculation engines must consider Portuguese thermal (REH) and acoustic (RRAE) regulations. In this context, Cype
software was found appropriate to carry out building performance analysis. Cype is a Spanish company that develops computer
software to support the construction industry stakeholders and is adequately adapted to Portuguese standards. Cype has a link to
Autodesk Revit, which allows importing BIM models through an intermediary platform — BIMServer.center. The following Cype
software will be used for the research approach:

e Cypetherm REH, which performs energy analysis according to REH;
e Cypesound RRAE, which performs acoustic analysis according to RRAE.

Finally, according to SBTool"'-H, a single assessment requirement must be gathered from Energy Plus software. For this sake,
Autodesk Revit allows exporting a readable file (IDF) for Energy Plus by using Autodesk Insight as an intermediary platform. For these
reasons, both have been selected for the research approach.

3.3. Case study

To test and validate the SBTool®™ application, a case study was developed as a BIM model in Autodesk Revit. It was properly

created and characterised to meet SBTool®™ requirements, according to the following description.

The case study is located in Braga (Portugal), and it’s inserted in a 635 m? site, according to the characterisation of Table 3.
Following the local regulation, the Maximum Land Use Index for the building is 0.75. For analysis purposes, no previous site area was
reused or treated.

The building itself consists of a single-family detached dwelling with 90 m? of gross area divided by 3 bedrooms, kitchen, bathroom,
living room, corridor, and pantry. Only two bedrooms have 2 windows — allowing cross ventilation — and the building’s total glazed
area is 7.25 m2. The ceiling height is 3.00 m, including slab thickness. The building floor plan is presented in Fig. 2.

An important requirement for SBTool®™ concerns the building materials characteristics, which go beyond Autodesk Revit base
parameters. All the model materials must be correctly characterised, especially for the considered elements — floors, roofs, walls,
windows, floors, and stairs. The overall material characterisation for SBTool®™ is presented in Table 4, as well as the adopted con-
struction solutions.

Moreover, some additional specific attributes for materials were also considered:

Interior doors and windows frames have been previously recycled;

Wood floor finishing has been made of certified wood;

The binder uses 400 kg of cement per cubic meter (m®) with 100 kg/m? of cement substitutes;

No ventilation grills were considered in door and window frames;

Interior painting and wood floor are low Volatile Organic Compound (VOC) materials;

o The materials with recycled content are presented in Table 5. This table also presents the market best and conventional practices for
the recycled content of each material, as well as the recycled content of the applied material.

Table 3
Case study topography characterisation.
Site surface Area (m?) Sealed soil Reflectance >60%
Grass 416.8 No Yes
Native plants 21.4 No Yes
Sidewalks 15.4 Yes Yes
Building footprint 97.8 Yes No
Car access road 84.1 Yes No
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Fig. 2. Case study floor plan.

Although there is no requirement regarding the building systems modelling, plumbing fixtures should be placed and characterised.
The case study plumbing fixtures are presented in Table 6 and the rainwater satisfaction coefficient (CSAT) was considered 100% for
analysis purposes. Recycled water from the identified fixtures is used for irrigation purposes.

Some other general building features, which are also required for SBTool®™™ and are not available directly in the BIM model are
listed in Table 7.

Specific neighbourhood data is also mandatory for SBToo analysis, such as public transportation data and amenities distance.
The building location was considered nearby a district capital city, with the public transport services and amenities presented in
Tables 8 and 9, respectively.

All the presented data must be provided for SBTool®™ to carry out the sustainability analysis. Some of it can be introduced through
building modelling, making it part of the BIM model. Materials data can also be stored in a database and imported for the model when
needed. Although, some other data is not possible to be stored by the BIM model and it should be directly introduced in the SBTool®™
application, namely the information from Tables 5 and 7-9.

1BIM

4. Results

4.1. Input requirements and assessment model

Following the proposed methodology, the first step was to proceed with the assessment analysis of SBTool"T-H criteria. To do so, the

data requirements and the assessment procedure of all SBTool”T-H criteria were identified. As SBTool addresses a wide range of criteria
categories, different type of data is required for the assessment. The assessment process of some criteria lies only in geometric
quantitative data from the model. Other criteria require the knowledge of several specific local data or even the results of building
performance simulations. Therefore, different input types are expected, and they have been grouped into three sections:

e BIM Model - Data intrinsic to the model (identity and geometry data) or data that can be introduced into the model through shared
parameters (mainly quantitative data);

e User interface — Specific local data and qualitative data that the user must provide to SBToo through an interface;

e BIM tools — Data that requires the use of additional tools (performance simulation tools) for model simulation.

lBIM

As SBT00l®™ will be a Dynamo-based application, both the BIM model data and the user interface data will be available inside the
Autodesk Revit environment. The BIM tools data will require to export the BIM model for additional software to carry out performance
simulations and data will not be directly available in the Autodesk Revit environment.

All the requirements and weights of each criterion from the Environmental, Social and Economic dimensions are listed in
Tables 1012, respectively. Based on the requirement types, the SBTool®™ assessment mode can also be selected. All the information
inside the Autodesk Revit environment will be handled by Dynamo. For the external data, Cype software linkage will be used to export
the model IFC to carry out performance simulations, as well as the direct connection with Autodesk Insight to get an Energy Plus
model.

According to Table 10, for the environmental dimension, the data for 11 criteria will be intrinsic to the BIM model. Categories C1,
C2 and C5 have all their criteria fulfilled, while C4 have 3 out of 5 criteria. The two remaining C4 criteria will require user inputs
through an interface, namely for the material recycling content benchmarks and the building recycling exterior conditions. Category
C3 is fully dependent on external tools, as it evaluates the building energy efficiency and renewable energy production, which are
beyond Autodesk Revit capabilities. Overall, 13 out of 15 environmental criteria will be directly addressed by the SBTool®™
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Table 4
Case study material characterisation.
Material Area Environmental impact categories quantification (per m?) Cost Density
2 3
() GWP oDP AP POCP EP FFDP (kg/m")
(kgCOz)  (kgCFC- (kgSO2)  (kgCzHa)  (kgPO4)  (MJ)
11)
- - x10"%7 x1079%  x107% x107%  — - -
Exterior Common brick 15.0 198.8 0.220 0.158 0.055 0.400 0.671 2.58 4.75 700
walls cm + 11.0 ecm €/m>
Rigid insulation 4.0 99.4 4.140 1.100 1.500 67.500 12.400 105 4.00 23
cm €/m?
Finishing ~ Cement plaster (1.5 198.8 0.195 0.080 0.032 0.129 0.487 1.31 17.00 1100
cm each side) €/m?
Painting (1.0 cm 198.8 2.460 3.690 1.700 7.720 42.300 47.8 8.00 1188
each side) €/m?
Interior Common brick 11.0 91.2 0.220 0.158 0.055 0.400 0.671 2.58 4.75 700
walls cm €/m?
Finishing ~ Cement plaster (1.5 182.3 0.195 0.080 0.032 0.129 0.487 1.31 17.00 1100
cm each side) €/m?
Painting (1.0 cm 182.3 2.460 3.690 1.700 7.720 42.300 47.8 4.50 1188
each side) €/m?
Floor slab Finishing ~ Oak floor 90.0 —1.200 0.128 0.081 0.729 1.290 1.98 65.00 750
€/m?
Cement plaster 2.0 90.0 0.195 0.080 0.032 0.129 0.487 1.31 17.00 1100
cm €/m?
Rigid insulation 4.0 90.0 4.140 1.100 1.500 67.500 12.400 105 4.00 23
cm €/m?
Reinforced concrete 90.0 0.148 0.036 0.056 0.528 0.576 1.24 70.00 1300
40.0 cm €/m?
Windows Glass 13.2 0.973 0.801 0.850 2.860 6.530 11.5 440.00 2480
Sash/wood 48.5 —1.200 0.128 0.081 0.729 1.290 1.98 €/un 560
Doors Aluminium 12.6 4.280 18.400 3.800 22.300 12.100 62.8 432.00 2700
€/un
Wood panel 26.4 —1.200 0.128 0.081 0.729 1.290 1.98 432.00 560
Wood frame 14.9 —1.200 0.128 0.081 0.729 1.290 1.98 €/un 560
Roof Finishing  Concrete tile 98.2 0.212 0.111 0.045 0.234 0.764 1.73 25.00 1300
€/m?
Rigid insulation 5.0 98.2 4.140 1.100 1.500 67.500 12.400 105 4.00 23
cm €/rn2
Flexible membrane 98.2 0.581 7.270 0.730 19.400 3.020 53.3 6.00 1700
with bitumen €/m?
Steam PVC barrier 98.2 1.970 0.028 0.540 3.120 7.590 46.9 13.00 1500
€/m?
Reinforced concrete 98.2 0.148 0.036 0.056 0.528 0.576 1.24 70.00 1300
20.0 cm €/m*
Table 5
Adopted recycled content and benchmarks.
Product Recycled content (% of mass)
Conventional Best Used
Concrete 15 90 35
Thermal insulation 0 25 25
Bricks and blocks 0 30 50
Glass 0 10 10
Table 6
Case study plumbing fixtures characterisation.
Fixture Instances Liters per use Rainwater use Water recycling
Sink 1 12.0
Dishwasher 1 25.0
Toilet 1 8.0 X
Tap 1 1.0 X
Bath tube 1 52.5 X
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Table 7
Complementary data for SBTool®.M.
Building user’s guide content Interior recycling conditions Local economy data Mechanical ventilation
Sustainability measures report Bin volume of 30L Site cost — 20 000 € The building does not have
Recyclable waste guide Includes oil and batteries Construction labour percentage (function of mechanical ventilation
recycling material cost) — 40%
Non-recyclable waste guide Selling profit percentage (function of material and
labour cost) — 20%
Building rehabilitation and Distance to recycling public Average selling price of 10 similar and nearby
maintenance guide bin of 150 m dwellings — 105 000 €
Emergency information Average selling price of 3 lowest similar and

nearby dwellings — 96 000 €

Table 8
Case study public transport stations.
Station Distance (m) Number of services
Bus 150 4
Bus 300 10
Train 2000 8
Table 9
Case study nearby amenities.
Amenity Distance (m)
Garbage collection point and public recycling bin 150
Bakery, grocery, butchery, cafe, restaurant, prayer place and Post office march 300
Exterior public space, pharmacy, bank and sports center 500
Service/industrial zone, bike lane and medical center 1000
Kindergarten, elementary school, recreation center, police station and post office 1500
High school 2000
Firefighters and Shopping center 2500
application.

When concerning the social dimension in Tables 11 and it can be noticed a higher requirement for qualitative data, as only 2 out of
8 criteria can gather the assessment inputs from the BIM model. The 2 criteria from the C7 category and the criterion from the C8
category will require the use of an interface, while the remaining 3 criteria will need the use of external tools. For this case, thermal,
visual, and acoustic performance results are necessary for the assessment. Overall, 5 out of 8 social criteria will be directly assessed
through SBTool®™,

Finally, the two criteria from the economic dimension in Table 12, will have different assessment modes. The first one will be
fulfilled with the model data and the user inputs through the SBTool®™™ interface. The last one is once again dependent on external
tools. Although, it requires the same data as other SBTool”T-H criteria (as P7 and P14), so it depends on their prior assessment.

Considering all the dimensions, it is expected that SBTool®™ will directly embrace a total of 19 criteria. For the remaining 6 criteria,
a BIM linkage will be identified and detailed to allow the complete assessment automation.

Based on the adopted software capabilities, the identified input requirements, and the assessment method, the SBTool®™ process
map was established, and it is presented in Fig. 3. As stated, SBTool®™ will be Dynamo based, so all its functionalities will be only
available in Autodesk Revit. Therefore, to start the process it is necessary to create a new model in Autodesk Revit or import one
existing model from Autodesk Revit or another authoring platform (through IFC). Then, the first part of SBTool®™ will act, by creating
the SBTool®™ template. This will be made automatically by running the respective Dynamo file and can be made before or after the
model creation. SBTool®™™ template aims to create new shared parameters that will be filled with the required data for the SBTool”T-H
assessment.

After characterising all the new building parameters, the SBTool®™ application can be used to carry out the automatic sustain-
ability assessment. Once again, this is made automatically by running the respective Dynamo file. SBTool®™ will first gather the
required assessment data from the BIM model and then it will display an interface in the Autodesk Revit environment. Such an
interface will ask for user data inputs, according to the previous Tables. All input data will be grouped and processed to reach a final
sustainability assessment for the building. The outcomes of the SBTool®™ application will be made in two different ways:

e Individual qualitative score of 19 criteria and global qualitative building score, displayed in Autodesk Revit environment;
e Individual qualitative and quantitative scores of 19 criteria and global qualitative and quantitative building scores, extracted
through an Excel spreadsheet.

The first outcome is intended to be used as a fast decision support method during project design. It provides a reliable and real-time
sustainability assessment for users to compare the performance of different solutions. The second outcome is intended to be used for

10
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Table 10
SBTool""-H environmental criteria requirements.

Cat.  Criterion Weight Inputs Assessment mode
) BIM model User interface BIM tool
C1 P1 - Construction 12.0 Materials weights and impacts Automated
materials embodied assessment
environmental impact through Dynamo
C2 P2 - Urban density 7.2 Site and construction areas;
Max Land Use Index
P3 - Soil sealing index 1.0 Sealed and non-sealed soil area;
Site area
P4 - Use of pre- 1.1 Pre-contaminated land area;
contaminated land Site area
P5 - Use of native plants 4.6 Green Area, Native plants area;
Site area
P6 - Heat-island effect 5.1 Site area; Green area;
Reflectance >60% area
C3 P7 - Primary energy 19.5 Building primary BIM linkage to
consumption energy needs; Cype
Maximum primary
energy needs;
P8 — Renewable energy 19.5 Building primary
production energy needs;
Renewable energy
production
Cc4 P9 - Reused materials 5.5 Total material cost; Total Automated
and products reused material cost. assessment
P10 - Use of materials 5.5 Materials quantities Percentage of recycled through Dynamo
with recycled content content per material and
benchmarks
P11 - Use of certified 6.2 Certified organic material cost;
organic materials Total organic material cost.
P12 - Use of cement 4.0 Weight of cement substitutes;
substitutes in concrete Total binder weight in concrete.
P13 - Waste 0.8 Interior recycling bin type,
management during number and volume;
operation Exterior bin distance; Waste
Collection system
Cc5 P14 - Water 4.0 Plumbing fixtures Water
consumption consumption per fixture
P15 - Reuse of grey and 4.0 Reused water fixtures; Toilets
rainwater water consumption; Total water

consumption; Satisfaction
coefficient.

the full SBTool’T-H evaluation. The extracted Excel spreadsheet will be connected with the existing SBTool""-H spreadsheet through

macros functions. By automatically filling in the scores of the assessed 19 criteria, the user will only need to collect the data for the
remaining 6 criteria to achieve a full evaluation. To do so, the BIM model must be exported from Autodesk Revit to additional software,
where performance simulations can be made. For five out of six criteria, the BIM model is exported to Cype software by using the
existing IFC plug-in, sending the BIM model to BIMServer.center, which makes it available for Cype software. For the other criterion,
the BIM energy model is generated in Autodesk Revit and exported to Autodesk Insight cloud, where an EnergyPlus file (IDF format)
can be automatically obtained to carry out dynamic simulations. After performing all the required simulations, results must be
manually gathered and introduced in the SBTool”"-H spreadsheet. Both software provides the simulation results directly on the screen
or through reports and, therefore, no automated connection will be possible at this stage. Nevertheless, all the required data is easily
identified and should be directly introduced in the SBTool’-H spreadsheet, with no intermediary calculations or efforts.

4.2. SBTool®™ template and model characteristics

Autodesk Revit has a set of base templates with common transversal parameters to characterise the BIM model. Some of the
common model characteristics, which are required for the SBTool’T-H assessment, are:

e Elements (walls, floors, roofs, doors, windows, exterior surfaces, among others) dimensions;
e Element’s cost;
e Material cost, density, class, and function.

This data is usually intrinsic to the model and is shared by all the templates. Despite none of the templates was found suitable for
sustainability issues, Autodesk Revit allows to create and edit templates according to the user’s requirements. Facing the need to
properly describe a BIM model for the sustainability evaluation, the SBTool®™ template was developed. In short, the template was

11
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Table 11
SBTool""-H social criteria requirements.
Cat.  Criterion Weight Inputs Assessment
% mode
6) BIM model User interface BIM tool
Cc6 P16 - Natural 7.2 Natural ventilated areas Automated
ventilation Floor and opening areas assessment
efficiency Ventilation devices through
integrated in window and Dynamo
door frames
P17 - Indoor air 7.2 Quantity of finishing
quality materials containing low

VOC; Total quantity of
finishing materials
P18 - Thermal 19.2 . Running mean external BIM linkage to
comfort temperature Thermal EnergyPlus
comfort levels Winter
number of months

P19 - Natural 15.0 Horizon angle, horizontal BIM linkage to
lighting obstruction angle, glazed Cype
performance area and characteristics and,
interior surface area
P20 - Acoustic 11.4 Airborne sound insulation,
comfort impact sound insulation and
collective equipment noise
evaluation
Cc7 P21 - Accessibility to ~ 16.5 Building location type; Distance Automated
public transport to public transportation assessment
stations; Types of public through
transportation; Number of Dynamo
services
P22 - Accessibility to  13.5 Building location type Distance
urban amenities to amenities.
Cc8 P23 - Occupant’s 10.0 Building user guide availability
awareness and and content
education for
sustainability
Table 12
SBTool”™-H economic criteria requirements.
Cat.  Criterion Weight Inputs Assessment mode
%) BIM model User interface BIM tool
Cc9 P24 - Capital 50.0 Materials Labour and profit percentage; Site Automated
costs price cost; Selling price of ten similar assessment through
buildings nearby. Dynamo
P25 - 50.0 Energy, water, and solid waste unitary costs; ~ BIM linkage to Cype
Operation Energy and water consumption; Volume of
costs solid waste production.

developed in Dynamo (VPL language) considering the architectural template as a basis. New shared parameters are automatically
created according to the identified input requirements for SBTool”™-H. Table 13 identifies all the programmed parameters, as well as
their type and applicable category. In total, 28 shared parameters were created to make available the assessment of 13 criteria. Four
types of parameters are used, with number type and yes/no type being the most common. The parameters address six Autodesk Revit
categories. The template can be saved as an Autodesk Revit template and marked as standard to create and develop models, avoiding
the need to run the Dynamo file for every project.

All the created parameters are mandatory to be filled for a successful evaluation, as well as guarantee that the model fulfils a set of
other characteristics. The BIM model should be developed through a parametric modelling and should include the site topography and
constructions. Each topography zone — such as green zone, sidewalks, entrance, among others — should be defined as an individual
topography surface, to define different characteristics between them. Topography surfaces should also be considered for construction
areas. Fig. 4 a) presents the mandatory topography characteristics for the analysis (red square), which must be filled for every model
topography surface. Simultaneously, the building general data must also be defined in the “Project Information” section (Fig. 4 b), red
square, under Autodesk Revit manage tab.

With the site characteristics defined, the building itself can be added to the model. Note that all elements must be properly defined,
s0 SBTool®™ will be able to group all the building data accordingly. Thus, the ground slab and between levels slabs must always be
defined as “Floors”, while the building top slab should be modelled as “Roof”. This is an important issue, as the application will

12
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Fig. 4. (a) Topography characteristics and (b) Project Information data.

specifically look for “floors” and “roofs” to carry out the assessment. Walls must be defined accordingly, as well as their construction
materials and function (exterior or interior). Note that Walls must be modelled through stacked walls instead of compound layers.

Every building element is composed of materials. Thus, the following step consists in selecting the element’s materials and defining
their main characteristics for the sustainability assessment, as presented in Fig. 5. Most of these characteristics must be collected by the
user, according to the material type. Although, a material database can also be used, where all the material characteristics are already
defined, and it is just necessary to import them for the current model. Note that the parameters from Fig. 5 were created for all the
existing materials but SBTool®™ will be able to distinguish them and disregard unnecessary data. For instance, if the user state that a
wood product will have cement substitutes, the application will notice the incoherence and ignore it. SBTool®™ analyses every ma-
terial class and for the cement substitutes parameter only concrete-class materials are considered.

The building’s interior and exterior openings (windows and doors) must also be modelled and characterised. Besides the material

m
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Fig. 5. Material characteristics.
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selection (and characteristics definition), openings must also have their cost (per window or door) and information regarding inte-
grated ventilation devices.

Finally, the building interior should be defined, especially the finishing materials (if not defined already) and the plumbing fixtures.
All finishing materials should have data about the VOC content and plumbing fixtures must be characterised according to Fig. 6 a). For
every plumbing fixture, the user should select the type (toilet, sink, bathtub, tap, dishwasher, or laundry machine), the liters per
utilisation, if the fixture reuses rainwater and if it recycles water. At last, for every building compartment the “room” function should
be used to characterise each space, according to Fig. 6 b). Moreover, the “room” function will also be mandatory when exporting the
BIM model for the additional BIM tools. When finished, the BIM model can be specified as a LOD 300. The model elements are
graphically represented in terms of quantities, size, shape, location, and orientation. Sustainability data has been included as non-
graphic information, with precise quantities and properties for a sustainability assessment [42,73]. According to different authors
[16,74], the LOD 300 is also the minimum specification to proceed with building performance analysis.

4.3. SBTool®™

4.3.1. Structure

To extract and process data from the BIM model, the SBTool®™ application was developed through VPL in Dynamo. It automat-
ically assesses the required building data for the sustainability evaluation and provides an interface for the user to complete the
analysis information. By interpreting the assessment procedure of each SBTool’T-H criteria, calculations were programmed in Dy-
namo, as well as different output methods.

SBTool®™ code is based on the collection of the BIM model categories data. All elements of each category are assessed and filtered
according to each criterion scope. Fig. 7 presents an example of the basic nodes that start the Dynamo algorithm and how data is
collected from each category. Overall, criteria P1, P2, P3, P4, P5, P6, P9, P10, P11, P12, P13, P14, P15, P16, P17 and P24 use this same
method to collect the assessment requirements, as data is intrinsic to the model.

However, SBTool®™ also requires additional information which is not available in the model. Dynamo was used to create user
interfaces during the analysis, where the designer can introduce the remaining required data for the assessment. After starting
SBTool®™, a set of pop-up windows will consecutively appear on the Autodesk Revit environment. The aim is to collect external and
local data for the analysis and the coding procedure is presented in Fig. 8. Specific popup windows were developed for criteria P10,
P13, P21, P22, P23 and P24.

After collecting the required data for each criterion, SBTool®™ performs the assessment calculations, normalisations, and quali-
tative quantification, as presented in Fig. 9.

Finally, SBTool®™ displays a pop-up window in the Autodesk Revit environment with the individual qualitative score of each
criterion, as well as a global sustainable score for the building. The global score was achieved by equally splitting the excluded 6
criteria weights for the remaining criteria of their respective categories. Simultaneously, SBTool®™ produces an Excel spreadsheet with
the quantitative and qualitative scores of each criterion, as well as the building global score. This spreadsheet will later be related to the
SBTool”'-H spreadsheet to automatically fill the assessed criteria with SBTool®™,

SBTool®™ has a set of assumptions and exclusions for the building model, which were not possible to program or are not relevant to
the research scope:

e 19 SBTool’T-H criteria have been successfully automated;
Properties X Properties X
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reen Building Properties IFC Parameters ’
Select Type Toilet lfcGUID 3PCXIMbg
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Fig. 6. (a) Plumbing fixtures characterisation and (b) Room characterisation.
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Fig. 9. Result normalisation and qualitative quantification.

o Building architectural elements such as Walls, Floors, Roofs, Windows, Doors and Rooms are considered for the sustainability
analysis;

Structural slabs must be modelled under the Roofs or Floors categories. Structural walls must be modelled under the Walls category.
Structural columns are not considered for the sustainability analysis;

Furniture is not considered;

Green roofs are not considered as 50% of sealed soiled;

Every non-sealed soil area is considered a green area.
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4.3.2. Case study application

The case study presented in section 3.3 was modelled in Autodesk Revit under the SBTool®™ template and according to the
procedure presented in section 4.1. All the stated characteristics from the case study description have been included in the model. After
characterising all the required parameters, SBTool®™ was started by selecting its respective file in the Dynamo player and pressing the
play button, as presented in Fig. 10.

After a couple of minutes, the application starts by showing some pop-up windows for the user inputs, requiring the assessment data
for criteria P10, P13, P21, P22, P23 and P24. Fig. 11 presents different examples of the input forms that the user must answer to
proceed with the analysis. P10 interface shows a table with all the BIM model materials (and total weights — column 1), where the user
must introduce the recycled content (%) of each material (column 4), as well as the national benchmarks (columns 2 and 3). P13 and
P23 show a kind of checklist with pre-defined options that correspond to different sustainable evaluations. P21, P22 and P24 are
mainly based on number entrances, where distances and/or costs must be introduced. Note that all the direct inputs into the appli-
cation must be collected earlier by the user, as the information is not contained in the BIM model.

Combining and processing the introduced data with the BIM model data, SBTool®™ proceeds with the assessment and normal-
isation of all 19 criteria, displaying the final case study result in the Autodesk Revit environment (Fig. 12). Both the individual score of
each criterion and the global building score are presented, indicating a B mark for the building sustainability score.

Simultaneously, an Excel is produced and exported with the detailed building score, as presented in Fig. 13. Both the qualitative
and quantitative score of each criterion is presented to further allow the full evaluation of SBTool”T-H. This procedure is explained in
the next section.

To introduce improvement measures, designers must only change the building design or the characteristics of the materials directly
in the BIM model. Then, SBTool®™ must be used again, to achieve the sustainability score of the improved design. Note that the user
inputs in the SBTool®™ application (Fig. 11) are saved from the previous analysis, sparing the user from double work. The input data is
saved in a local file, which is then assessed by SBTool®™ to automatically fill in the required information. Modifications in the inputs
are still available. Therefore, only a few efforts in editing the BIM model are required to compare the sustainability performance of
different building scenarios.

All the simulation process was validated by performing a manual application of SBTool”T-H in the same building. Validation results
are shown in Table 14, where the quantitative score of each criterion is faced. SBTool®™ results were gathered from the extracted Excel
spreadsheet (Fig. 13). The slight differences in criteria P1 and P10, concern rounding issues when assessing the building element’s
mass. SBTool®™ is able to extract quantitative data from the model with high precision (up to 8 decimal places), while the manual
assessment has only considered 2 decimal units. Regarding P11, SBTool®™ considers a single cost for the whole opening (frame plus
window), while the SBTool"T-H manual assessment has considered the frame and the window cost individually. Overall, a positive
validation has been reached, with minor results differences in 3 criteria, which do not affect the building score. The remaining 16
criteria have achieved identical scores.

4.4. BIM linkage for the remaining criteria

As building performance simulations are out of the capabilities and scope of Autodesk Revit, a set of SBTool’T-H criteria requires
the use of additional BIM tools to find the necessary information for the assessment. Cype software and Energy Plus were found
appropriate to deliver such data and their current capabilities provide strict collaboration with Autodesk Revit.

For the assessment of criteria P7, P8, P19, P20 and P25, the BIM model was exported through IFC to the BIMServer.center, by using
the available plug-in for Autodesk Revit. Then, the following Cype software was selected to carry up performance analysis:

e Cypetherm REH - provides data for the assessment of P7, P8, P19 and P25;
e Cypesound RRAE - provides data for the assessment of P20.

The BIM model is directly imported from the BIMServer.center when starting a new project. In Cypetherm REH, the user must
complete some building data before the simulation and gather the horizon angle and obstruction angle of each window, as well as the
room’s surface areas (required for the assessment of P19). The Portuguese minimum renewable energy production requirements for
each building type can be considered for the assessment of P8. After the simulation, the building’s primary energy needs and national
limits can be collected for the assessment of P7 and P25. Note that P25 also requires data from the assessment results of P14. A similar
procedure is necessary for Cypesound RRAE, where the user must complete a couple of building data to perform the analysis.
Simulation results provide the sound insulation levels for the assessment of P20. More details about the BIM linkage can be found in
past research [75].

For the assessment of criterion P18, the BIM model must reach Energy Plus software to determine the building’s thermal comfort
level and the hourly operational temperature. This is made by exporting the BIM model for Autodesk Insight, which allows to extract
the model in IDF or DOE-2 format. The file must then be uploaded into Energy Plus to perform dynamic simulations and reach the
required data for the assessment.

This data must be manually assessed by the user and introduced in the SBTool" '-H spreadsheet, which is already connected with
SBTool®™. The manual requirement concerns the need to assess data from the BIM tools environment and/or simulation reports, which
are not available to be further connected. Cype software provides direct data for the complete evaluation of P7, P8, P19 and P20,
allowing to fully automate 23 criteria. Concerning P18 and P25, some extra information is still required for the assessment, namely:

IPT

¢ Running mean external temperature for P18;
e Solid waste production, energy, water, and waste disposal costs for P25.
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Fig. 11. Input forms through user interfaces in Autodesk Revit.

By collecting the above information, the building sustainability score can be reached, and it is shown on the SBTool’T-H
spreadsheet.

5. Discussion

Assessing a building’s sustainability is usually a time-consuming procedure, where different types of information are required to
carry out the evaluation. By introducing BIM, BSA methods can significantly benefit from it, by automating data collection and
calculation procedures. Therefore, this research has developed a unique BIM-based approach capable of automatically assess 19 out of
25 sustainable criteria from SBTool?T-H and has proposed an additional BIM linkage to evaluate the remaining 6 criteria. Overall, it is
the first BIM-approach to automatically assess a wide range of sustainability criteria with minor user interference and resources,
allowing to optimise the building performance during the early project stages.

By interpreting SBTool’T-H assessment requirements, different input methods have been proposed according to the information
type: direct inputs in the BIM model, application-specific inputs and performance simulation inputs. Depending on the input type,
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Fig. 12. SBTool®™ results in Autodesk Revit.
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Fig. 13. Excel report produced by SBTool®™.

Table 14
Validation results.

Criteria SBTool®™ SBTool’’-H Difference (%)
P1 1.31 1.32 0.76
P2 —-0.78 -0.78 -

P3 0.97 0.97 -

P4 0.00 0.00 -

P5 —-0.42 —0.42 -

P6 0.63 0.63 -

P9 0.78 0.78 -
P10 0.47 0.48 2.08
P11 9.54 9.50 0.42
P12 0.83 0.83 -
P13 0.75 0.75 -
P14 0.18 0.18 -
P15 1.78 1.78 -
P16 0.33 0.33 -
P17 0.74 0.74 -
P21 —-0.09 —0.09 -
P22 —0.04 —0.04 -
P23 0.33 0.33 -
P24 0.06 0.06 -

different procedures have been established. For the direct inputs in the BIM model, which are related to building quantitative data, an
Autodesk Revit template was developed. The template creates a total of 28 new shared parameters, which allows the user to char-
acterise the building elements, materials, and general features with the required data for SBTool®™ assessment. The template was
developed in Dynamo, it can be saved as an Autodesk Revit template and defined as standard to open and create BIM models. All the
BIM model inputs are then collected and processed by the SBTool®™ application, which was programmed according to the assessment
procedure of SBTool?T-H. Overall, BIM model inputs provide the necessary information to fully assess 13 criteria. Besides data
collection and treatment, SBTool®™ also allows the user to introduce some additional data, mainly local specific data or building
qualitative information. The application inputs must be collected by the user to proceed with the analysis. In total, application inputs
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are required for 6 criteria, allowing the complete evaluation of 5 criteria. For the remaining criterion, application inputs are combined
with BIM model data to reach an assessment.

After these inputs, SBTool®™ performs automatic calculations to achieve the building individual score for 19 criteria, as well as the
building global score (based on those 19 criteria with a redistribution of weights). SBTool®™ provides two different outputs: (i)
Automatically displays the building qualitative score in the Autodesk Revit environment and (ii) creates an Excel spreadsheet with
both qualitative and quantitative scores. The goal of the first output is to provide designers with a real-time sustainability assessment of
their projects during the early stages, allowing for building design optimisation. Although it does not assess all SBTool”'-H criteria, the
application analysis relies on 75% of its criteria and can be seen as a key indicator for the building sustainability score. Nevertheless,
SBTool®™ second output allows the user to perform SBTool”’-H full evaluation. By connecting the extracted Excel spreadsheet with the
SBTool"T-H spreadsheet, 19 criteria are automatically filled. The user must then collect and fill in the data from the remaining six
criteria to achieve the building’s final score. This information can be gathered from identified BIM tools — Cype and Energy Plus — by
exporting the BIM model through different procedures.

SBTool®™ was validated by comparing results with SBTool’™-H manual assessment. Differences of less than 2% were noticed in
only three criteria, which did not affect the building score. Time savings were noticed when collecting the building data and per-
forming the assessment calculations. SBTool®™ gathers and groups all the available data according to the criteria requirements and
automatically performs the sustainability assessment. It takes a couple of minutes to run and can be applied in early project stages,
acting as a decision support tool for project sustainability optimisation. Improvement measures are easily introduced and analysed,
providing designers with reliable data for decision-making. SBTool®™ can be included in the Open BIM concept as it is hosted by the
BIM platform Autodesk Revit. Articulation of building sustainability with other project disciplines is enhanced, as well as information
share. Besides the capability to read models from other software, Autodesk Revit also allows exporting the model for BIM tools to carry
out the required performance analysis.

Despite the automatic assessment, SBTool®™ requires a properly characterised model and prior knowledge about the input data.
Some of the assessment data still need to be manually gathered by the user and introduced into de model or application. Although, the
major limitation concerns the impossibility of automatically assessing the 25 criteria of SBTool?-H. Six criteria require performance
analysis results, which are not available in Autodesk Revit. A BIM linkage to specific software was established to easily gather the
remaining data within the BIM environment. Such linkage uses the same BIM model and considers Autodesk Revit as a starting point,
sparing the user from rework with the model and establishing a straightforward method to collect the remaining data and conclude the
evaluation. New shared parameters could be included in the SBTool®™™ template, to fill building performance data directly in the
Autodesk Revit environment. However, the evaluation would not be complete without the building performance results, which would
always require additional BIM tools. This kind of data is usually available in the project later stages, i.e., the building thermal comfort is
only known when all the building envelope and systems are well defined. To act in the project’s early stages with real-time feedback,
the SBTool®™ application does not consider such building performance criteria but offers additional BIM links to assess them.
Nevertheless, the results from the 19 criteria can already provide a strong prediction of the building performance. SBTool®™ does not
consider some details from SBTool"T-H. Only building elements such as walls, floors, roofs, stairs, windows, and doors are considered.
All exterior permeable areas are considered as “grass” for the building sealed soil evaluation. Building structural elements can be
considered if modelled as walls, floors or roofs and building furniture is not considered. However, both were not expectable to be
included, as SBTool®™ aims to act in the project’s early stages, where such data is usually unavailable.

Regarding its applicability, SBTool®™ is hosted on paid software — Autodesk Revit and Dynamo — which can restrict its general
adoption. The absence of mandatory regulation and the low awareness of building owners are also important factors that can hinder
SBTool®™ applicability. SBTool®™ was mainly developed for Portuguese single-family buildings but is also applicable in multi-family
buildings, being only able to provide a global assessment of the building. However, SBTool®™ applicability is strongly dependent on
the BIM model complexity and computer features. The application requires a couple of minutes to start, freezing Autodesk Revit during
this time. Complex and large models will extend the freezing time, as well as less powerful computers. This fact can also hinder
SBTool®™ use in complex and/or large buildings. In this matter, there is still a need to optimise the application algorithm in order to
reduce the number of commands and speed up the assessment time. Moreover, an additional and improved interface is also required
both to facilitate comparisons when analysing modification measures and to provide more user-friendly outputs (such as graphic
results). Note also that major modifications on Dynamo software may also require reviewing the SBTool®™ algorithm.

SBTool®™ can be applied to all residential buildings by creating and characterising the respective BIM model. It can be developed
directly in Autodesk Revit or imported through IFC from another platform. SBTool®™ considers the Portuguese version SBTool’T-H,
which is adapted for the Portuguese context. Foreign buildings can still be submitted and evaluated according to Portuguese standards
to understand the building sustainability level. Nevertheless, process replicability for other building types or locations was found very
accessible. SBTool®™ file can be edited in Dynamo and new criteria can be introduced using similar established procedures. Bench-
marks are located at the end of each criterion evaluation and can also be changed according to local standards. As SBTool®™ is also
based on the SBTool international system, the same benefits are applied, such as flexibility in criteria consideration and location
applicability. The replication for other BSA schemes is also feasible if they are also based on key performance indicators. The research
ideology can be replicated for other BSA schemes, only by translating their criteria into computable rules.

6. Conclusions

The research outputs have presented a novel BIM-based application for end-users which provides an automatic assessment of
building sustainability using SBTool"T-H. By providing real-time feedback about the performance of 19 key performance indicators,
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SBTool®™ offers a cutting-edge decision support tool to enhance building sustainability during the project’s early stages. Different
designs and improvement measures can be easily analysed and compared with fewer resources, creating the opportunity to develop
highly efficient and ecological buildings.

SBTool®™ was found very reliable and can reduce the sustainability assessment time from a week to a couple of days when per-
forming the first project analysis, including data collection, BIM model creation and characterisation and, specific building perfor-
mance evaluations. Subsequent analysis on the same project only takes a couple of minutes. When integrated into a BIM environment,
the prior existence of a BIM model can further reduce the assessment time, as well as avoid double work.

The main limitation of SBTool®™ is the impossibility to automate all the 25 criteria of SBTool”'-H. Six criteria require specific input
data, such as building performance simulation results, which are out of Autodesk Revit scope. An alternative BIM procedure was
identified to collect the required information, with a straightforward connection with the BIM model. Besides the need to include all
the 25 criteria, SBTool®™ will also require the development of a more user-friendly interface and a more efficient algorithm to deal
with more complex buildings. As future research, it is proposed to improve the existing limitations, as well as to extend the SBTool®™
approach to other building types, locations and sustainability rating schemes, to effectively increase BIM integration and enhance
buildings sustainability.

Overall, it is expected that SBTool®™ will be an essential tool to evaluate and optimise building sustainability, providing valuable
contributions to meet worldwide decarbonisation and climate targets. SBTool®™ has demonstrated a future path for BIM integration in
BSA, providing designers and researchers with an innovative approach to perform building analysis and frame BSA in future BIM
standards.

Funding

This research has been supported by the Portuguese Foundation for Science and Technology (FCT), under the doctoral grant SFRH/
BD/145735/2019. This grant was co-financed by the European Social Fund (FSE) through the Northern Regional Operational
Program.

CRediT authorship contribution statement

José Pedro Carvalho: Conceptualization, Methodology, Software, Writing — original draft, Validation, Formal analysis, Investi-
gation, Writing — review & editing, Visualization, Funding acquisition. Luis Braganca: Supervision, Validation, Writing — review &
editing, Visualization, Validation. Ricardo Mateus: Supervision, Validation, Writing — review & editing, Visualization, Validation.

Declaration of competing interest

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

Data availability

No data was used for the research described in the article.

References

[1] C. Aradjo, M. Almeida, L. Braganca, Analysis of some Portuguese thermal regulation parameters, Energy Build. 58 (2013) 141-150, https://doi.org/10.1016/J.
ENBUILD.2012.11.024.
European Commission, Buildings and construction, (n.d.). https://single-market-economy.ec.europa.eu/industry/sustainability/buildings-and-construction_en
(accessed May 31, 2023).
European Commission, Focus: Energy Efficiency in Buildings, 2020. https://commission.europa.eu/news/focus-energy-efficiency-buildings-2020-02-17_en.
(Accessed 31 May 2023).
[4] A. Nielsen, R. Jensen, T. Larsen, S. Nissen, Early stage decision support for sustainable building renovation — a review, Build. Environ. 103 (2016) 165-181,
https://doi.org/10.1016/j.buildenv.2016.04.009.
[5] N. Ardda, R. Mateus, L. Braganca, Methodology to identify and prioritise the social aspects to Be considered in the design of more sustainable residential
buildings—application to a developing country, Buildings 8 (2018) 130, https://doi.org/10.3390/buildings8100130.
[6] R. Mateus, L. Braganga, Sustainability assessment and rating of buildings: developing the methodology SBToolPT-H, Build. Environ. 46 (2011) 1962, https://
doi.org/10.1016/J.BUILDENV.2011.04.023. -1971.
[7] J.K.W. Wong, J. Zhou, Enhancing environmental sustainability over building life cycles through green BIM: a review, Autom. ConStruct. 57 (2015) 156-165,
https://doi.org/10.1016/J.AUTCON.2015.06.003.
[8] J.P. Carvalho, L. Braganca, R. Mateus, Sustainable building design: analysing the feasibility of BIM platforms to support practical building sustainability
assessment, Comput. Ind. 127 (2021), 103400, https://doi.org/10.1016/j.compind.2021.103400.
[9] S. Maltese, L.C. Tagliabue, F.R. Cecconi, D. Pasini, M. Manfren, A.L.C. 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.
[10] R. Ade, M. Rehm, The unwritten history of green building rating tools: a personal view from some of the ‘founding fathers, Build. Res. Inf. 48 (2020) 1-17,
https://doi.org/10.1080/09613218.2019.1627179.
[11] L.C. Tagliabue, F.R. Cecconi, S. Maltese, S. Rinaldi, A.L.C. Ciribini, A. Flammini, Leveraging digital twin for sustainability assessment of an educational building,
Sustainability 13 (2021) 480, https://doi.org/10.3390/5U13020480, 13 (2021) 480.
[12] P. Ghannad, Y.C. Lee, J. Dimyadi, W. Solihin, Automated BIM data validation integrating open-standard schema with visual programming language, Adv. Eng.
Inf. 40 (2019) 14-28, https://doi.org/10.1016/J.AE1.2019.01.006.
[13] R. Marmo, F. Polverino, M. Nicolella, A. Tibaut, Building performance and maintenance information model based on IFC schema, Autom. ConStruct. 118
(2020), 103275, https://doi.org/10.1016/J.AUTCON.2020.103275.

[2

[}

[3

)

21


https://doi.org/10.1016/J.ENBUILD.2012.11.024
https://doi.org/10.1016/J.ENBUILD.2012.11.024
https://single-market-economy.ec.europa.eu/industry/sustainability/buildings-and-construction_en
https://commission.europa.eu/news/focus-energy-efficiency-buildings-2020-02-17_en
https://doi.org/10.1016/j.buildenv.2016.04.009
https://doi.org/10.3390/buildings8100130
https://doi.org/10.1016/J.BUILDENV.2011.04.023
https://doi.org/10.1016/J.BUILDENV.2011.04.023
https://doi.org/10.1016/J.AUTCON.2015.06.003
https://doi.org/10.1016/j.compind.2021.103400
https://doi.org/10.1016/J.PROENG.2017.04.211
https://doi.org/10.1080/09613218.2019.1627179
https://doi.org/10.3390/SU13020480
https://doi.org/10.1016/J.AEI.2019.01.006
https://doi.org/10.1016/J.AUTCON.2020.103275

J.P. Carvalho et al.

[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]

[41]
[42]

[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]

[53]

Journal of Building Engineering 76 (2023) 107228

S. Ilal, H. Giinaydin, Computer representation of building codes for automated compliance checking, Autom. ConStruct. 82 (2017) 43-58, https://doi.org/
10.1016/j.autcon.2017.06.018.

P. Burggrif, M. Dannapfel, M. Ebade-Esfahani, F. Scheidler, Creation of an expert system for design validation in BIM-based factory design through automatic
checking of semantic information, Procedia CIRP 99 (2021) 3-8, https://doi.org/10.1016/J.PROCIR.2021.03.012.

R. Santos, A.A. Costa, J.D. Silvestre, L. Pyl, Integration of LCA and LCC analysis within a BIM-based environment, Autom. ConStruct. 103 (2019) 127-149,
https://doi.org/10.1016/j.autcon.2019.02.011.

M. Salamak, M. Jasinski, T. Plaszczyk, M. Zarski, Analytical Modelling in Dynamo, vol. 18, Transactions of the VSB — Technical University of Ostrava, Civil
Engineering Series, 2019, https://doi.org/10.31490/TCES-2018-0014.

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, J. Build. Eng. 14 (2017) 115-126, https://doi.org/10.1016/j.jobe.2017.10.005.

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.

R. Kivits, C. Furneaux, BIM: Enabling Sustainability and Asset Management through Knowledge Management, The Scientific World Journal, 2013, 983721,
https://doi.org/10.1155/2013/983721.

J.P. Carvalho, L. Braganca, R. Mateus, Optimising building sustainability assessment using BIM, Autom. ConStruct. 102 (2019) 170-182, https://doi.org/
10.1016/J.AUTCON.2019.02.021.

M. Shan, B. gang Hwang, Green building rating systems: global reviews of practices and research efforts, Sustain. Cities Soc. 39 (2018) 172-180, https://doi.
org/10.1016/J.SCS.2018.02.034.

T. Sartori, R. Drogemuller, S. Omrani, F. Lamari, A schematic framework for life cycle assessment (LCA) and green building rating system (GBRS), J. Build. Eng.
38 (2021), 102180, https://doi.org/10.1016/J.JOBE.2021.102180.

B. Wen, N. Musa, C.C. Onn, S. Ramesh, L. Liang, W. Wang, Evolution of sustainability in global green building rating tools, J. Clean. Prod. 259 (2020), 120912,
https://doi.org/10.1016/J.JCLEPRO.2020.120912.

A. Haapio, P. Viitaniemi, A critical review of building environmental assessment tools, Environ. Impact Assess. Rev. 28 (2008) 469-482, https://doi.org/
10.1016/J.EIAR.2008.01.002.

Y. He, T. Kvan, M. Liu, B. Li, How green building rating systems affect designing green, Build. Environ. 133 (2018) 19-31, https://doi.org/10.1016/J.
BUILDENV.2018.02.007.

P.E. Haeberli, ConMan: a visual Programming Language for interactive graphics, in: Proceedings of the 15th Annual Conference on Computer Graphics and
Interactive Techniques - SIGGRAPH 88, 1988, p. 22, https://doi.org/10.1145/54852.

M. Sheikhkhoshkar, F. Pour Rahimian, M.H. Kaveh, M.R. Hosseini, D.J. Edwards, Automated planning of concrete joint layouts with 4D-BIM, Autom. ConStruct.
107 (2019), 102943, https://doi.org/10.1016/J. AUTCON.2019.102943.

L.P.N. Sanhudo, J.P. da, S.P. Martins, Building information modelling for an automated building sustainability assessment, Civ. Eng. Environ. Syst. 35 (2018)
99-116, https://doi.org/10.1080,/10286608.2018.1521393.

D. Zhang, J. Zhang, J. Guo, H. Xiong, A semantic and social approach for real-time green building rating in BIM-based design, Sustainability 11 (2019) 3973,
https://doi.org/10.3390/5u11143973.

A.M.IL Raouf, S.G. Al-Ghamdi, Building information modelling and green buildings: challenges and opportunities, Architect. Eng. Des. Manag. 15 (2019) 1-28,
https://doi.org/10.1080/17452007.2018.1502655.

J.P. Carvalho, L. Braganca, R. Mateus, A systematic review of the role of BIM in building sustainability assessment methods, Appl. Sci. 10 (2020) 4444, https://
doi.org/10.3390/app10134444.

R. Santos, A.A. Costa, J.D. Silvestre, T. Vandenbergh, L. Pyl, BIM-based life cycle assessment and life cycle costing of an office building in Western Europe, Build.
Environ. 169 (2020), 106568, https://doi.org/10.1016/j.buildenv.2019.106568.

R.E. Edwards, E. Lou, A. Bataw, S.N. Kamaruzzaman, C. Johnson, Sustainability-led design: feasibility of incorporating whole-life cycle energy assessment into
BIM for refurbishment projects, J. Build. Eng. 24 (2019), 100697, https://doi.org/10.1016/j.jobe.2019.01.027.

C.R.S. Varma, S. Palaniappan, Comparision of green building rating schemes used in North America, Europe and Asia, Habitat Int. 89 (2019), 101989, https://
doi.org/10.1016/j.habitatint.2019.05.008.

A. Shi, S. Shirowzhan, A. Kaboli, 5D BIM applications in quantity surveying: Dynamo and 3D printing technologies, in: S. Shirowzhan, K. Zhang (Eds.), Smart
Cities and Construction Technologies, IntechOpen, 2020, https://doi.org/10.5772/INTECHOPEN.86103.

B. Succar, Building information modelling framework: a research and delivery foundation for industry stakeholders, Autom. ConStruct. 18 (2009) 357-375,
https://doi.org/10.1016/J.AUTCON.2008.10.003.

W. Solihin, C. Eastman, Classification of rules for automated BIM rule checking development, Autom. ConStruct. 53 (2015) 69-82, https://doi.org/10.1016/J.
AUTCON.2015.03.003.

N. Li, Q. Li, Y.S. Liu, W. Lu, W. Wang, BIMSeek+-+: retrieving BIM components using similarity measurement of attributes, Comput. Ind. 116 (2020), 103186,
https://doi.org/10.1016/j.compind.2020.103186.

F.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.

AIA, AIA Document G202-2013, Project Building Information Modeling Protocol Form, 2013.

U.S. General Services Administration, Approved Use Matrix | GSA, (n.d.). https://www.gsa.gov/real-estate/design-and-construction/3d4d-building-
information-modeling/bim-software-guidelines/document-guides/level-of-detail /approved-use-matrix (accessed August 3, 2022).

T. El-Diraby, T. Krijnen, M. Papagelis, BIM-based collaborative design and socio-technical analytics of green buildings, Autom. ConStruct. 82 (2017) 59-74,
https://doi.org/10.1016/J.AUTCON.2017.06.004.

Z.M. Salehabadi, R. Ruparathna, User-centric sustainability assessment of single family detached homes (SFDH): a BIM-based methodological framework,

J. Build. Eng. 50 (2022), 104139, https://doi.org/10.1016/J.JOBE.2022.104139.

Z. Liu, Y. Lu, M. Shen, L.C. Peh, Transition from building information modeling (BIM) to integrated digital delivery (IDD) in sustainable building management: a
knowledge discovery approach based review, J. Clean. Prod. 291 (2021), 125223, https://doi.org/10.1016/J.JCLEPR0O.2020.125223.

M. al Hattab, The dynamic evolution of synergies between BIM and sustainability: a text mining and network theory approach, J. Build. Eng. 37 (2021), 102159,
https://doi.org/10.1016/J.JOBE.2021.102159.

L. Nazarko, Technology assessment in construction sector as a strategy towards sustainability, in: Procedia Eng, Elsevier Ltd, 2015, pp. 290-295, https://doi.
org/10.1016/j.proeng.2015.10.038.

L. Zhang, Z. Chu, Q. He, P. Zhai, L. Zhang, Z. Chu, Q. He, P. Zhai, Investigating the constraints to buidling information modeling (BIM) applications for
sustainable building projects: a case of China, Sustainability 11 (2019) 1896, https://doi.org/10.3390/s5u11071896.

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.

F. Jalaei, A. Jrade, Integrating building information modeling (BIM) and LEED system at the conceptual design stage of sustainable buildings, Sustain. Cities Soc.
18 (2015) 95-107, https://doi.org/10.1016/J.5CS.2015.06.007.

S. Azhar, W.A. Carlton, D. Olsen, I. Ahmad, Building information modeling for sustainable design and LEED® rating analysis, Autom. ConStruct. 20 (2011)
217-224, https://doi.org/10.1016/J.AUTCON.2010.09.019.

K. Kensek, Y. Ding, T. Longcore, Green building and biodiversity: facilitating bird friendly design with building information models, J. Green Build. 11 (2016)
116-130, https://doi.org/10.3992/jgb.11.2.116.1.

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.

22


https://doi.org/10.1016/j.autcon.2017.06.018
https://doi.org/10.1016/j.autcon.2017.06.018
https://doi.org/10.1016/J.PROCIR.2021.03.012
https://doi.org/10.1016/j.autcon.2019.02.011
https://doi.org/10.31490/TCES-2018-0014
https://doi.org/10.1016/j.jobe.2017.10.005
https://doi.org/10.1016/J.ENBUILD.2016.12.009
https://doi.org/10.1016/J.ENBUILD.2016.12.009
https://doi.org/10.1155/2013/983721
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.SCS.2018.02.034
https://doi.org/10.1016/J.SCS.2018.02.034
https://doi.org/10.1016/J.JOBE.2021.102180
https://doi.org/10.1016/J.JCLEPRO.2020.120912
https://doi.org/10.1016/J.EIAR.2008.01.002
https://doi.org/10.1016/J.EIAR.2008.01.002
https://doi.org/10.1016/J.BUILDENV.2018.02.007
https://doi.org/10.1016/J.BUILDENV.2018.02.007
https://doi.org/10.1145/54852
https://doi.org/10.1016/J.AUTCON.2019.102943
https://doi.org/10.1080/10286608.2018.1521393
https://doi.org/10.3390/su11143973
https://doi.org/10.1080/17452007.2018.1502655
https://doi.org/10.3390/app10134444
https://doi.org/10.3390/app10134444
https://doi.org/10.1016/j.buildenv.2019.106568
https://doi.org/10.1016/j.jobe.2019.01.027
https://doi.org/10.1016/j.habitatint.2019.05.008
https://doi.org/10.1016/j.habitatint.2019.05.008
https://doi.org/10.5772/INTECHOPEN.86103
https://doi.org/10.1016/J.AUTCON.2008.10.003
https://doi.org/10.1016/J.AUTCON.2015.03.003
https://doi.org/10.1016/J.AUTCON.2015.03.003
https://doi.org/10.1016/j.compind.2020.103186
https://doi.org/10.1016/J.ENERGY.2015.12.135
http://refhub.elsevier.com/S2352-7102(23)01408-0/sref41
https://www.gsa.gov/real-estate/design-and-construction/3d4d-building-information-modeling/bim-software-guidelines/document-guides/level-of-detail/approved-use-matrix
https://www.gsa.gov/real-estate/design-and-construction/3d4d-building-information-modeling/bim-software-guidelines/document-guides/level-of-detail/approved-use-matrix
https://doi.org/10.1016/J.AUTCON.2017.06.004
https://doi.org/10.1016/J.JOBE.2022.104139
https://doi.org/10.1016/J.JCLEPRO.2020.125223
https://doi.org/10.1016/J.JOBE.2021.102159
https://doi.org/10.1016/j.proeng.2015.10.038
https://doi.org/10.1016/j.proeng.2015.10.038
https://doi.org/10.3390/su11071896
https://doi.org/10.1016/J.RSER.2016.09.028
https://doi.org/10.1016/J.SCS.2015.06.007
https://doi.org/10.1016/J.AUTCON.2010.09.019
https://doi.org/10.3992/jgb.11.2.116.1
https://doi.org/10.1016/j.buildenv.2019.02.024

J.P. Carvalho et al.

[54]
[55]
[56]

[57]

[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]

[68]

[69]
[70]
[71]
[72]
[73]
[74]

[75]

Journal of Building Engineering 76 (2023) 107228

B. Ilhan, H. Yaman, Green building assessment tool (GBAT) for integrated BIM-based design decisions, Autom. ConStruct. 70 (2016) 26-37, https://doi.org/
10.1016/J.AUTCON.2016.05.001.

S. Gandhi, J. Jupp, BIM and Australian green star building certification, in: Computing in Civil and Building Engineering, American Society of Civil Engineers,
Reston, VA, 2014, pp. 275-282, https://doi.org/10.1061/9780784413616.035, 2014.

J.K.-W. Wong, K.-L. Kuan, Implementing ‘BEAM Plus’ for BIM-based sustainability analysis, Autom. ConStruct. 44 (2014) 163-175, https://doi.org/10.1016/J.
AUTCON.2014.04.003.

A. GhaffarianHoseini, D. Tien Doan, N. Naismith, J. Tookey, A. GhaffarianHoseini, Amplifying the practicality of contemporary building information modelling
(BIM) implementations for New Zealand green building certification (Green Star), Engineering, Constr. Architect. Manag. 24 (2017) 696-714, https://doi.org/
10.1108/ECAM-02-2016-0043.

Z. Liu, K. Chen, L. Peh, K.W. Tan, A feasibility study of building information modeling for green mark new non-residential building (NRB): 2015 analysis, in:
Energy Procedia, Elsevier Ltd, 2017, pp. 80-87, https://doi.org/10.1016/j.egypro.2017.12.651.

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

H.-Y. Chong, C.-Y. Lee, X. Wang, A mixed review of the adoption of Building Information Modelling (BIM) for sustainability, J. Clean. Prod. 142 (2017)
4114-4126, https://doi.org/10.1016/J.JCLEPRO.2016.09.222.

C. Quinn, A.Z. Shabestari, T. Misic, S. Gilani, M. Litoiu, J.J. McArthur, Building automation system - BIM integration using a linked data structure, Autom.
ConStruct. 118 (2020), 103257, https://doi.org/10.1016/J.AUTCON.2020.103257.

C. Cavalliere, G.R. Dell’Osso, F. Favia, M. Lovicario, BIM-based assessment metrics for the functional flexibility of building designs, Autom. ConStruct. 107
(2019), 102925, https://doi.org/10.1016/J.AUTCON.2019.102925.

F.S. Villaschi, J.P. Carvalho, L. Braganca, BIM-based method for the verification of building code compliance, Appl. Syst. Innovat. 5 (2022) 64, https://doi.org/
10.3390/AS15040064. Page 64. 5 (2022).

J.P. Carvalho, F.S. Villaschi, L. Braganca, Assessing life cycle environmental and economic impacts of building construction solutions with BIM, Sustainability
13 (2021) 8914, https://doi.org/10.3390/5U13168914, 13 (2021) 8914.

F. Banfi, M. Previtali, Human-computer interaction based on scan-to-BIM models, digital photogrammetry, visual Programming Language and eXtended reality
(XR), Appl. Sci. 11 (2021) 6109, https://doi.org/10.3390/APP11136109, 11 (2021) 6109.

C.Y. Tsai, Improving students’ understanding of basic programming concepts through visual programming language: the role of self-efficacy, Comput. Hum.
Behav. 95 (2019) 224-232, https://doi.org/10.1016/J.CHB.2018.11.038.

K. Negendahl, Building performance simulation in the early design stage: an introduction to integrated dynamic models, Autom. ConStruct. 54 (2015) 39-53,
https://doi.org/10.1016/J. AUTCON.2015.03.002.

S.N. Kamaruzzaman, H. Salleh, E.C. Weng Lou, R. Edwards, P.F. Wong, Assessment schemes for sustainability design through BIM: lessons learnt, in: S.N.

B. Kamaruzzaman, A.S.B. Ali, N.F.B. Azmi, S.J.L. Chua (Eds.), MATEC Web of Conferences, the 4th International Building Control Conference, EDP Sciences,
Kuala Lumpur, Malaysia, 2016, 00080, https://doi.org/10.1051/matecconf/20166600080.

N. Larsson, SB Method and SBTool for 2011 - Overview, 2011. http://www.iisbe.org/system/files/private/Nils%20Larsson_ New%20SBToo0l%20Generic%
20Framework.pdf. (Accessed 11 December 2018).

M. de F. Castro, R. Mateus, L. Braganga, Development of a healthcare building sustainability assessment method — proposed structure and system of weights for
the Portuguese context, J. Clean. Prod. 148 (2017) 555-570, https://doi.org/10.1016/J.JCLEPRO.2017.02.005.

de Almeida Saraiva, Braganca, adaptation of the SBTool for sustainability assessment of high school buildings in Portugal—sahsbpt, Appl. Sci. 9 (2019) 2664,
https://doi.org/10.3390/app9132664.

L. Bragangca, SBTool Urban: instrumento para a promocao da sustentabilidade urbana, in: I Simpdsio Nacional de Gestao e Engenharia Urbana, Sao Carlos, 2017.
http://civil.uminho.pt/urbenere/wp-content/uploads/2018/05/E28-SINGEURB-2017.pdf. (Accessed 28 December 2018).

J. Bedrick, W. Ikerd, J. Reinhardt, Level of Development (LOD) Specification for Building Information Models, Part I, Guide & Commentary, 2021. www.
bimforum.org/lod. (Accessed 3 August 2022).

A. Aksamija, BIM-based building performance analysis: evaluation and simulation of design decisions, in: ACEEE Summer Study on Energy Efficiency in
Buildings, 2012.

J.P. Carvalho, M. Almeida, L. Braganca, R. Mateus, BIM-based energy analysis and sustainability assessment—application to Portuguese buildings, Buildings 11
(2021) 246, https://doi.org/10.3390/BUILDINGS11060246, 11 (2021) 246.

23


https://doi.org/10.1016/J.AUTCON.2016.05.001
https://doi.org/10.1016/J.AUTCON.2016.05.001
https://doi.org/10.1061/9780784413616.035
https://doi.org/10.1016/J.AUTCON.2014.04.003
https://doi.org/10.1016/J.AUTCON.2014.04.003
https://doi.org/10.1108/ECAM-02-2016-0043
https://doi.org/10.1108/ECAM-02-2016-0043
https://doi.org/10.1016/j.egypro.2017.12.651
https://doi.org/10.1016/j.autcon.2019.02.022
https://doi.org/10.1016/J.JCLEPRO.2016.09.222
https://doi.org/10.1016/J.AUTCON.2020.103257
https://doi.org/10.1016/J.AUTCON.2019.102925
https://doi.org/10.3390/ASI5040064
https://doi.org/10.3390/ASI5040064
https://doi.org/10.3390/SU13168914
https://doi.org/10.3390/APP11136109
https://doi.org/10.1016/J.CHB.2018.11.038
https://doi.org/10.1016/J.AUTCON.2015.03.002
https://doi.org/10.1051/matecconf/20166600080
http://www.iisbe.org/system/files/private/Nils%20Larsson_New%20SBTool%20Generic%20Framework.pdf
http://www.iisbe.org/system/files/private/Nils%20Larsson_New%20SBTool%20Generic%20Framework.pdf
https://doi.org/10.1016/J.JCLEPRO.2017.02.005
https://doi.org/10.3390/app9132664
http://civil.uminho.pt/urbenere/wp-content/uploads/2018/05/E28-SINGEURB-2017.pdf
http://www.bimforum.org/lod
http://www.bimforum.org/lod
http://refhub.elsevier.com/S2352-7102(23)01408-0/sref74
http://refhub.elsevier.com/S2352-7102(23)01408-0/sref74
https://doi.org/10.3390/BUILDINGS11060246

	Automating building sustainability assessment using building information modelling: A case study
	1 Introduction
	2 Literature review
	2.1 Building sustainability assessment methods
	2.2 BIM and applications for building sustainability
	2.3 Visual programming
	2.4 SBTool

	3 Material and methods
	3.1 Methodology
	3.2 Software
	3.3 Case study

	4 Results
	4.1 Input requirements and assessment model
	4.2 SBToolBIM template and model characteristics
	4.3 SBToolBIM
	4.3.1 Structure
	4.3.2 Case study application

	4.4 BIM linkage for the remaining criteria

	5 Discussion
	6 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


