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Abstract

Digital tools help facilitate the implementation of sustainability practices in the built
environment in the era of rapid urban developments. However, the extant literature revealed
salient gaps in the use of cloud-based systems and digital tools to evaluate buildings'
sustainability performance. Consequently, the current study aims to develop and implement a
cloud-based sustainability assessment (CSA) system to evaluate and compare the
sustainability performance of buildings based on the Building Sustainability Assessment
Method (BSAM) scheme green rating system. A design science research (DSR) approach
was adopted in designing, developing, and validating the CSA system. The developed CSA
system is based on the SaaS model of cloud computing. The methods evaluation validation
of the CSA system when compared with other systems revealed that the developed CSA
system would result in higher time and learning efficiency for the users. The findings from the
case study validation of the CSA system, using four building projects, indicate that the
developed artefact offers a better secured, automated, reliable, and value-adding tool for the
building sustainability assessment process. It also eases the automated process of updating
data, evaluating, and comparing building projects towards improving the overall building
sustainability profile. More so, the CSA system has a great potential to assist stakeholders in
their buildings’ sustainability decision-making process and enhancing sustainable
development.

Keywords: BSAM scheme; cloud-based system; design science research; digital tool; green
building; sustainability assessment.
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1. Introduction

In recent years, there has been an increase in large-scale urban development and
interventions in the built environment worldwide due to the need to shore up the housing
deficits. Accordingly, Du Plessis (2007) argued that such interventions, especially in
developing countries, must be socially and economically-centric and not just based on
environmental factors. In this regard, Bengtsson and Gerfalk (2011) and Nazarko (2015)
recommended using technological solutions to advance the implementation of sustainability

in developing countries and achieve sustainable development.

A plethora of related literature provides evidence on the use of digital technology to address
sustainability issues. The increasing expectation of clients and stakeholders in the
construction industry to procure and produce green and smart buildings has increased the
interest in the use of digital tools for sustainability notions (Chan et al., 2019; Jrade & Jalaei,
2013). Some of the benefits derivable from using digital tools for sustainability processes
include performance analysis (Inyim et al., 2015), data management (Wu & lIssa, 2012),
production of sustainability information (Hellstrom, 2007), visualization, time and cost
efficiency (Ilhan & Yaman, 2016), data interoperability (Vanlande et al., 2008), and facilitating
decision-making (Shojaei et al., 2019).

For instance, Ilhan and Yaman (2016), while highlighting the benefits inherent in using BIM,
proposed an IFC-based tool useful for extracting information from a BIM model to rate the
sustainability potentials of building design using the BREEAM cetrtification process. However,
the study only focuses on the materials category of the BREEAM green rating system. In
another study, Wu and Issa (2012) proposed a theoretical business framework which utilizes
cloud-BIM software to advance the automation of LEED assessment for green projects.
However, the proposed theoretical framework is still a long way from being implemented in a

real-case scenario.

Furthermore, Banani et al. (2013) emphasized the importance of developing sustainability
standards or green building rating systems (GBRS) that fits with the local context of the country
and region. This is evident in the existing GBRS (that is, LEED, BREEAM, BSAM scheme,
and the like) currently available for building sustainability assessments which vary based on
their sustainability criteria and the significance attached to each criteria rating (Alyami &
Rezgui, 2012; Xiaoping et al., 2009). In this context, Ansah et al. (2019) reviewed previous
studies examining how BIM could be used to integrate selected GBRS for sustainability
assessment. Accordingly, the study discovered that BIM model databases in their current

forms only permit quantitative data storage and management, whereas the existing GBRS



heavily utilized quantitative and qualitative data (Ansah et al., 2019). Hence, there is a

mismatch in their requirement.

More so, there is the issue of interoperability which has been widely reported as a barrier to
BIM being the “go-to” digital tool for sustainability assessment (Niknam & Karshenas, 2017).
Also, according to Ansah et al. (2019), most studies that examined BIM-GBRS integration
merely scratch the surface of it, with only very few presenting the actual validation of their
developed models. Also, those few articles failed to provide in-depth process of its application,
hence, limiting the replicability of such studies (Ansah et al., 2019). Other relevant applications
of digital tools for sustainability implementation include the adoption of artificial photosynthesis
technology for energy sustainability and sustainable ecosystem (Faunce et al., 2013), BIM-
based energy and acoustic analysis (Azhar & Brown, 2009), use of wireless sensing
technology, camera network, and other systems to detect occupant presence within a facility

(Dong et al., 2010), among others.

Given the limitations of existing technologies, especially BIM, which has found some
usefulness for building sustainability assessments in the extant literature, the current study
advances the use of cloud-based systems. A cloud-based system will be able to handle both
qualitative and quantitative data to which BIM model databases are incapable of embedding
in its storage, as argued by Ansah et al. (2019). Moreover, there is a research gap on using
digital systems to undertake holistic sustainability assessment of buildings and infrastructures.
Few studies, such as llhan and Yaman (2016) and those identified by Ansah et al. (2019), only
incorporate one sustainability criteria or green building category. Hence, the current study by
developing and deploying a cloud-based system offers an automated approach to the holistic
sustainability assessment of buildings based on the BSAM scheme as well as offers

associated benefits derivable from applying digital solutions for sustainability implementation.

Research aim. This study aims to develop a cloud-based system to facilitate the automated
sustainability assessment of buildings based on the BSAM scheme rating system. The
proposed cloud-based sustainability assessment (CSA) is also expected to ease the
comparative evaluation of the sustainability performance of building projects and for
benchmarking purposes. Similarly, the CSA system will enhance the management of the
building sustainability data and facilitate reliable and objective decision-making for
construction stakeholders. Furthermore, to validate the efficiency, performance, and value of
the developed CSA system, a number of validation techniques would be employed in this
study — including case studies validation. The novelty of this study lies in its being the first
digital tool or software that supports the holistic and automated assessment of the

sustainability performance of green buildings.



Research scope. A systematic review of the global adoption of sustainability practices and
the use of digital solutions for sustainability processes in the extant literature (see Jung & Lee,
2015; Olawumi & Chan, 2017, 2018) shows that Africa lags behind other continents. For
instance, in the use of BIM for building system analysis, only 25% of the sampled data in Africa
has employed BIM services compared to 37.8%, 53.6%, and 72.5% in Asia, Europe, and North
America, respectively (Jung & Lee, 2015). However, the Africa region faired above average in
the use of digital tools for other construction purposes such as cost estimating. A key barrier
to using digital tools in developing countries in Africa is the high cost of the available
commercial digital tools (Chong et al., 2014; Olawumi & Chan, 2020). Hence, the need to
develop a cost-free cloud-based tool to enhance sustainability practices in sub-Saharan

Africa.

Within this context and to address the lack of relevant sustainability standards in sub-Saharan
Africa, Olawumi et al. (2020a) developed a green rating system — BSAM scheme. The BSAM
scheme encompasses the three pillars of sustainable development in its sustainability criteria;
unlike some existing GBRS like LEED, BREEAM, BEAM Plus, Green Star emphasises the
environmental sustainability criteria (Mahmoud, 2017). Hence, the proposed open-source
cloud-based tool in this study would embed the BSAM scheme rating scheme.

The next section presents an overview of digital technologies for sustainability implementation
and the benefits of using cloud-based systems. Subsequent sections detailed the research
approach, discusses the findings, and provides concluding remarks and the research

implications.

2. Digital technologies in the built environment: An overview

The increasing use of information technologies has transformed the way things and activities
are being undertaken in the construction industry. Various forms of digital tools have been
introduced in construction processes, ranging from the widely known BIM (Olawumi et al.,
2017) to others like RFID (Motamedi et al., 2013), sensors (Akinci et al., 2006), Internet of
Things (1oT) (Zhai et al., 2019), cloud-based systems (Zou et al., 2018), and more recently
blockchain technology (Elghaish et al., 2020) to address various issues in the construction
industry. Moreover, the increasing fragmentation of the construction processes and lack of
coordination between the various supply chain actors has increased the urgency to adopt ICT
to overcome these barriers (Olawumi & Chan, 2019a; Wu & Hsieh, 2012). In recent years,
some technologies are being integrated with each other, including cloud systems, to enhance
their capability (Porkodi & Kesavaraja, 2020; Shojaei et al., 2020; Siountri et al., 2019). For
instance, a review of BIM applications by Panteli et al. (2020) highlighted some related

sustainability analyses that could be carried out using digital building models. These include



solar and light simulation. thermal comfort analysis, energy performance analysis, waste
management, CO2 emission analysis. However, BIM need to be integrated with 10Ts to
facilitate its use for these building sustainability analyses (Olawumi & Chan, 2021).

Moreover, Rivera et al. (2015) classified the practices of using digital technologies to influence
and improve a practice or process into three main types: (i) ICT-based practices, (ii) ICT-
supported practices, and (iii) ICT-enhanced practices. In a technological-based practice, the
process needs to be wholly performed using the adopted digital technology, such as using a
cloud-BIM system to share project information and BIM models among the project participants
instantly. A good example is the development of a cloud-based system that facilitates the
delivery of progress monitoring data of reinforced concrete structure to stakeholders
(Matthews et al., 2015). A technological-supported practice is such a process which could be
undertaken with or without the adopted technology, but when technology is adopted, it makes
the process faster, effective, and improve the overall productivity. The use of blockchain
technology to facilitate financial management in construction projects by Elghaish et al. (2020)

is a good case.

Meanwhile, a technological-enhanced practice is such in which the adopted technology adds
some value to the process. For instance, Jiao et al. (2013b) deployed an integrated system of
cloud augmented reality (AR), BIM, and social networking services to support multi-
disciplinary users and enable users to render and peruse onsite images in a web3D
environment and monitor multiple AR scenarios. The material value in this technological-
enhanced practice is that construction stakeholders can manage the construction process by
simultaneously visualizing the BIM model and on-site images. Moreover, according to Rivera
et al. (2015), the perceptions of a technological application as ICT-based, supportive, or
enhanced might also differ depending on context and the users. In utilizing digital technologies
(DT) to address construction problems and improve its processes, the construction
stakeholders must ensure that such adopted DT is not given an implicit value in the process
(Rivera et al., 2015). That is, it must not affect the effective implementation of a process if the
DT is excluded.

2.1  Why cloud-based systems for sustainability processes?

The importance and use of cloud-based systems in everyday life have been accelerated by
the revolutionization of computer systems to more handy mobile phones. For instance, in year
2009, there was a global smartphone penetration of about 5% (Rivera et al., 2015), and in
year 2020, it has increased to about 44.9% of the global population (O’'Dea, 2020) in just over

a decade. Cloud-based systems are fundamentally used for the exchange of information and



communication — from social media sites, taxi-hailing services to smart devices and sensors

for green and smart buildings.

In the era of climate change, increasing greenhouse gas emissions, and waste pollutions,
Wangel et al. (2013) underscored the potential of digital technologies like cloud systems to
enhance the sustainability performance of buildings and the ecosystem. A cloud-based
system could fall in any of the earlier highlighted classifications of digital technological
practices depending on the context of its use. Cloud computing services are of three main
categories — Software as a Service (SaaS), Infrastructure as a Service (laaS), and Platform
as a Service (PaaS) (Chong et al., 2014). Readers interested in the meaning and differences

between these services are referred to Chong et al. (2014) and Zhang et al. (2012).

Moreover, several studies have employed cloud-based systems in the built environment. A
study by Yousif et al. (2020) developed a web-based cost-estimating system useful to control
and manage the cost of construction projects. The cost-estimating system was developed
using programming languages such as ASP.Net and C# and offers full automation for the
measurement and cost estimation process of substructural and superstructural works.
Furthermore, Grilo and Jardim-Goncalves (2013) proposed a distributed cloud marketplaces
to facilitate e-procurement activities in Portugal’s architectural, engineering, and construction
(AEC) industry. A key technological benefit of the deployed e-procurement system is that it
helps overcome interoperability issues usually encountered when AEC actors interact in a

collaborative environment.

Furthermore, Tao et al. (2011) identified four key advantages of cloud systems which has
increase their usage, and this includes: firstly, it is economical — cheaper than using
standalone software. Users only need to pay for services they utilize. Secondly, cloud systems
are flexible in terms of storage and its servers and users, which are available at the user’s
request. Thirdly, according to Tao et al. (2011), the technology supporting cloud-based
systems are very reliable, less error-strewn, always accessible, and available. Lastly, cloud-
based systems are user-friendly and could easily be configured based on users' requirements
(Tao et al., 2011). More so, per Wu and Issa (2012), investment in cloud-based infrastructure
could improve the social capital of a construction firm. Nevertheless, there are some risks
involved with cloud systems, such as private data leaks (Chong et al., 2014), vendor lock-in
risks (Sarna, 2010), the untrustworthiness of third parties (Dorey & Leite, 2011), among others.
Other applications of cloud-based systems in the built environment are related to lifecycle data
management (Jiao et al., 2013a), benchmarking users’ BIM performance (Du et al., 2014),

indoor localization solutions for construction management (Fang et al., 2016), and the like.



Given the above benefits of deploying cloud-based systems, the current study developed a
custom-suit cloud-based tool to automate the assessment of the sustainability performance of
buildings designed. Moreover, according to Chong et al. (2014), using cloud-based systems
helps lower the entry cost for construction firms trying to explore and benefit from computer-
intensive analysis and provides a level playing for all AEC actors. Hence, this is more
significant in the sub-Saharan region of Africa, where the high cost of using digital applications
to facilitate sustainable buildings is an inhibitive factor (Chong et al., 2014; Olawumi & Chan,
2020). As a result, the deployment of cloud-based systems, as in the case in this paper, could
stimulate and serve as a catalyst for increased innovation (Marston et al., 2011) in the African
built environment. The proposed CSA system utilizes the SaaS model of cloud computing.

The next section presents the research methods applied to develop the CSA tool.

3. Research Methodology

The study employed a design science research (DSR) method towards developing the
proposed CSA system. DSR is a research paradigm that encompasses the development and
use of innovative technological tools (artefacts) to solve practical problems within an
application domain (Hevner & Chatterjee, 2010a), in this case, the built environment domain.
Hevner and Chatterjee (2010b) defined a research paradigm as a set of well-defined and
acceptable research activities appropriate within a research community to produce new
knowledge. DSR is basically a problem-solving oriented approach (Dresch et al., 2015) which
inherently focuses on advancing the creation of new and innovative technologies as one of its
main outcomes (Thuan et al., 2019; Venable, 2006); such as the cloud-based system. More
so, per Hevner et al. (2004), the purpose of the developed artefacts could be for experiment
or innovation, while Brooks (1987) and Thuan et al. (2019) categorized artefacts into four types
which are instantiations, methods, models, and constructs. Hence, the proposed CSA system
can be categorized under the “instantiations” type as it is an implementable prototype system

of the SaaS model of cloud computing, as earlier discussed.

The DSR approach has been predominantly used in technical fields such as electrical and
computer engineering fields. But since the late 1980s, DSR has found applications in other
fields and topics such as healthcare, decision support systems (Goes, 2014; Rai, 2017),
architecture, education, construction, and even fine arts due to its effectiveness to improve
the utility of technological tools to solve real-world problems and enhance organizational
efficiency. Also, according to Gregor and Hevner (2013), the DSR has grown in acceptance
as an appropriate research approach in information system development, especially for socio-

technical artefacts such as modelling, governance mechanisms, and decision support



systems and the like. The proposed CSA system can also be categorized under the decision

support system artefact.

Meanwhile, the DSR has found application within the built environment research field, such
as in a study by Tommelein (2020), who applied the DSR methodology to develop a SightPlan
framework that can model the various strategic decisions of each stakeholder and modifies it
towards arriving at a more holistic construction site layout plan. Others include the
development of a planning and control model for prefabricated buildings (Kensek, 2012) and

a labour workspace analysis tool (Schumacher et al., 2016).

The DSR, like every other type of research, starts with a research question which attempts to
define and characterize the artefacts and highlight their contributions. Hence, to this end,
Thuan et al. (2019) formulated a typology of relevant research questions (RQ) that researchers
could adopt when undertaking a DSR project. Accordingly, the study classifies the DSR
research questions into three elemental dimensions (Thuan et al., 2019)- (i) “How?”- Which
attempts to identify the values in the design process outcomes; (i) “Which?”- This helps to
highlight the value in the design product outcomes; and (iii) “What is?” - Which identifies the
artefacts’ contributions to the knowledge base. Hence, according to Hevner (2007), a DSR
project exists in three research cycles that seek to connect DSR activities with the knowledge
base, the artefacts’ design process, and the contextual environment on which the DSR
activities are being undertaken. These research cycles are rigour cycle, design cycle, and
relevance cycle (Hevner & Chatterjee, 2010a), whose appropriate RQ are the “what?”,
“which?” and “how?” topology, respectively.

The current study, based on the predefined study’s aim outlined in Section 1 and the RQ
typology developed by Thuan et al. (2019), seeks to answer five more key DSR research

guestions, that is:

i.  Which components define the proposed CSA system and its associated sustainability
data modules?

i.  Which requirements or constraints define the operational use of the CSA system?

iii. How can the CSA system be implemented to facilitate its effective use for automated
building sustainability assessment?

iv.  How can the CSA system be evaluated to validate its efficacy and utility for building
sustainability assessment?

v. What are the expected contributing values of the artefact (CSA system) to both

knowledge and practice?

The answer to a part of the DSR RQ “What?” has been discussed in Sections 2.1. That is,

what prior knowledge on the use of cloud systems or related technologies for sustainability



processes is available? The pending answers to the DSR RQ (i-v) would be discussed in the

subsequent sections.

Validating an artefact. According to March and Smith (1995), there are two key activities
within a DSR project, which are the (i) build and (ii) evaluate processes. Meanwhile, Hevner
et al. (2004) pointed out that the evaluation aspect is more critical as it seeks to demonstrate
the efficacy and utility of the developed technological artefact, and this is achievable using
rigorous evaluation methods. The evaluation process of a DSR helps validate that the newly
designed artefact fulfils the intended purpose of its creation (Venable et al., 2012). However,
the extant literature provides no specific guidance on what constitutes a rigorous evaluation
of a design artefact developed via the DSR method, but as argued by Pries-Heje et al. (2008),
it is essential it is validated against the expected value or utility for which it was developed,
that is, to solve real-world problems. The expected value could be based on the artefact’s
design process outcomes, design product outcomes, contributions to knowledge, or a mix of

these outcomes.

Meanwhile, according to Hevner et al. (2004) and McKay et al. (2012), the developed artefacts
could also be validated in terms of its quality attributes such as accuracy and reliability,
usability and performance, completeness, and fit for use. Also, according to Gregor and
Hevner (2013), potential validation techniques could be case studies, experiments, analytics,
naturalistic evaluations, simulations, among others. Given the above, the case study and

experiment evaluation techniques will be used to validate the proposed CSA system.

4. Proposed system design and development

The CSA system was implemented as a cloud-based software application accessible using
web browsers (such as Chrome, Safari, and the like) over the internet or intranet. Also, the
sustainability data based on the BSAM scheme, comprising its sustainability criteria’
descriptors, weights, and certification system, are integrated into the CSA system. The system
architecture for the CSA system-sustainability model is based on the MVC (model-view-
controller) application design model, a software architectural design framework first advanced
by Reenskaug and Skaar (1989). More so, the MVC framework helps separate the business
logic layer and the user interface application layer (Poghosyan et al., 2020) of an artefact

which improves the scalability of the system.

The traditional use of MVC architecture is basically for desktop software, but its applications
have been extended for designing cloud systems — web apps and mobile apps — using
programming languages like PHP, Python, Java, and the like. The model component of the
MVC architecture maintains the data structure of the CSA system and receives input from the

user. The view component majorly renders the data to the user in form of charts, tables,
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graphs, textboxes, dropdowns, and the like. It is also called the user interface, and the data
presented to the user are from the model component (databases). Lastly, the controller
component is the request handler for the other two components, which utilizes inputs,
validates it, and passes the input to the model or user interface (web browser) using
programmed commands (codes). The controller’s codes are useful to query the data model to
get the relevant sustainability data that fulfils each BSAM scheme criterion and validates the

users' input when creating an assessment profile for the building project.

The subsequent sub-sections graphically illustrate and discuss the MVC architecture
implementation of the developed CSA system for the sustainability assessment of building

projects.

4.1 Integrated CSA system-sustainability data model

The CSA system is supported by three main modules or data sources (Figure 1). The CSA
system-sustainability data model provides valuable guidelines to users — clients, project
teams, assessors, and the like — in utilizing the CSA system to evaluate the sustainable profile

of the project and to benchmark their buildings against other similar projects.

The first module (module 1) of the data model stores the generated sustainability criteria data,
which are based on the BSAM scheme GBRS - in which the assigned credit points
(weightings) of the respective BSAM scheme sustainability criteria were further evaluated
based on the GCFI approach (an MCDM technique). The GCFI algorithms are hard-coded
using PHP and JScript within the cloud-based system to generate the NW, GW, FI, and MCP
for the BSAM scheme sustainability criteria, which are also stored in the module 1 database
and used for further calculations. It should be noted that the assigned credit points of the
BSAM scheme’s SC are based on its documentation (Olawumi & Chan, 2019b). The BSAM
scheme sustainability criteria are a three-level hierarchical structure consisting of eight
sustainability indicators, 32 sustainability attributes, and sub-attributes (136) based on the
BSAM documentation (Figure 2).

The second module (module 2) data is generated when (i) a new user registers on the CSA
system; (ii) a building project is registered; (iii) the user uploads relevant project models and
other supporting documentary evidence; and (iv) the building project is assessed based on
the BSAM scheme documentation and relevant sustainability values and results are
generated; (iv) a user login and out of the CSA system. When a project is registered, a project
ID is automatically generated for the project (e.g., BSAM-123456-78), while a new user must
predefine a “username” to which all the user’s registered projects (and the sustainability
assessment results) are subsequently linked to within the module 2 database. The modules 1

and 2 databases utilize the MySQL relational database for data storage.
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The third module (module 3), on the other hand, is entirely based on the BSAM scheme
documentation and the assigned credit points of its sustainability criteria. Module 3 is only
available to the user during the building sustainability assessment stages on the CSA system,
in which it serves as a guide for the user in allocating the credit points attained by the building
project based on the available building data. Module 3 data contains the (i) description of each
SC, (ii) credit points allocations details, and (iii) details of the documentary evidence for each
SC that needs to be supplied by the project team/client and validated by the assessor. These
module 3 data are hard-coded within the CSA system (using JScript and HTML/CSS) and

accessible within the eight assessment interfaces of the cloud-based system.
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Figure 1: Proposed integrated CSA system-sustainability datamodel

Given the above, only module 2 data are generated by the users and their activities on the
CSA system. Hence, module 2 data can be altered. In contrast, the other modules' data are
based on the BSAM scheme documentation, and the sustainability values generated from it.
More so, the CSA system must be operational for the user to generate the results of the
building sustainability assessments, compare projects, or even delete a project. The relevant
calculations and data are obtained based on the previous assessments of the project, and the

green certification grade of the building is issued.
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The CSA system generates the results based on the three levels of the sustainability
assessment of the building projects — which are (i) building sustainability attributes (BSA), (ii)
building sustainability indicators (BSI), and (iii) overall building sustainability performance
(BSP). The CSA system also graphically plots the BSI against the BSAM certification grades
on a line graph and presents the BSP results in a gauge graph for better illustration for the
user. The first two assessment levels (BSI & BSA) of the sustainability assessments allows
the user to make further evaluations of the building project based on the targeted green
certification level, that is, enables the user to pinpoint areas where the building has
underperformed and requires remedial improvement measures towards increasing the overall

green certification grade of the building project.
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Figure 2: Structure of the BSAM scheme GBRS key sustainability criteria

A constraint of the CSA system-sustainability data model and its implementation is that
although the main project sustainability assessment is entirely undertaken on the cloud-based
system, the validation of the respective submitted documentary evidence for each BSAM

scheme SC is done manually by the assessor.
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4.2 Users-MVC interactions in the CSA system

This section presents the dynamic behaviour in the CSA system as the users interact with the
cloud platform while performing the sustainability assessment of building projects. Appendix
A shows the interaction between the users, the data model, and the controller using a
sequence diagram. Sequence diagrams (SD) are a type of UML that illustrate how objects
(MVC components) in a system interact with each other. These interactions are shown in the
order in which they occur in the sequence of events (e.g., 1, 1.1, ...10.2 in appendix A). It also
shows all the parts of the system. However, for an SD, the user (actor) is always outside the
scope of the system as they use the system to achieve a goal. In this case, conduct the
assessment of the sustainability performance of building projects using the CSA system.

A typical UML diagram has two categories of actors: (i) the primary actors that initiate the
system and are always positioned on the left side of a UML diagram. For the CSA system, the
primary actors could be individual clients, project managers, developers, and the like. (ii) The
secondary actors are the users whose activities are more reactionary in the system and are
positioned on the right side of a UML diagram. For instance, in the CSA system, the assessor
is the secondary actor. They will only act after the primary actor has registered the building
project and uploaded relevant documentary evidence appropriate for the proper sustainability
assessment of the building project. As illustrated in appendix A, the “lifelines” of the user
application interface and data module 2 are the most active components of the CSA system.
More so, it precisely shows the functional requirement of the users and how the users (primary
and secondary actors) interact with the CSA system. It also depicts how the controller

component of the CSA system handles the request from the users and the data modules.

4.3  System classes and assessment page of the CSA system

The proposed CSA system’s data modules 1 and 2 (DB 1 & 2) uses the MySQL relational
database schema for data storage and consists of 129 and 9 tables, respectively, for
managing the attributes and functions of the sustainability assessment processes. The
database schema is also useful to maintain and deploy the functional requirements of the
system. Figure 3 illustrates the class diagram of the CSA system, which shows the type of
objects (MVC components) and their relationships, the operations and attributes of the objects,
and the data type mapped with the attributes. For instance, to register a project on the CSA
system, the project name must be a “string” data format (+projName: string), while the year of
construction is an “integer” data format (+year: int). That is, if the user inputs a different data
type, the interaction would be discontinued. These are examples of the attributes of the
“building project” component of the proposed CSA system, while “-createProj([project_details])”

is an example of an operation within the “user” component. The class diagram is also a type
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of UML. As illustrated in Figure 3, a user can register several building projects (0...*); however,

each project is associated with a single authorized user. Moreover, the building is assessed
based on the BSAM sustainability criteria [A-H].

CSA system
createUser([user_details]) support 1
lsuserLogin(user_ID, passwd)
: insertupdate()
! getAccess 1 & I Bullding Project:
+user_|D ! sting
+user_ID : sting proj_ID : string
authUser 4 G
—|-createProj[project_details]) #profType ! sting
g -projName : string
sorojAddr:long. L _ _ - _ _________
<owner  string
authUser gfa: sﬁm :
regProj year :int |
e Dpo0) | ||t e ooo .
" |view(user_ID, prof_ID) : 0.
e Do) Aﬁ.ww
te(user_ID, pro ID°) it
: sting
+projName : sting
+Desc ! long
View Project 4year : int
+user_|D : sting ( Compare Projects A mqm tlong
+proj_ID : sting 4user_ID : sting Delete Project(s) 2 |57 oy sy
Aloses Frone proiType: sting +proj_ID : sting tuser_ID : stiing elProj mw : Sﬁhﬂ
tusar (. sting +gethtiri(attr, projType): float +projType : string +proj_ID : sting :::mzm
‘”’9}'0 : s‘:t'f *getCPatr, usr_ID, prolD): foat | - lsqotsiaty,user 1D, proj_ID) : oat +projType : string of A Hh—)
(BONVE 6T e et 4grade(SER| : float checkDB2(user_ID, prol_ID) : boolean . : 0.
betPTYDe(US&UDVDfOJ_|D~W°JTYDGy *getSi(attr, user_ID, proj_ID) : flat +com_grade(grade_1, grade_2) :string | l+delProj{user.ID, projID) : boolean I |
+getSim(attr, projType) : float render() = : |
1 1111 :JK%ER)IS“'"Q ) <caoness>> |
;1 ; 2 |2 : <<amless>>
| |
: i !
| : |
| |
|
activate |
support | ; 1

(" BSAM sustainability criteria

(" B-SiteandEcology | |tuser ID:sting
dattr: string = b1, b3) i#oro]_ID : string E - Material andWaste ) ("G .Indoor Environmental Quality
+sAttr : sting = [b11...,b35] +projType : string [wm: string = [g1....06) J
N J  |tattr:string 4sAtlr: string = [g11,...964]

I [ +sAttr : sting

+setCPAttr{user_ID, proj_ID, CP, attr)
+setCPsAttr(user_ID, proj_ID, CP, attr)
+update(user_ID, proj_ID, CPAttr, CPsAttr)
(calSI(user_ID, proj_ID, CP, attrW)

( D - Water

+attr. string = (d1... d3]

:sting = [d11....,
(sAﬂr sting = [d11,...d33] n

Figure 3: Class diagram for the proposed CSA system

H - Building Managment

+attr: string = [h1... h4]

Note: The name of each MVC component in Figure 3 is ‘bolded’; other embedded information is the
operations and attributes for each component — (which are only relevant for readers interested in
developing similar systems for the same or other purposes).

Figure 4 presents a section of the CSA system assessment page (for the “material & waste”
sustainability criteria). Each SC assessment page gives sufficient information necessary to
perform the building sustainability assessment. The sub-attributes of each BSAM scheme
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sustainability attribute are embedded under a ‘collapsible’ section on the page which can be
revealed by clicking the section header or the “+” symbol. Also, the descriptions, credit points
allocation, and the documentary evidence of each attribute based on the BSAM scheme
documentation are accessible to the user on each SC assessment page (e.g., by clicking the
“+” of the Details on E22).

© Note: (i) Click on the '+' to reveal the sub-attributes under each sustainability attributes.
(i) Click on "Details on E11" for instance to get more information on the "E11" assessment
rating points.

E1l- Sustainable purchasing practice +

E2- Efficient use and selection of materials -

E21- Modular and standardized design:

Pls select... v

Details on E21 +

E22- Using non—-ozone depleting substances (non-CFC, non-HCFC):

Pls select... v

Details on E22 -

Projects under this assessment can gain a maximum of one point. A- Not specified or use of
refrigerants with a GWP=10 (e.g. HFC, CFC, etc.) (0 point); B- Use of refrigerants with a GWP=10
(e.g. propane) (0.5 point); and C- No refrigerants used or use of refrigerants with a GWP=1 (1
point). A copy of the manufacturer’s details of the refrigerant makeup and photographic evidence of

the refrigerant system are required documentary evidence.

E23- Enhanced refrigerants management:
Pls select... v
Figure 4: A section of the CSA system assessment page

This information is intended to assist the user to carry out the assessment exercise efficiently
and easily by offering practical guidance and scenarios that depict the attainment of a
sustainability criterion. In addition, based on the insight provided, the assessor can pick the

equivalent level of attainment of the criterion (e.g., for E22 — A/B/C) from the dropdown list.

4.4  Testing and validation of the CSA system

Model or artefact development, including those based on MVC software architecture like the
CSA system, can be validated using three approaches (Salah et al., 2014), which are: (i)
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practical case study evaluation of the proposed artefact based on its real-world application.
(if) evaluating the model or tool by the authors or comparing it with a similar model or method
(experiment method); and (iii) conducting an expert evaluation of the model or tool. These
evaluation methods are also part of the possible validation techniques for developed artefacts
proposed by Gregor and Hevner (2013), as discussed in Section 3.

In this study, the first two approaches — which are commonly used for MVC application design
models in the extant literature — were used to test and validate the developed CSA system.
For instance, a study by Yousif et al. (2020) employed both the practical case study and the
author’s evaluation approaches to validate a web-based cost estimating tool. Also, previous
studies utilized the case study method for a construction safety and health tool (Poghosyan et
al., 2020), a BIM-GIS tool for supply chain management (Deng et al., 2019), and a BIM-based
decision tool (Ilhan & Yaman, 2016).

44.1 Methods evaluation

In this part of the validation exercise, for evaluation purposes, the efficiency and performance
of the developed CSA system were compared with the results obtained from MS Excel
software and a typical paperwork procedure. Moreover, to facilitate fair and objective
comparison, the three systems (Excel software, paperwork, and CSA system) were used to
compute the sustainability assessment of the same building project (CE duplex building) under
the same conditions. The building project and sustainability data used are based on a
residential building project in Lagos, Nigeria.

Meanwhile, the three systems were evaluated and compared based on a range of validation
factors such as the (i) process time to complete the building assessment; (ii) the ease of
updating the data and comparing building projects; (iii) the reliability and validity of the entire
process; (iv) how secured the computed data is; (v) type of platform; (vi) the security of data;
(vii) ease of automating activities; (viii) user-friendliness of the interface; (ix) cost; and (x)
learning curve. The results of the comparative assessment of the evaluation methods are

discussed in section 5.1.

442 Case studies validation

Four building projects located across three states in Nigeria, two of which are in the country’s
commercial hub, Lagos state, were used as the case studies. These buildings are used to
demonstrate the effectiveness and efficiency of the developed CSA system and its data
modules to assess the sustainability performance of buildings and obtain requisite green
building certification. More so, the building projects were used to showcase the capacity of the

CSA system to facilitate the comparative assessment of green buildings along the three

15



sustainability criteria levels: (i) sustainability attributes; (ii) sustainability indicators; and (iii) the
overall building sustainability index. As shown in Table 1, two buildings are categorized as
new buildings and the other two as existing buildings based on the BRE (2018) classification
of buildings for sustainability assessment.

Case studies data. Moreover, to facilitate the sustainability assessment of the case study
projects based on the BSAM scheme, relevant supporting documentary evidence such as BIM
model (or CAD drawing), utility records (e.g., energy, water, waste, and the like), building
specifications, site layouts, among others as outlined in the BSAM scheme documentation
were collated. However, where a piece of documentary evidence is not available reasonable
assumptions could be made (Mahmoud et al., 2019). The credit allocation points for each
BSAM sustainability criterion as provided in the BSAM scheme GBRS documentation
(Olawumi & Chan, 2019b) were used in determining the criterion weightings for each case

study based on the submitted building data.

Table 1 presents some of the project information for the case study building projects, and the

results of the case study validation are presented in Section 5.2.

Table 1: Profile of the case study building projects.

Description New Buildings Existing Buildings
Code CE duplex RA labs SNN building FT building
Description One-storey residential  One-storey One-storey buildings  One-storey buildings
building commercial (2 units of duplexes) (2 units of duplexes)
facility
Location Anambra State, south- Ondo State, Lagos State, south- Lagos State, south-
eastern region, Nigeria south-western western region, western region,
region, Nigeria Nigeria Nigeria
Gross Floor 459.820m? 346.784m? 896.041m? 506.509m?
Area (GFA, m?)
Green Area (m?) 183.928m? 34.581m? 89.604m? 202.581m?
(40% of the GFA) (10% of the GFA) (10% of the GFA) (40% of the GFA)
Paved Area 141.483m? - 420.064m? 101.403m?
(m?)
Project IDs BSAM-280443-99 BSAM-727760-89 BSAM-684201-10 BSAM-504397-18
Note: The respective project IDs of the case study projects were auto-generated when they were registered on the
CSA system.
5. Discussion of results

This section discusses the findings from the two-way testing and validation of the developed

CSA system.

51 Methods evaluation

In this section, the quality attributes, utility, efficacy, and value of the developed artefact (CSA

system) were comparatively evaluated against other systems — such as Excel software and
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manual work (paperwork). The ten validation factors highlighted in Section 4.4.1 were

discussed and presented here.

Working or process time. The three systems (paperwork, Excel software, and CSA system)
were used to implement and undertake the building sustainability assessment of the CE
duplex building (Table 1); using the same building data to facilitate a fair and objective
comparison. Using the paperwork approach, the computation of the sustainability assessment
comprises 22 pages of manual calculations, which average about 50 minutes per page (Figure
5b). More so, as shown in Figure 5a, green assessment activities such as “A,” “G,” “E,” and
“C” respective are the most engaging computation tasks, and the paperwork method takes a
longer time to complete each of these respective tasks. However, no time was spent
calculating the BSER value and the green certification grade of the building project in the

developed CSA system as the activity is entirely automated on the system.

The tasks involved in evaluating the sustainability performance of a building as factored in the

“working or process time” validation consist of four steps, such as:

1. Reading and understanding the BSAM scheme documentation for each assessment
task (criteria A to H and the BSER value).

2. Evaluating the building project data (supporting documentary evidence) for the case
study project.

3. Allocating credit points for each sub-attribute of the BSAM scheme sustainability
criteria — based on how the case study project’s documentary evidence complies with
the credit allocation of the BSAM scheme documentation.

4. Calculating and verifying the computed data and BSER value.

Hence, for the building sustainability assessment for the case study project (CE duplex
building), the processing time summates to about 3 days (that is, 8 working hours/day) for the
paperwork method, about 1.5 days (12 hours) using Excel software. Meanwhile, the developed
CSA system automated the building assessment activities and reduced the working period to

about one working day — 8 working hours (Figure 5b).

More hours are spent on the “step #4” task for the three systems, and since this task is fully
automated in the developed CSA system; hence, it has the least overall processing time of

the three systems.
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(a) Working time to complete each green assessment activity for the three systems.
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(b) Total time needed to evaluate a building based on the three systems.

Figure 5: Analysis of the working time to undertake building sustainability performance
assessment on the three systems

Learning curve. The learning curve concept was introduced in this study to determine how
much time a user is expected to spend based on the efficiency gained after the building
sustainability assessment task is repeatedly done for more building projects on the three
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systems. Generally, a user is more likely to spend more time on a new task when the user is
unfamiliar with the process. However, as the user repeatedly performs the task, they tend to
gain some efficiency over time. Thus, the task gets done quicker, and there lies the principle
of the learning curve. The same principle applies to the cost of producing a product.

The learning curve (LC) concept was introduced in the early 1920s by Wright, who later
developed the first LC model in 1936 (Martin, 2021). Wright's LC model established the
concept that the cumulative average time per unit (time/cost) decreases by a fixed percentage
when the output quantity is doubled (Mislick & Nussbaum, 2015). Wright's model is otherwise
called the cumulative average theory. The second LC model in use is Crawford's model
developed by researchers at Stanford University. Crawford's model is also referred to as the
incremental unit time/cost model (Martin, 2021). According to Liao (1988) and Martin (2021),
Wright's model is more suitable for simple LC problems, while Crawford's model is more
suitable for production planning problems. However, these two models are the most widely

used.

The learning curve is also referred to as the experience curve (Desroches et al., 2013),
efficiency curve (Bigrn, 1998), improvement curves (Fauber, 1989), among others. According
to Moore (2021), the learning curve rate for cloud-based systems ranges from 75% to 90%. If
a task has an LC rate of 75%, it implies that 15% efficiency is gained for subsequent
cumulative tasks. In other words, the cumulative time spent on a task would decrease by 15%
each time the task output doubles. For this study, LC rates of 80%, 86%, and 94% are
considered for the three systems (the CSA system, Excel software, and paperwork,
respectively). Readers are referred to previous studies (see Bigrn, 1998; Desroches et al.,
2013; Moore, 2021) on assigning LC rates to systems and the limitations of its computations.
The learning curves for the three systems compared in this study are based on Wright's model

are evaluated using equations (i & ii) and illustrated in Figure 6.
Y =aX? — — — —(Wright's LC model — 1st unit) — — — — — Eqn (i)
XY = aX'? — — — —Cumulative total time/cost — — — — — Eqn (ii)

Where:

Y = Cumulative average time per unit task

X = Cumulative number of units task undertaken

a = time required to complete the first unit task

b = natural slope of the function when plotted on log-log sheet

= log of the learning rate/log of 2.
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For example, for the proposed CSA system, the cumulative average time to evaluate the
sustainability assessment of ten building project units at a learning curve rate of 80% would

be Y = a10'*? ; where a = 509 minutes (see Figure 5b).

log(0.80)

gz —0.3219;and 1+ b = (—0.3219 + 1) = 0.678

The b-value is calculated as b =

Hence, XY = 509 % 10%¢78 = 2,425 mins

Using Equation (ii) and the respective learning curve rates, Wright's model was used to
calculate the cumulative working time and the learning efficiency gained by the users when
using the three systems. The a-value for the three systems is 1084, 607, and 509 minutes for
the paperwork, Excel software, and the CSA system (Figure 5b). The analysis of the results

of the learning curves for the three systems is presented in Figure 6.

39000

32500

26000

19500

Time (Minutes)

13000

6500

1 2 10 18 26 34 42 50
Number of Building Projects

== Proposed CSA system  s===Excel software  e====Paperwork

Figure 6: Necessary working time for the three systems (learning curves)

The results revealed that for the first unit of building project assessed using the three systems,
the user gained a 1.2% efficiency when the CSA system is used instead of the Excel software
and as much as a 2.1% increase in productive working time when the CSA system is used

compared with the paperwork method (Figure 6). After accumulating experience in evaluating
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ten building projects, the learning and efficiency curve significantly improved to 1.5% when a
user uses the CSA system rather than Excel software and 3.6% improvement in working time
when the CSA system is used rather than the manual work process. When the user has
accumulated experience assessing 50 building projects on the three systems; user A using
the CSA system would be twice as productive as user B using the Excel software.
Furthermore, user A would be five times more efficient and productive than user C, who uses
the paperwork approach in evaluating the sustainability performance of buildings. From the
learning curve analysis for the three systems (Figure 6), it is evident that a user using the CSA

system would perform more unit tasks with less working time.

The learning curve model is helpful for users of the CSA system to predict how long it would
take them to undertake a future building assessment based on the cumulative tasks they have
earlier carried out on the system and the experience and efficiency gained. Also, the learning
curve rate has an inversely proportional relationship with the cost associated with such
assessment tasks. As the user spends less working time evaluating the sustainability
assessment of building projects (as they accumulate experience on the CSA system), the cost
to the client and project team for the green building certification process reduces.

Other validation factors. Apart from the fact that the proposed CSA system improves the
user's learning curve and lessens the working time spent for a typical assessment process —
the CSA system also facilitates (i) a reliable assessment process, (ii) ease updating computed
data, (iii) reduces human errors and (iv) facilitates an automated assessment process. A
summary of the comparison of the three systems based on the ten validation factors is

presented in Table 2.

Table 2: Comparison of the three systems based on the validation factors

Evaluation methods/ Proposed CSA

Validation factors Paperwork Excel software system
Working time Longer time Average time Shorter time
Learning curve Slow rate Medium rate Rapid rate
Ease of updating data No No Yes
Ease of comparing Not available Complex Yes
assessed building

projects

Process reliability and No Low High
validity

Data security No Less secure Very secure
Platform type Paper-based Computer-based Cloud-based
Process automation No Little Fully automated
User-friendliness Not available Average High
Cost Average to High High Low




The use of cloud computing and data modules (database systems) in the developed CSA
system and its inherent security give it an edge over the other systems (Excel software and
paperwork). Also, being a cloud-based system, the CSA system can be accessed remotely
from any location once connected to the internet or the company’s intranet, while other

traditional means are limited to a single point of access.

5.2 Practical case studies
5.2.1 CSA system: Individual building assessment

The case study building projects comprise two large-sized, one medium-sized, and one small-
sized building project based on their gross floor area, and their specific details have been
summarized in Table 1. A user account was created on the CSA system, and the information
of the four buildings was registered, and a project identification number was generated in the
CSA system for each building. The four buildings were evaluated, and the green certification
results were presented based on the CSA system assessment workflow model illustrated in

Appendix A.

The case study building projects were assessed individually based on the BSAM scheme
sustainability criteria [A-H] (Figure 3), and BSAM scheme credit points (Olawumi & Chan,
2019b) are allocated based on the sustainability credentials attained by each building as
evidenced by its submitted documentary evidence. A sample of how the credit point allocation

for criterion ‘E22’ “using non-ozone depleting substance” which is a sub-attribute of criterion

‘E3’ “efficient use and selection of materials,” which is also an attribute of the sustainability

indicator ‘E’ “material and waste” is illustrated in Figure 4. The four case study projects all
attained the maximum CP=1 for this E22 sustainability criterion. Where an input error occurs
while selecting the attained CP for a sustainability criterion during a building sustainability
performance assessment, the CSA system allows for re-assessment of that criterion for such
building, which updates the data module 2 (Figure 1) with the new assessment data. Hence,
the CSA system can be said to be flexible in handling such human errors of data entry. The
entire assessment process is kickstarted when the user (assessor) access and utilizes the

“Assess Project” MVC component, as depicted in Figure 3.

Moreover, for the user (that is, the project manager, client) to access the result of the building
assessment process, the “View Project” MVC component of the CSA system needs to be
activated. Meanwhile, as shown in Figure 3, this component has a multiplicity constraint of 1.
That is, only a sustainability assessment result of a building project can be viewed at a time
by the authorized user. The green certification results are presented in a table format for its

sustainability attributes and indicators. More so, a line graph is used to plot the relationship
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between the attained grade levels of the building based on its sustainability indicators against
the six certification grade levels of the BSAM scheme GBRS. Moving the mouse over the
plotted graph, the user can get the exact SER value for a specific criterion (e.g., E=84.65%
for the CE duplex building — line graph) or the overall SER value (gauge graph). The rendering
on the line graph helps the user to easily pinpoint the sustainability performance of the building

based on the BSAM scheme and identify areas for improvement.

The CSA system also allows the user the flexibility to delete the data of a building project
entirely from the system. The “Delete Project(s)” MVC component has a multiplicity constraint
of 1. .2 (Figure 3), which implies only one or two building project data could be deleted at a
time from the CSA system. Table 3 summarizes the green certification results for the four-
case study building projects and the visual rendering of the SER results on a line graph and

gauge graph.
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Table 3: Summary of the BSAM scheme sustainability assessment for case studies undertaken via the proposed CSA system.

Buildin 1.2 BSAM scheme GBRS criteria SER values 23 Qverall Visual rendering on a Line Visual rendering on a
code 9 Project ID SER value graph Line graph
A B C D E F G H (grade) (Criteria A-H) (overall SER)
CE BSAM-280443-99 53.28 534 62.7 59.6 8465 87.14 68.75 424 62.54 5:' s \
Duplex | %
(GOOd) S 62.54%
.g N
RAlabs ~ BSAM-727760-89 74.15 49.86 69.04 7103 758 53.09 84.16 7253 70.05 € s e g
(Very Good) . .
Overall building SIR index
5
= S
2 %
4 SNN ;E / k3
buildin BSAM-684201-10 - 56.65 72.17 9476 77.95 80.46 74.79 7253 75.33 3 ‘ ‘-__
g (Excellent) % . y
Overall h}ul(ﬂmf; SER index
bEi-Irdin BSAM-504397-18 - 59.93 72.08 74.05 093.37 456 9151 59.86 70.29 ;
9 (Vel’y GOOd) ‘é Jo2%
/’,‘ ‘ery Good

Overall building SER index
3971 n

Project ID: BSAM-504397-18 (Existing building)

Note: ! BSAM scheme criteria labelling: A- Sustainable Construction Practices; B- Site and Ecology; C- Energy; D- Water; E- Material and Waste.
F- Transportation; G- Indoor Environmental Quality; H- Building Management.
2 The SER values are in percentages (%).

3 The BSAM scheme grade certification levels are: Outstanding (82-100%); Excellent (73-81%); Very good (63-72%); Good (55-62%); Acceptable (40-54%);

Unclassified/Fail (0-39%) of the SER value.
4 The sustainability criterion “A” is not accessed for the “Existing building” type based on the BSAM scheme documentation.
5 The six shades of colour as seen in the gauge graphs are the six-grade certification levels of the BSAM scheme GBRS.
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5.2.2 Comparative assessment of buildings using the proposed CSA system

The developed CSA system via its “Compare Projects” (CP) MVC component allows users to
compare the sustainability performance of buildings which have been assessed. The CP’s
component has a multiplicity constraint of 2 (Figure 3), which implies that the CSA system
permits only two building projects to be compared at a time. Otherwise, an error message is
relayed, and the process is terminated. The CP’s component of the CSA system can be

activated from the “Building Project” component via the private function “-compare(user_ID,
proj_ID¥).” Meanwhile, appendix A illustrates the users-MVC workflow that occurs within the

CP’s component.

On activation, the CP component renders the assessment results and highlight the
comparative analysis of the assessed building projects at three levels, which are — (i) the
sustainability attributes (level 2), (ii) sustainability indicators (level 1), and (iii) the overall
building sustainability performance level (level 0). These comparative assessments of building
projects help the user to examine the building models/designs or completed building projects
at a whole (level 0) or at strategic ‘piecemeal’ of sustainability practices (levels 1 & 2)
depending on the user’s predefined project objectives. It also helps the user to clearly identify
the underperforming areas of such building projects that require remedial improvement

measures.

In this study’s case study comparative assessment, for illustrative purposes, the two new
buildings were compared and vice versa with the existing buildings (see Table 4). The SNN
building has a higher certification grade (Excellent) than the FT building (Very Good), with
SER values of 75.33% and 70.29%, respectively. However, a user cannot simply rely on this
in making a sustainability decision regarding the building project without examining the
assessment levels 1 and 2 . If a user (say, a client or the project manager) is faced with a
sustainability decision between two building designs (for a proposed building project) which
have the characteristics of SNN and FT buildings, respectively; and requires a design that
better fulfils the sustainability criteria “E- Material and Waste” and “G- Indoor Environmental
Quiality.” Then, the best building design would be the FT building rather than the SNN building.
Although the SNN building has a better overall sustainability performance, it came short in its
criteria E and G’s SER values (see Table 4). Hence, a given comparative assessment of
building projects on the proposed CSA system can give rise to several sustainability decisions

depending on the user’s predefined objectives.

Given the various scenarios that might arise after the comparative assessment, the user could
decide to (i) improve the building design and associated systems where it is underperforming

sustainability-wise; (ii) chose a better alternative design with a sustainability certification grade
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close to the predefined objectives; or (iii) seek a new building design tender; among other

options available to the user.
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Table 4: Summary of the comparative assessment of the case studies via the developed CSA system

Prj A have 10 attributes with greater ST values than Prj B.
while Prj B have 10 atributes with greater ST values than Prj 4.

30+

P] A: 75.33%
Excellent

P} B: 70.29%
Very Good

Building Project ID L Comparison at the 2" level criteria Comparison at the 15! level criteria Overall building sustainability
code (sustainability attributes) (sustainability indicators) performance comparison
CE Duplex BSAM- Projects’ Indicators SER Comparison Projects+}+ o) 48 54 6
[Prj A] 280443-99 G5- Hygiene 062  0IBE|  +PB _ o
— oy B BSAM-727760-39 (New building)
vs G- Building Amenities 0.13339 0.11116 +PjA T '
H1- Operaton & Maitenanee 0877|0368 +PyB 1 = . —
TR~ W T—
RA labs BSAM- HD- Securly 0.02783 008330 +PijB £ T N SRR T .
[PrJ B] _ g o Very Goad -
727760-89 ik Mt . 019 mjB I s T W e N )
Hé- Green Imnovations 0.03101 0.06201 B 2 soltEE O s 2
a -t
Summary of inference (INF): % 40 einctasiried” 8
Prj A have 11 attributes with greater ST values than Prj 5. T 307 PIA:62.54%  PIB:70.05%
while Prj B have 20 attributes with greater S values than Prj A. I 24 Good Very Good
Also, Prj A and P B have 1 attribute with the same ST valus.
10~
o] ‘ ' ‘ ' ‘ ' | Overall building SER index comparison
A B C D E F G H N
Sustainability Indicators Prj A- BSAM-280443-99 (New building)
Prj B- BSAM-727760-89 (New building)
SNN building BSAM- G5- Hygiene 017681 0.18860 +hijB Projects’ Indicators SER Comparison Projects+i+ e B 5 o
i - oo _(“Ds W oPriA
[Pri Al 68420110 ot putingancise LDSH|  0IuB| <R IR - = R
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Also, Prj A and Prj B have 12 attributes with the same S[ values.

20+

10+
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Sustainability Indicators

Overall building SER index comparison

Prj A- BSAM-684201-10 (Existing building)
Prj B- BSAM-504397-18 (Existing building)

Note: * A section of a plotted table in the “View Project” MVC component of the proposed CSA system shows how the two building projects compare based on the assessed

BSAM scheme criteria (attributes). The line and gauge graphs are also rendered within this CSA system component, as described in Figure 3.
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5.3  Practical research implications and novelty

The developed CSA system provides stakeholders with a tool for holistic and automated
sustainability assessment of building projects in the sub-Saharan region of Africa. Also. It is
expected that the deployment of the CSA system will accelerate the use of technologies for
sustainability analysis in the region. One of the significant barriers to the development of green
buildings in the region is the high cost of purchasing and maintaining the relevant digital tools
and software for building sustainability simulation and analysis. Hence, the CSA system, a
free-to-use (open source) cloud-based application, contributes to lowering the entry cost for
clients and other stakeholders to implement sustainability in building projects.

Moreover, benchmarking of project data is quite common in the region. Hence, the developed
CSA system will allow stakeholders to effortlessly compare the sustainability performance of
building projects at miniature and holistic levels of sustainability practices. Also, it will enable
users to clearly identify underperforming aspects of the building project that might require
further remedial improvement measures towards enhancing its overall green building
certification grade. Hence, this capability of the CSA system help improves the sustainability

decision-making process of construction stakeholders at any stage of a building project.

Meanwhile, the developed CSA system enhances the efficiency of the overall sustainability
assessment process by automating the key tasks. Therefore, it could help reduce the cost to
be paid by the client to the project assessor when compared to the other two systems
evaluated in this study. Also, the CSA system can evaluate and store both qualitative and

guantitative data to which BIM model databases are currently incapable of embedding.

The novelty of the paper lies in its (i) being the first development of an automated approach
for holistic green building sustainability assessment, comparison, and benchmarking via the
use of a cloud-based system; (ii) as an open-source tool capable of influencing and promoting
the application of green practices in building projects; and (iii) helping stakeholders make

informed sustainable decisions.

6. Conclusions

Sustainability practices in the built environment, especially for built assets, are gaining
momentum partly due to the rapid urban developments and the need to minimize the
environmental impacts of buildings and contribute to sustainable development. Hence, digital
technologies are being promoted and advanced to facilitate sustainable practices in
construction projects. In this context, this study addressed a pertinent research gap in the use
of cloud-based systems to evaluate the sustainability performance of buildings towards

improving the sustainability profile of buildings.
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The design science research approach was employed in developing and implementing the
proposed CSA system and outlining its operationalization for use in the construction industry.
The DSR approach fits within the study research design as the CSA system is an instantiation
type of artefact based on the SaaS model of cloud computing. More so, the study presented
the MVC system architecture, sequence diagram, and class diagram, which can assist
construction stakeholders in using the CSA system. The CSA system architecture was
implemented using PHP, JScript, and supported by the MySQL database system. Moreover,
the proposed artefact (CSA system) was evaluated to demonstrate its efficacy, value, quality,
and utility. The study employed two evaluation techniques— experiment (methods evaluation)

and practical case studies validation— using four building case study projects.

The validation results show that the developed CSA system is secure, facilitates work
automation, reduces working time while enhancing user’s efficiency, has a very user-friendly
interface, promotes a reliable and valid assessment process, and eases the process of
updating the computed data and comparing building projects, among others. The practical
contributions, implications, and novelty of the study have also been succinctly discussed. Also,
the CSA system has some technical advantages over the other systems (Excel software and
paperwork) in areas such as, firstly, computational-wise, the CSA system being a cloud-based
artefact, has enough bandwidth to accommodate multiple building sustainability assessment
tasks the same time. However, for Excel software, such large computations will take a portion
of the RAM capacity of the electronic device (e.g., computer). Manual work would consume
many papers and hence, not a sustainable means. Secondly, the CSA system has enough
storage capacity to store the building data and other generated sustainability assessment

results.

Meanwhile, using Excel software could affect the limited hard-drive space of the device.
Thirdly, the building project sustainability analysis data generated and saved on the CSA
system are safer and secure, as regular backups are done on the cloud system to keep data
safe and secure. In contrast, project assessment data saved on offline desktop software and

Excel macros are prone to loss due to data corruption, system crashes, and the like.

Limitations of the study. Firstly, the developed CSA system embeds only the BSAM scheme
GBRS (which is only suited for the context of sub-Saharan Africa) as its primary rating system.
Hence, the CSA system in its current form can only be used for the sustainability assessment
of green buildings located in the region. Secondly, no previously developed cloud-based
schemes or software embeds the BSAM scheme or other GBRS. Thus, no further comparative
assessment of the CSA system could be conducted. Thirdly, the LC rates used for the three
systems are based on LC rates of related software in the extant literature. Future research

can replicate the MVC architecture and UML diagrams of the CSA system in developing
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related cloud-based tools that embed other existing GBRS. Also, future research could
improve the learning curve analysis by evaluating the cost implication to the client or project
team when an assessor is given the task to undertake the green certification process.

Acknowledgements

This research study was initially supported by the research funding of the Sustainable City
Laboratory and subsequently supported by the full-time PhD research studentship of the

Department of Building and Real Estate, The Hong Kong Polytechnic University, Hong Kong.

References

Akinci, B., Boukamp, F., Gordon, C., Huber, D., Lyons, C., & Park, K. (2006). A formalism for utilization
of sensor systems and integrated project models for active construction quality control.
Automation in Construction, 15(2), 124-138. https://doi.org/10.1016/j.autcon.2005.01.008

Alyami, S. H., & Rezgui, Y. (2012). Sustainable building assessment tool development approach.
Sustainable Cities and Society, 5(Sl), 52-62. https://doi.org/10.1016/j.scs.2012.05.004

Ansah, M. K., Chen, X,, Yang, H., Lu, L., & Lam, P. T. I. (2019). A review and outlook for integrated
BIM application in green building assessment. Sustainable Cities and Society, 48(May), 101576.
https://doi.org/10.1016/j.s¢s.2019.101576

Azhar, S., & Brown, J. (2009). Bim for sustainability analyses. International Journal of Construction
Education and Research, 5(4), 276-292. https://doi.org/10.1080/15578770903355657

Banani, R., Vahdati, M., & EImualim, A. (2013). Demonstrating the importance of criteria and sub-criteria
in building assessment methods. WIT Transactions on Ecology and the Environment, 173, 443—
454, https://doi.org/10.2495/SDP130371

Bengtsson, F., & Gerfalk, P. J. (2011). Information technology as a change actant in sustainability
innovation: Insights from Uppsala. Journal of Strategic Information Systems, 20(1), 96-112.
https://doi.org/10.1016/j.jsis.2010.09.007

Bigrn, E. (1998). Survival and efficiency curves for capital and the time-age-profile of vintage prices.
Empirical Economics, 23, 611-633. https://doi.org/10.1007/BF01205997

BRE. (2018). BREEAM UK New Construction (Non-domestic Buildings). BRE Global Ltd.

Brooks, J. F. P. (1987). No Silver Bullet -- Essence and Accidents of Software Engineering. IEEE
Computer, 20(4), 10-19.

Chan, D. W. M., Olawumi, T. O., & Ho, A. M. L. (2019). Critical success factors for building information
modelling (BIM) implementation in Hong Kong. Engineering, Construction and Architectural
Management, 26(9), 1838-1854. https://doi.org/10.1108/ecam-05-2018-0204

Chong, H.-Y., Wong, J. S., & Wang, X. (2014). An explanatory case study on cloud computing
applications in the built environment. Automation in Construction, 44, 152-162.
https://doi.org/10.1016/j.autcon.2014.04.010

Deng, Y., Gan, V. J. L., Das, M., Cheng, J. C. P., & Anumba, C. (2019). Integrating 4D BIM and GIS for
Construction Supply Chain Management. Journal of Construction Engineering and Management,
145(4), 1-14. https://doi.org/10.1061/(ASCE)C0.1943-7862.0001633

Desroches, L. B., Garbesi, K., Kantner, C., Van Buskirk, R., & Yang, H. C. (2013). Incorporating
experience curves in appliance standards analysis. Energy Policy, 52(January), 402—-416.
https://doi.org/10.1016/j.enpol.2012.09.066

Dong, B., Andrews, B., Lam, K. P., Hoynck, M., Zhang, R., Chiou, Y. S., & Benitez, D. (2010). An
information technology enabled sustainability test-bed (ITEST) for occupancy detection through
an environmental sensing network. Energy and Buildings, 42(7), 1038-1046.
https://doi.org/10.1016/j.enbuild.2010.01.016

Dorey, P. G., & Leite, A. (2011). Commentary: Cloud computing - A security problem or solution?
Information Security Technical Report, 16(3), 89-96. https://doi.org/10.1016/j.istr.2011.08.004

Dresch, A., Lacerda, D. P., & Antunes, J. A. V. (2015). Design Science Research. In A. Dresch, D. P.
Lacerda, & J. A. V. Antunes (Eds.), Design Science Research: A Method for Science and
Technology Advancement (pp. 1-161). Springer International Publishing Switzerland.
https://doi.org/10.1007/978-3-319-07374-3_4

Du, J., Liu, R., & Issa, R. R. A. (2014). BIM Cloud Score: Benchmarking BIM Performance. Journal of

30



Construction Engineering and Management, 140(11), 1-13.
https://doi.org/10.1061/(ASCE)C0.1943-7862.0000891

Du Plessis, C. (2007). A strategic framework for sustainable construction in developing countries.
Construction Management and Economics, 25(2), 67-76.
https://doi.org/10.1080/01446190600601313

Elghaish, F., Abrishami, S., & Hosseini, M. R. (2020). Integrated project delivery with blockchain: An
automated financial system. Automation in  Construction, 114(June), 103182.
https://doi.org/10.1016/j.autcon.2020.103182

Fang, Y., Cho, Y. K., Zhang, S., & Perez, E. (2016). Case Study of BIM and Cloud—Enabled Real-Time
RFID Indoor Localization for Construction Management Applications. Journal of Construction
Engineering and Management, 142(7), 1-12. https://doi.org/10.1061/(ASCE)C0O.1943-
7862.0001125.

Fauber, C. E. (1989). Use Of Improvement (Learning) Curves To Predict Learning Costs. Production
and Inventory Management Journal, 30(3), 57.

Faunce, T., Styring, S., Wasielewski, M. R., Brudvig, G. W., Rutherford, A. W., Messinger, J., Lee, A.
F., Hill, C. L., Degroot, H., Fontecave, M., MacFarlane, D. R., Hankamer, B., Nocera, D. G., Tiede,
D. M., Dau, H., Hillier, W., Wang, L., & Amal, R. (2013). Atrtificial photosynthesis as a frontier
technology for energy sustainability. Energy and Environmental Science, 6(4), 1074-1076.
https://doi.org/10.1039/c3ee40534f

Goes, P. B. (2014). Editor's comments: Design science research in top information systems journals.
MIS Quarterly: Management Information Systems, 38(1), iii—viii.

Gregor, S., & Hevner, A. R. (2013). Positioning and Presenting Design Science Research for Maximum
Impact. MIS Quarterly, 37(2), 337—355. https://www.jstor.org/stable/43825912

Grilo, A., & Jardim-Goncalves, R. (2013). Cloud-Marketplaces: Distributed e-procurement for the AEC
sector. Advanced Engineering Informatics, 27(2), 160-172.
https://doi.org/10.1016/j.aei.2012.10.004

Hellstrom, T. (2007). Dimensions of environmentally sustainable Innovation: The structure of eco-
innovation concepts. Sustainable Development, 15(3), 148-159. https://doi.org/10.1002/sd.309

Hevner, A., & Chatterjee, S. (2010a). Design Science Research in Information Systems. In A. Hevner
& S. Chatterjee (Eds.), Design Research in Information Systems. Integrated Series in Information
Systems, 22. (pp. 9-22). Springer Science+Business Media. https://doi.org/10.1007/978-1-4419-
5653-8_2

Hevner, Alan, & Chatterjee, S. (2010b). Introduction to Design Science Research. In Alan Hevner & S.
Chatterjee (Eds.), Design Research in Information Systems. Integrated Series in Information
Systems, 22. (pp. 1-8). Springer Science+Business Media. https://doi.org/10.1007/978-1-4419-
5653-8_1

Hevner, A. R. (2007). A Three Cycle View of Design Science Research. Scandinavian Journal of
Information Systems, 19(2), 87-92.
https://www.researchgate.net/publication/254804390_A Three_Cycle_View_of Design_Science

Research

Hevner, A. R., March, S. T., Park, J., & Ram, S. (2004). Two Paradigms on Research Essay Design
Science in Information  Systems  Research. MIS  Quarterly, 28(1), 75-79.
https://www.jstor.org/stable/25148625

llhan, B., & Yaman, H. (2016). Green building assessment tool (GBAT) for integrated BIM-based design
decisions. Automation in Construction, 70, 26—37. https://doi.org/10.1016/j.autcon.2016.05.001

Inyim, P., Rivera, J., & Zhu, Y. (2015). Integration of Building Information Modeling and Economic and
Environmental Impact Analysis to Support Sustainable Building Design. Journal of Management
in Engineering, 31(1, Sl), 1-10. https://doi.org/10.1061/(ASCE)ME.1943-5479.0000308

Jiao, Y., Wang, Y., Zhang, S., Li, Y., Yang, B., & Yuan, L. (2013a). A cloud approach to unified lifecycle
data management in architecture, engineering, construction and facilities management:
Integrating BIMs and SNS. Advanced Engineering Informatics, 27(2), 173-188.
https://doi.org/10.1016/j.a€i.2012.11.006

Jiao, Y., Zhang, S., Li, Y., Wang, Y., & Yang, B. (2013b). Towards cloud Augmented Reality for
construction application by BIM and SNS integration. Automation in Construction, 33(Sl), 37-47.
https://doi.org/10.1016/j.autcon.2012.09.018

Jrade, A., & Jalaei, F. (2013). Integrating building information modelling with sustainability to design
building projects at the conceptual stage. Building Simulation, 6(4), 429-444.
https://doi.org/10.1007/s12273-013-0120-0

Jung, W., & Lee, G. (2015). The Status of BIM Adoption on Six Continents. International Journal of Civil,
Structural, Construction and Architectural Engineering, 9(5), 406—410.

31



Kensek, K. M. (2012). Practical BIM, Management, Implementation, Coordination and Evaluation. Uma
Etica Para Quantos?, 1(2), 81-87. https://doi.org/10.1007/s13398-014-0173-7.2

Liao, S. S. (1988). The Learning Curve: Wright's Model vs. Crawford’s Model. Issues in Accounting
Education, Fall, 302-315.

Mahmoud, S. A. I. (2017). Integrated Sustainability Assessment and Rehabilitation Framework for
Existing Buildings [Concordia University]. http://bit.ly/2WKFiQI

Mahmoud, S., Zayed, T., & Fahmy, M. (2019). Development of sustainability assessment tool for
existing  buildings. Sustainable Cities and Society, 44(May 2017), 99-119.
https://doi.org/10.1016/j.scs.2018.09.024

March, S. T., & Smith, G. F. (1995). Design and natural science research on information technology.
Decision Support Systems, 15, 251-266. https://doi.org/10.1016/0167-9236(94)00041-2

Marston, S., Li, Z., Bandyopadhyay, S., Zhang, J., & Ghalsasi, A. (2011). Cloud computing - The
business perspective. Decision Support Systems, 51(1), 176-189.
https://doi.org/10.1016/j.dss.2010.12.006

Martin, J. R. (2021). What is a learning curve? Management And Accounting Web. (Learning Curve
Summary). Maaw.Info Blog. https://maaw.info/LearningCurveSummary.htm

Matthews, J., Love, P. E. D., Heinemann, S., Chandler, R., Rumsey, C., & Olatunj, O. (2015). Real time
progress management: Re-engineering processes for cloud-based BIM in construction.
Automation in Construction, 58, 38—47. https://doi.org/10.1016/j.autcon.2015.07.004

McKay, J., Marshall, P., & Hirschheim, R. (2012). The design construct in information systems design
science. Journal of Information Technology, 27(2), 125-139. https://doi.org/10.1057/jit.2012.5

Mislick, G. K., & Nussbaum, D. A. (2015). Learning Curves: Cumulative Average Theory. In Cost
Estimation: Methods and Tools (pp. 204-217). John Wiley & Sons, Inc.
https://doi.org/https://doi.org/10.1002/9781118802342.ch11

Moore, J. (2021). Experience Curves for Data Center Hosting. The Art of Writing Software. Jonm Blog.
https://blog.jonm.dev/posts/experience-curves-for-data-center-hosting/

Motamedi, A., Mostafa, M., Hammad, A., Soltani, M. M., Hammad, A., Mostafa, M., Hammad, A.,
Soltani, M. M., & Hammad, A. (2013). Localization of RFID-equipped assets during the operation
phase of facilities. Advanced Engineering Informatics, 27(4), 566-579.
https://doi.org/10.1016/j.aei.2013.07.001

Nazarko, L. (2015). Technology Assessment in Construction Sector as a Strategy towards
Sustainability. Procedia Engineering, 122(Orsdce), 290-295.
https://doi.org/10.1016/j.proeng.2015.10.038

Niknam, M., & Karshenas, S. (2017). A shared ontology approach to semantic representation of BIM
data. Automation in Construction, 80, 22—36. https://doi.org/10.1016/j.autcon.2017.03.013

O’Dea, S. (2020). Smartphone penetration worldwide as share of global population 2016-2020. Statista.
https://www.statista.com/statistics/203734/global-smartphone-penetration-per-capita-since-2005/

Olawumi, T.O., & Chan, D. W. M. (2019a). An empirical survey of the perceived benefits of executing
BIM and sustainability practices in the built environment. Construction Innovation: Information,
Process, Management, 19(3), 321-342. https://doi.org/10.1108/CI-08-2018-0065

Olawumi, T.0O., & Chan, D. W. M. (2019b). Building Sustainability Assessment Method (BSAM) - for
Countries in sub-Saharan region. Mendeley Data, 1(1). https://doi.org/10.17632/jvjm5h8md3.1

Olawumi, T.O., & Chan, D. W. M. (2020). Concomitant impediments to the implementation of smart
sustainable practices in the built environment. Sustainable Production and Consumption,
21(January), 239-251. https://doi.org/10.1016/j.spc.2019.09.001

Olawumi, T.O., Chan, D. W. M., & Wong, J. K. W. (2017). Evolution in the intellectual structure of BIM
research: A bibliometric analysis. Journal of Civil Engineering and Management, 23(8), 1060—
1081. https://doi.org/10.3846/13923730.2017.1374301

Olawumi, Timothy O., & Chan, D. W. M. (2017). Geospatial Map of the Global Research on
Sustainability and Sustainable Development: Generating and converting KML files to Map.
Mendeley Data, 1(1). https://doi.org/10.17632/sv23pvr252.1

Olawumi, Timothy O., & Chan, D. W. M. (2018). A scientometric review of global research on
sustainability and sustainable development. Journal of Cleaner Production, 183(May), 231-250.
https://doi.org/10.1016/].jclepro.2018.02.162

Olawumi, Timothy O., & Chan, D. W. M. (2021). Developing project evaluation models for smart
sustainable practices implementation in construction projects: a comparative study between
Nigeria and Hong Kong. Engineering, Construction and Architectural Management, (in press), 31
pages. https://doi.org/10.1108/ECAM-11-2020-0906

Olawumi, Timothy O., Chan, D. W. M., Chan, A. P. C., & Wong, J. K. W. (2020). Development of a
building sustainability assessment method (BSAM) for developing countries in sub-Saharan

32



Africa. Journal of Cleaner Production, 263(August), Article Number 121514, 17 pages.
https://doi.org/10.1016/}.jclepro.2020.121514

Panteli, C., Kylili, A., & Fokaides, P. A. (2020). Building information modelling applications in smart
buildings: From design to commissioning and beyond A critical review. Journal of Cleaner
Production, 265, 121766. https://doi.org/10.1016/}.jclepro.2020.121766

Poghosyan, A., Manu, P., Mahamadu, A. M., Akinade, O., Mahdjoubi, L., Gibb, A., & Behm, M. (2020).
A web-based design for occupational safety and health capability maturity indicator. Safety
Science, 122(February 2019), 104516. https://doi.org/10.1016/j.ssci.2019.104516

Porkodi, S., & Kesavaraja, D. (2020). Integration of Blockchain and Internet of Things. In Handbook of
Research on Blockchain Technology. INC. https://doi.org/10.1016/b978-0-12-819816-2.00003-4

Pries-Heje, J., Baskerville, R., & Venable, J. (2008). Strategies for design science research evaluation.
16th European Conference on Information Systems, ECIS 2008.
http://aisel.aisnet.org/ecis2008/87

Rai, A. (2017). Editor's Comments: Diversity of Design Science Research. Management Information
Systems Quarterly, 41(1), iii—xviii.

Reenskaug, T., & Skaar, A. L. (1989). An environment for literate Smalltalk programming. Conference
Proceedings on Object-Oriented Programming Systems, Languages and Applications, OOPSLA
1989. https://doi.org/10.1145/74877.74912

Rivera, M. B., Eriksson, E., & Wangel, J. (2015). ICT practices in smart sustainable cities: In the
intersection of technological solutions and practices of everyday life. 29th International
Conference on Informatics for Environmental Protection (Envirolnfo 2015). Third International
Conference on ICT for Sustainability (ICT4S 2015), Envirolnfo, 317-324.

Salah, D., Paige, R., & Cairns, P. (2014). An evaluation template for expert review of maturity models.
In A. Jedlitschka, P. Kuvaja, M. Kuhrmann, T. Mannistd, J. Minch, & M. Raatikainen (Eds.),
Proceedings of 15th International Conference on Product- Focused Software Process
Improvement, PROFES 2014. Springer. https://doi.org/10.1007/978-3-319-13835-0_31

Sarna, D. E. Y. (2010). Implementing and Developing Cloud Computing Applications. In Implementing
and Developing Cloud Computing Applications. Auerbach Publication, CRC Press.
https://doi.org/10.1201/b10343

Schumacher, A., Erol, S., & Sihn, W. (2016). A Maturity Model for Assessing Industry 4.0 Readiness
and Maturity of Manufacturing  Enterprises. Procedia CIRP, 52, 161-166.
https://doi.org/10.1016/j.procir.2016.07.040

Shojaei, A., Flood, I., Moud, H. I., Hatami, M., & Zhang, X. (2020). An Implementation of Smart
Contracts by Integrating BIM and Blockchain. Advances in Intelligent Systems and Computing,
1070(October), 519-527. https://doi.org/10.1007/978-3-030-32523-7_36

Shojaei, A., Wang, J., & Fenner, A. (2019). Exploring the feasibility of blockchain technology as an
infrastructure for improving built asset sustainability. Built Environment Project and Asset
Management, 10(2), 184-199. https://doi.org/10.1108/BEPAM-11-2018-0142

Siountri, K., Skondras, E., & Vergados, D. D. (2019). Towards a Smart Museum using BIM, loT,
Blockchain and Advanced Digital Technologies. 1SoCC’19, August.
https://doi.org/10.1145/1234567890

Tao, J., Marten, H., Kramer, D., & Karl, W. (2011). An intuitive framework for accessing computing
clouds. Procedia Computer Science, 4, 2049—-2057. https://doi.org/10.1016/j.procs.2011.04.224

Thuan, N. H., Drechsler, A., & Antunes, P. (2019). Construction of design science research questions.
Communications of the Association for Information Systems, 44(1), 332-363.
https://doi.org/10.17705/1CAIS.04420

Tommelein, I. D. (2020). Design science research in construction management: multi-disciplinary
collaboration on the SightPlan system. Construction Management and Economics, 38(4), 340—
354. https://doi.org/10.1080/01446193.2020.1718723

Vanlande, R., Nicolle, C., & Cruz, C. (2008). IFC and building lifecycle management. Automation in
Construction, 18(1), 70-78. https://doi.org/10.1016/j.autcon.2008.05.001

Venable, J., Pries-Heje, J., & Baskerville, R. (2012). A Comprehensive Framework for Evaluation in
Design Science Research: Advances in Theory and Practice (DESRIST 2012). In K. Peffers, M.
Rothenberger, & B. Kuechler (Eds.), Proceedings of the 7th International Conference on Design
Science Research in Information Systems (pp. 423-438). Springer-Verlag Berlin Heidelberg.

Venable, J. R. (2006). The Role of Theory and Theorising in Design Science Research. Proceedings
of the 1st International Conference on Design Science in Information Systems and Technology
(DESRIST 2006), 1-18.

Wangel, J., Lgbner, K., & Sglgaard Bang, M. (2013). ICT as Motor for Transition: towards a Low Energy,
Low Carbon City. ICT4S.

33



Wu, I. C., & Hsieh, S. H. (2012). A framework for facilitating multi-dimensional information integration,
management and visualization in engineering projects. Automation in Construction, 23, 71-86.
https://doi.org/10.1016/j.autcon.2011.12.010

Wu, W., & Issa, R. R. A. (2012). Leveraging cloud-BIM for LEED Automation. Electronic Journal of
Information Technology in Construction, 17(April), 367—384.

Xiaoping, M., Huimin, L., & Qiming, L. (2009). A Comparison Study of Mainstream Sustainable/green
building rating tools in the world. 2009 International Conference on Management and Service
Science, 1-5. https://doi.org/10.1109/ICMSS.2009.5303546

Yousif, J. H., Abdul Majeed, S. N., & Al Azzawi, F. J. I. (2020). Web-based architecture for automating
guantity  surveying  construction  cost  calculation. Infrastructures,  5(6), 1-20.
https://doi.org/10.3390/INFRASTRUCTURES5060045

Zhai, Y., Chen, K., Zhou, J. X., Cao, J., Lyu, Z., Jin, X., Shen, G. Q. P., Lu, W., & Huang, G. Q. (2019).
An Internet of Things-enabled BIM platform for modular integrated construction: A case study in
Hong Kong. Advanced Engineering Informatics, 42(April), 100997.
https://doi.org/10.1016/j.a€i.2019.100997

Zhang, S., Yan, H., & Chen, X. (2012). Research on Key Technologies of Cloud Computing. Physics
Procedia, 33, 1791-1797. https://doi.org/10.1016/j.phpro.2012.05.286

Zou, P. X. W., Lun, P. K. Y., Ekambaram, P., Mohamed, S., & Cipolla, D. (2018). From paper-based to
cloud-based safety information system in infrastructure construction projects. In K. W. Chau, 1. Y.
S. Chan, W. Lu, & C. Webster (Eds.), Proceedings of the 21st International Symposium on
Advancement of Construction Management and Real Estate, 2016 (Issue 209889, pp. 819-833).
Springer Nature Singapore Pte Ltd. https://doi.org/10.1007/978-981-10-6190-5 74

34



APPENDIX A

Module 2 DB

|...L.3|

|..A.1DB|

X

2 & " T T
User (e.g. PM) 1: <<register/login>> \ 1.1: getUserInfo{usemame,psswd, *..) | | | Assessor
1 | |
B 1 | |
i .. | | |
[UserExdst] 1.1.1: Userinfo i |
=7 1.1.1.1: Welcome to CSA system
[Else] !
1.1.1.2: displayErrorMessage() | :
T
loop |
|
L NeawProiactl [for each new project] |
7 8 . '
2a: createProjac() 2a.1: New Project 23 .1.1: addProject{Userinfo, Proj_Info)
| .y}
2a.1.1.1: bad(Proj_Info)
L—— ==
- critical =
[assessProject] —) r 3.1: getUserInfo(usemame,psswd, *..) o~ 3: <<register/login>>
Lt ]
opt ] e e S e e e e P e ] |
| < 3.2: Userinfo
[assessor.Exist()] [
‘ 3.3: Welkcome to CSA system
e e >
T T T
Il 1
4.1: get{Userinfo, Proj_Info) ‘: 4: request(Userinfo, Proj_Info) :
________________________ |
4.2: load(Proj_Info) |
4 .3: startProjAssess | \ :
ol 4.3.1.1: setBuilding Type : :
4.3.1: addBuildingType (Proj_Info) \
4.4: retrieveldeal V(BSAM SC NW, GW, *..)
_______ 45 processidealV(BuldingType, *..0 | VT~
T T |
alt loop ! |
idingT: = 5: processSC(descriptor, CP, DE) |
[BuldingType== [for @ach BSAM SC {A-H}] P : |
NewBuilding] | - » 5.1.1: set/update(Proj_Info, CP) |
‘ 5.1: evaluateProject(SC) \
- |
T T i |
— | 1 T |
[BuildingType== loop < |
Existing Buildin | 6: SC(descriptor, CP, DE |
thg al [fori@ach BSAM SC {B-H}] | e {@ascriptoc ) |
‘ 6.1: evaluateProject(SC) 6.1.1: setiupdate(Proj_Info, CP)
T T
6.2: close() !
== + +
[viewProjectSER] |

2b: viewProject()

| 2b.1: viewProjectSER(Proj_ID)

[selectOnlyOneProject()]

Sequence diagram showing the Users-MVC workflow in the CSA system

2b.1.1: queryProjectSER(Proj_ID) 2b.1.1.1: queryldealV (BuildingType)
5 | -
T La
2b.1.1.2: confirm{Proj_ID) |
2b.2: Info for the user 2b.1.1.2.1: loadProjectSER(Proj_ID) o :
T —— S ——— e ———— =—"25.1.1.1.1: returnideal V(BSAM SC NW, GW, ~.)_____ |
[compareProjectsSER] : H
7: compareProjects() i
7.1: compareProjects(Proj_ID, *...n)
[selectTwoProjects()]
7.1.1.1: queryldealV(BuidingType) =
' =
7.1.1: queryProjectSER(Proj_ID, Proj_ID2) 7.1.1.2: confirm(Pro_ID, L
7.2: Info for the user Proj_ID2)
7.1.1.2.1: loadProjectSER(Proj_ID, Proj_ID2) 7.1.1.1.1: returnideal V(BSAM SC NW, GW, *..}
'
t 3 | | | »
: T T r
[deleteProject(s)] | | |
- | |
8: deleteProjects() 8.1: deleteProjects(Proj_ID, *...n) | |
| |
8.1.1: queryProjectSER(Proj_ID, Proj_ID2) : :
8.1.1.1: confirm(Proj_ID, Proj_ID2) | |
i | |
22-l0fo forthe usoe 8.1.1.2: updateProjects() JF i I
——————————————————————————————————————————— | I
| |
'] 1 1
10: LogOut() b | |
| . | |
10.1: dose() 4.[1 9: LogOut() \ |
o | -l
{ L |
X >< 10.2: close() >< X

Note: This Users-MVC workflow of the CSA system portrays the internal workings of the various
components of the CSA system as illustrated in Figure 3. For the readers, this sequence
diagram (SD) might be technical in nature. Hence, to understand the SD, a knowledge of
database management and the Unified Modelling Language (UML) are needed.
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