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ABSTRACT

Although water supply infrastructure is a vital component of community infrastructure systems,
significant environmental, social, and economic impacts are created throughout its life cycle.
Previous researchers have identified sustainable construction procurement as a viable method to
enhance the Triple Bottom Line (TBL) performance of construction projects. Adopting sustainable
procurement in water supply infrastructure projects has been overlooked primarily due to the lack
of quantified environmental and social impact data. Environmental Product Declaration (EPDs),
and Social Life Cycle Assessment (S-LCA) have the potential to address the above data challenge.
Furthermore, there is a paradigm shift in adopting Building Information Modelling (BIM) in the
construction sector, enabling more access to project data. Hence, BIM can be used as a platform
to link EPDs, social impact data, and cost data for proposal evaluations. Despite the potential
benefits of the above approach, there is an implementation challenge in fidelity of EPD data. A
comprehensive review revealed that previous researchers have overlooked TBL-based bid

proposal evaluations for water supply infrastructure projects.

The vision of this research is to adopt BIM and sustainable procurement to enhance the delivery
of water supply infrastructure projects. This research developed a BIM-based plugin toolkit to
conduct an automated TBL-based project proposal evaluation. Furthermore, state-of-the-art
implementation support tool for EPDs was developed to support BIM-based sustainable
construction procurement. Lastly, a Bayesian Belief Network (BBN) model was developed to
evaluate the success of BIM-based construction procurement in the Canadian construction
industry. The study revealed that, BIM-based sustainable procurement assists decision-makers in
identifying the project proposal with the superior sustainability performance. However,
implementation resources and client leadership are required to successfully implement BIM-based
procurement in the Canadian construction sector. This research benefits the construction industry
and policymakers in enhancing the sustainability of construction procurement. Furthermore,

outcomes this research promotes the BIM adaptation in the Canadian construction sector.
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CHAPTER 1
INTRODUCTION

1.1 Background

Sustainable development has been heavily discussed amongst world leaders in recent years.
Sustainability has been defined as the ability to “meet the needs of the present generation without
compromising the ability of future generations to meet their own needs” (WCED, 1987). In aiding
this, the United Nations have set 17 Sustainable development goals to be achieved by 2030 (United
Nations, 2015). This research supports four sustainable development goals, innovative
infrastructure (goal 9), sustainable public procurement (goal 12), accessibility to clean water (goal

6), and climate action (goal 13).

Potable water has been a basic need throughout the existence of mankind. In 2021 approximately
2.2 billion people around the world did not have access to continuous clean water (World Bank,
2021), and a significant portion of that people live in developing countries. However, even in
developed countries like Canada, it was found that about 82,400 people did not have access to
clean water in 2017 (Wong, 2017). With the rapid growth of the human population, the need for
water supply infrastructure projects keeps accumulating (Roser et al., 2019). According to the
World Bank Group (2021) and Asian Development Bank (ADB, 2021), a rapid increase in water

supply infrastructure projects is expected to be seen in both developed and developing countries.

Water supply infrastructure projects fabricate numerous negative impacts during their life cycles.
ECAM (2021) stated that 5% of the global greenhouse gas (GHG) emissions are emitted by the
water supply and sanitation sectors. Additionally, significant environmental impacts, such as
excessive resource usage, disturbances to the groundwater systems, and emissions of harmful
substances, occurred during the construction of water supply infrastructure systems. While green
initiatives have been a popularly adopted strategy for sustainability, social and economic
paradigms must also be taken into consideration. Published literature has criticized the
construction industry supply chains for unsafe work conditions and the high risk of impacting
human and labor rights (Khosravi et al., 2014; Wagner & Berntsen, 2016; Adjei-Bamfo et al.,
2019; Heddebaut & di Ciommo, 2018). Moreover, water supply projects are associated with
substantial capital construction and maintenance costs, raising the need for considering the full life

cycle cost as the basis of the evaluation (Fitch et al., 2018). There is a need to enhance the



sustainability performance of water supply infrastructure projects by adopting comprehensive

solutions.

Sustainable procurement has been identified as a viable strategy for enhancing the sustainability
performance of construction projects (Agarchand & Laishram, 2017). Procurement is a set of
activities related to purchasing goods, services, and works which are vital to achieving the project
goals (Sears et al., 2008). Since procurement holds the power of purchasing, it has the potential to
manipulate the purchase of goods, services, and works with minimum environmental, social, and
economic impacts. Bid proposal evaluation is a common process in procurement for various
project delivery methods (Pietroforte & Miller, 2002; Ruparathna & Hewage, 2015). Hence, TBL-
based bid proposal evaluation allows the buyer to purchase sustainable goods, services and works

with a superior sustainability performance.

TBL-based selection criteria are often overlooked due to various challenges. Ruparathna &
Hewage (2015b) have identified data and data management challenges as major drawbacks in
evaluating the sustainability performance of infrastructure assets. Similarly, evaluating the
environmental, social, and economic performance of water supply infrastructure projects has been
hindered due to the lack of resources and know-how. With the development of information
communication technology (ICT), there are potential computer-based solutions which provide a
platform for comprehensive infrastructure project evaluation. Yet the construction sector has been
adopting a laid-back approach to adopting ICT solutions. Consequently, the construction sector is

ranked in the lowest tier for adapting to ICT (Agarwal et al., 2016).

1.2 Research gap
The premise for this research stems from the knowledge gaps identified below. These challenges

are specific to water supply infrastructure projects.

1.2.1 The lack of TBL-based proposal evaluation methods for water supply infrastructure
projects

The current bid proposal evaluation, which is based on the lowest cost, has been criticized in the
literature (Hall 2010; Hampton 1994). Previous researchers have primarily considered life cycle
cost (Gransberg and Molenaar, 2004; Chan et al., 2010) and environmental impacts

(Kankananamge and Ruparathna, 2022). However, less emphasis has been provided on



incorporating social impacts (Hueskes et al., 2017). A comprehensive TBL-based evaluation
requires a combination of TBL of sustainability (Agarchand & Laishram, 2017). Yet, a
comprehensive evaluation criterion considering environmental, social, and economic impacts has

not been used in the water supply infrastructure project proposal evaluation.

1.2.2 Challenges with data accuracy and transparency in TBL based proposal evaluation

Environmental product declaration (EPD) provides quantified data for environmental performance
evaluation (Kankanamge & Ruparathna, 2022). Even though, EPDs are valid for substantial
periods, the dynamic nature of the supply chains can hinder the credibility of EPD data (Del-
Borghi, 2013). In order to address the above, state-of-the-art methods can be used to enhance the

real-time accuracy of EPD data.

1.2.3 Challenges with BIM implementation in infrastructure sector

The implementation of BIM is yet to mature in the construction industry (Smith, 2014). This is
due to the lack of comprehensive BIM open-source file formats, resources, expert users,
guidelines, and BIM libraries (Criminale & Langar, 2017; Smith, 2014). BIM usage in building
project delivery has achieved significant advancements with a considerable amount of
implementation resources. However, unavailability of standard file formats for sustainable

procurement and water supply infrastructure is a major drawback for BIM implementation.
The above literature gaps have raised the following research questions:

. How to minimize the TBL-based impacts created by water supply infrastructure projects?
Il.  How to overcome the data accuracy challenges of sustainable procurement evaluation?

1. How to ensure the successful implementation of a BIM-based sustainable procurement?

1.3 Motivation and expected benefits

The motivation for this research originated from two contemporary trends in the construction
sector. The first trend is the negative impacts caused by the construction sector. For example,
construction material production accounts for 11% of the total GHG emissions in the world (IEA,
2019), and the construction sector has been identified as a hazardous and unsafe work environment
(The world counts, 2022). The second motivation is the increasing number of future water supply

infrastructure projects around the world. Canada and the European Union are expected to spend



over $180 billion between the years 2016-2028 (Government of Canada, 2021) and €298 Billion
within 2021-2027 (European Commission, 2021), respectively. Moreover, developing nations in
the Asia Pacific region are expected to invest more than $1.7 trillion in infrastructure development
from 2016-to 2030 (ADB, 2021).

The derived outcomes of this thesis will benefit multiple stakeholders. The infrastructure industry
can utilize the findings of this research to aid in their project selection decision-making.
Furthermore, policymakers will be able to establish sustainability benchmarks utilizing the
proposed method. Lastly, researchers can replicate the proposed methods to adapt sustainable

procurement of roads, buildings, and other types of infrastructure.

1.4 Research Objectives

This study intends to improve the life cycle TBL performance of water supply infrastructure
projects by developing an innovative and comprehensive bid proposal evaluation method to assist
with sustainable construction procurement. This research also addresses challenges associated
with the accuracy of environmental performance data, and implementation of BIM-based

sustainable procurement. The following are the sub-objectives of this research.

I.  Develop and demonstrate a BIM-based automated bid proposal evaluation tool to assist in
sustainable procurement of water supply infrastructure projects.
Il. Develop a framework to overcome the data accuracy of EPDs using blockchain to assist
sustainable procurement.
1. Investigate the successful industrial implementation of the BIM-based sustainable
procurement by using Bayesian Belief Networks (BBN).

15 Thesis Organization

As shown in Figure 1-1, this research is comprised of six chapters. Chapter 1 consists of an overall
introduction to the research elaborating on the challenges, research gaps, motivations, objectives,
and overall research organization. In Chapter 2, a comprehensive literature review on sustainable
procurement of infrastructure was done to gather the required background knowledge. Chapter 3
presents the methodological framework and the demonstration of the developed BIM-based plugin
toolkit to aid sustainable procurement of water supply infrastructure (objective 1). Chapter 4

presents a blockchain-based EPDs verification and maintenance method (Objective 2). This



method enhances the data accuracy of EPD data that will be used in the proposed proposal
evaluation method in Chapter 3. In Chapter 5, the internal and external factors for the successful
implementation of BIM-based sustainable procurement were assessed (Objective 3). Lastly,
Chapter 6 converses the conclusions of the research, contributions, and future recommendations.
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CHAPTER 2
LIFE CYCLE THINKING FOR SUSTAINABLE PUBLIC PROCUREMENT IN
INFRASTRUCTURE PROJECTS: A STATE-OF-THE-ART REVIEW

A version of this chapter has been submitted to Canadian Science publishing journal Canadian
Journal of Civil Engineering titled as “Life Cycle Thinking for Sustainable Public Procurement in

Infrastructure Projects: A State-of-the-Art Review” and currently under peer review.

2.1 Introduction

Contemporary census data have projected the urban population to increase up to 10.5 billion by
2050 (European Strategy and Policy Analysis System, 2019). Consequently, the demand for the
core civil infrastructure such as water supply, sanitation, and transportation will continue to grow
exponentially. Thus, the first world developed countries such as Canada are also expected to spend
over $180 billion between the years 2016-2028 (Government of Canada, 2021), and European
Union plans to invest around €298 Billion within 2021-2027 (European Commission, 2021). The
same, if not more, has been seen in developing nations in Asia and the Pacific region, which are
expected to annually invest more than $1.7 trillion from 2016-to 2030 (ADB, 2021) for
infrastructure development. The mounting demand for infrastructure projects potentially decreases
the likelihood of achieving global sustainability goals (United Nations, 2015) unless major
revisions are made to the current practices. This trend can be manipulated by incorporating the
triple bottom line (TBL) of sustainability into the procurement of infrastructure projects (Cui et
al., 2020; Fitch et al. 2018; Love et al. 2015).

Procurement can be used to enhance the sustainability performance of infrastructure projects
(Ruparathna, 2013). Similarly, the procurement process influenced by sustainability can greatly
support the sustainable development of a nation (UNEP, 2005). Procurement can also be utilized
to promote innovation, performance, and efficiency, which ultimately leads to the sustainability of
the project (Eriksson et al., 2019). Said that procurement is typically conducted disregarding
environmental and social concerns by pursuing the lowest cost approach (Hardie & Saha, 2012).
With the increased emphasis on TBL of sustainability in the past decade, sustainable procurement
(SP) has become a popular topic. SP incorporates environmental and social considerations along

with traditional areas of focus such as price, quality, and availability into the purchasing decision
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(Treasury Board of Canada Secretariat, 2019; Meehan and Bryde, 2011). However, there are

several challenges to SP that prevent projects from achieving superior sustainability performance.

Lack of uniformity in green product definition and evaluation criteria, lack of information,
insufficient resources for public SP, and relying on a single method-administrative means are
negatively affecting SP (Chigudu, 2014; Manu et al., 2018; Qiao and Wang, 2011; Ruparathna and
Hewage, 2015b). Hence, adaptation to green products, evaluation criteria, and efficient data
management tools can enhance the sustainability performance of infrastructure projects. Even
though the data-driven infrastructure sector is known to be complex and high in magnitude
(Dodanwala and Santoso, 2021; Dodanwala and Shrestha, 2021; Kankanamge and Santoso, 2021),
Building Information Modelling (BIM) has the potential to accommodate sustainability to the
infrastructure procurement (Aguiar-Costa and Grilo, 2015). BIM is a computer-based
collaborative platform where multiple stakeholders can improve the life cycle management of a
project (Tien-Doan et al., 2019). Being an information repository of a construction project, BIM

can address the above-identified challenges to aid SP.

Ghadimi et al. (2015) Hong et al. (2012). Ruparathna and Hewage (2015) and Yu et al. (2020)
have investigated the research trends of SP in the construction industry in general. They have
identified only a handful of studies focus on promoting SP to the construction industry compared
to other areas of interest for construction. Agarchand and Laishram (2017) and Regan et al. (2011)
have studied the published literature trends in SP of infrastructure projects. However, these studies
only investigated the shortcomings of the Public-Private-Partnerships (PPP) respectively, in the
Indian and Australian infrastructure sectors. Despite BIM having the potential to enhance the SP
of infrastructure projects, research on BIM adaptation has been minimum (Yalcinkaya and Singh,
2015), even though the general research on BIM has shown an increasing trend (Tang et al., 2019;
Walker et al., 2012). Therefore, a gap in the literature is observed in SP of infrastructure projects
and BIM adaptation for SP.

Driven by the demand for infrastructure and the lack of sustainability practices in infrastructure
procurement, contemporary literature review on the subjected domains will advocate sustainability
in construction as well as will be beneficial in policy formation. Thus, this study aims to investigate

literature content on SP against the key performance indicator (KPIs) of infrastructure projects and
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identify the potential implementation solutions such as BIM potentials to improve SP. This study
delivers the latest research trends in SP and identifies more gaps in the literature for future research.
This study will inform public sector institutions to enhance the sustainability of procurement
practices and promote BIM adaptation in the heavy construction industry.

2.2 Sustainable infrastructure and procurement

In order to conduct a comprehensive review of SP procurement, it is crucial to identify KPIs of
infrastructure delivery. Out of numerous sources, infrastructure rating guides have been identified
as credible sources in extracting the KPIs. Compared to building sustainability rating systems,
fewer rating systems are available for the infrastructure (FIDIC 2021). Therefore, the Institute for
Sustainable Infrastructure (ISI) ENVISION: Sustainable Infrastructure Framework (Institute for
Sustainable Infrastructure, 2018), Canada Green Building Council (CGBC) Neighbourhood
Development (Canada Green Building Council 2012), Infrastructure Sustainability Council of
Australia’s (ISCA) IS Rating Scheme (Infrastructure Sustainability Council of Australia, 2020),
and BRE Global for sustainable infrastructure’s CEEQUAL Version 6 (BRE Global Limited,
2019) were selected to extract the categories & KPIs. All four selected rating guides were selected
based on the exclusiveness of infrastructure and credibility. In fact, these rating systems were

accredited by The International Federation of Consulting Engineers (FIDIC) and CGBC.

Table 2-1 compares common KPIs used in the above rating guides. Each rating guide identified
above is precisely developed for the infrastructure sector and related to its countries’ practices.
Each rating criteria has covered all the sections in accordance with the triple bottom line of
sustainability. Significant similarities can be observed among the rating guides. All identified
categories & KPIs were reviewed to avoid duplication. Overall, 67 KPIs were identified as KPIs
that can be characterized into five categories. Each KPI represents a solution to improve the

sustainability of infrastructure projects from a Life Cycle Thinking (LCT) point of view.
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Table 2-1: KPIs of infrastructure projects

Code KPI ISI CaGBC ISCA BRE
QP QUALITY OF PUBLIC LIFE IMPROVEMENT

QP_1  Improve Community Quality of Life y y y y
QP_2  Enhance Public Health & Safety y y y

QP_3  Improve Construction Safety y

QP_4  Minimize Noise & Vibration y y y
QP_5  Minimize Light Pollution y y y
QP_6  Minimize Construction Impacts y y y
QP_7  Improve Community Mobility & Access y y y
QP_8  Encourage Sustainable Transportation y y y
QP_9  Improve Access & Wayfinding y y

QP_10 Advance Equity & Social Justice y

QP _11 Preserve Historic & Cultural Resources y y y y
QP_12 Enhance Views & Local Character y y

QP_13 Enhance Public Space & Amenities y y

QP_14 Regional priority y

QP_15 Certified green buildings Y

QP_16 Develop Local Skills & Capabilities y

LD LEADERSHIP AND MANAGEMENT
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LD 1 Provide Effective Leadership & Commitment y

LD 2  Foster Collaboration & Teamwork y
LD 3  Provide for Stakeholder Involvement y
LD 4  Pursue Byproduct Synergies y
LD 5 Establish a Sustainability Management Plan y
LD 6 Plan for Sustainable Communities y

LD 7 Plan for Long-Term Monitoring & Maintenance vy
LD 8 Plan for End of Life y
LD 9 Stimulate Economic Prosperity & Development y
LD 10 Conduct a Life-Cycle Economic Evaluation y
LD 11 Environmental management plan

LD 12 Social management plan

LD 13 Responsible construction management

LD 14 Innovation

LD 15 Solid waste management infrastructure

RA RESOURCE ALLOCATION
RA_1 Use Recycled Materials y
RA_2 Reduce Operational Waste y
RA_3 Reduce Construction Waste y
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RA _4 Balance Earthwork On Site y

RA_5 Reduce Operational Energy Consumption y y
RA 6 Reduce Construction Energy Consumption y y
RA_7  Use Renewable Energy y y
RA 8 Commission & Monitor Energy Systems y y
RA_9 Preserve Water Resources y y
RA 10 Reduce Operational Water Consumption y y
RA_11 Reduce Construction Water Consumption y y
RA_12 Monitor Water Systems y y
EP ENVIRONMENTAL PRESERVATION
EP 1  Preserve Sites of High Ecological Value y y
EP 2  Provide Wetland & Surface Water Buffers y y
EP 3  Preserve Prime Farmland y y
EP_4  Preserve Undeveloped Land y

EP 5 Reclaim Brownfields y y
EP 6  Manage Stormwater/Wastewater y y
EP_7  Reduce Pesticide & Fertilizer Impacts y

EP 8  Protect Surface & Groundwater Quality y

EP 9  Enhance Functional Habitats y y
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EP 10 Enhance Wetland & Surface Water Functions y y y

EP_11 Maintain Floodplain Functions y y

EP_12 Control Invasive Species y

EP_13 Protect Soil Health y

EP_14 Land use and value y
CR CLIMATE AND RESILIENCE

CR_1 Reduce Net Embodied Carbon y y y
CR_2 Reduce Greenhouse Gas Emissions y y

CR_3 Reduce Air Pollutant Emissions y y

CR_4  Avoid Unsuitable Development y y y
CR_5  Assess Climate Change Vulnerability y y

CR_6 Evaluate Risk and Resilience y

CR_7  Establish Resilience Goals and Strategies y

CR_8 Maximize Resilience y y
CR_9 Improve Infrastructure Integration y

CR_10 Heatisland reduction y

Quality of Public Life Improvement (Category QP): 15 KPIs were identified for Quality of
Public Life Improvement. This category concerns how to improve public social life through a
particular infrastructure project. As an example, whether the project increases job

opportunities for the locals and whether local vendors are benefited from the project. This
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category checks whether the project disturbs the current lifestyle public through noise
pollution or destroys any cultural heritages. Overall, this category assesses if the public living

standards can be improved.

Leadership and Management (Category LD): This category includes KPIs such as planning
for end life, communication, innovation, and efficiency of the project in terms of LCT. The
leadership of a project is the stakeholder, which takes all the decisions of a project. Therefore,
improving and adhering to the KPIs in the LD category will enhance sustainable decision-

making.

Resource Allocation (Category RA): This category focuses on the sustainability of resource
utilization. KPIs such as waste reduction, use of recycled material, use of renewable energy,

energy efficiency, and preservation of water are included in this category.

Environmental Preservation (Category EP): Environmental Preservation addresses how to
understand and minimize negative impacts on the environment while considering ways in
which the infrastructure can interact with natural systems in a synergistic, positive way. KPIs
considered in the category include how to protect them and preserve waterbodies, reclaim
brownfields, control invasive species, balance the eco system, and land use to ensure the

selection of lands does not harm any ecosystems.

Climate & Resilience (Category CR). The scope of Climate & Resilience is bi-fold and
focuses on minimizing emissions that contribute to climate change and ensuring that the

infrastructure system is resilient to changing conditions.

Incorporating the KPIs identified in Table 1 into procurement is not as straightforward as it may

seem due to multiple processes of multiple procurement strategies available in practice. Therefore,

it is important to identify which processes and which strategies the KPIs can be incorporated.

Procurement strategies are classified varying on two groups: the type of project delivery and the

method of project finance (Miller, 1995). More often, a combination of both types of procurement

strategies is practiced tailoring the governmental policies and nature of the project.

Project delivery method: Project delivery methods are often determined by how the procurement

is conducted for that project. The entire project procurement can be done as a whole or segment-
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wise. In segmented procurement, various phases of the project, such as the design phase,
construction phase, and operation phase, are procured separately for different contractors (Gordon,
1994; Sweet, 1994). E.g., Design-Build (DB), Design-Bid-Build (DBB), and Turnkey (TKY).

Method of project finance: The method of finance is either direct funding or indirect funding.
Indirect funding, the client funds the project, and in indirect funding, a third-party entity will be
funding the project with a partnership typically called as Public-Private-Partnerships (PPP). The
third-party entity shall take the financial risks for the exchange of future revenues, and in certain
scenarios, the third-party entity shall handover the property to the client upon the initial grace
period for revenue generation (Pietroforte and Miller, 2002). E.g., Design-Build-Operate-Transfer
(DBOT), Build-Own-Operate (BOO), and Build-Own-Operate-Transfer (BOOT)

Ruparathna (2013) has identified requirement definition, bid calling, evaluation, and contract
awarding as some of the common processes for any procurement strategy. In the scope of the
contemporary and comprehensive literature review, it is crucial to look into the KPI adaptation in
the identified procurement strategies and procurement process, as well as in developing a typical,

sustainable, BIM-based bidding procedure for various project delivery methods.

2.3 Methodology

The methodology used in this research consists of filtering peer-reviewed journal articles on the
subject of SP in infrastructure projects, conducting the bibliometric analysis, and conducting
content analysis. The widely accepted methodology of keyword search in the subject-specific
database was used for the identification of related literature (Deng and Smyth, 2013; Ruparathna
etal., 2015; Xue et al., 2010). The three-phased methodology used in this research is illustrated in
Figure 2-1.

Phase 1: Sustainable infrastructure categories & KPIs: Infrastructure rating guides rate an
infrastructure project based on its sustainability performance. Due to their wider usage, it is
possible to consider these guides as credible resources that represent KPIs of infrastructure. KPIs
identified in each rating guide were extracted and pooled together to avoid duplication. Each rating
guide has different sections (categories) to determine a specific sustainability attribute, as available
in Table 2-1.The final set of KPIs and categories were defined from selected guides in Section 2.1:

Sustainable Infrastructure and Procurement.
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Figure 2-1: Roadmap of the study
Phase 2a: Exploring peer-reviewed journal articles: Compendex Engineering Village search
engine for journal articles was used to identify peer-reviewed journal articles on SP via the
keywords “Sustainability, Procurement, and Infrastructure.” This process allowed to select articles
that were solely focused on the SP in infrastructure projects. Journal articles that were published
after 2000 were considered for this study to protect the contemporary nature of the study. Identified

articles were briefly examined to ensure that the content was related to the scope of this study.

Phase 2b: Trends and Bibliometric Analysis: Once the available peer-reviewed journal articles
were identified, a thorough review was conducted to measure the research trends. Research trends
of publication years and quality of the articles via the H index were assessed to provide an
overview of the status, credibility, and value of the literature in this subject area. Once the filtering
criteria were inserted into the Compendex Engineering village search engine, all the complying
bibliometric data were filtered and downloaded into a comma separate value (CSV.) file where the
analysis was conducted. Using the H-Index of each journal was obtained from a reputed service

provider called SCImago. The results were presented in terms of numerical mean and percentages.
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Phase 3: Content Analysis: A full-text content analysis of the selected articles was conducted
cross-referencing the KPIs determined in Table 2-1. These articles were tabulated with respect to
the relevant category and KPI from Table 2-1. Content analysis is conducted for all the Journal
Articles that have been filtered. Each article was analyzed according to its scope and findings.
Based on the findings of the articles, each article was put into the categories based on what KPI
has been discussed. It was determined that even though certain studies passed through the filtering

criteria, they did not really emphasize the procurement aspect of sustainable infrastructure.

2.4 State of the current literature on SP of infrastructure

The keywords search in the Engineering Village resulted in 65 peer-reviewed journal articles.
However, 6 of those articles were removed from the list due to their noncompliance. The remaining
59 articles were published in 43 different journals and from various regions around the world.
Among various bibliometric indicators to measure the quality of the journals, such as cite score,
impact factor, and H index, to have a comparison of journals of various ages can be tricky. Impact
factor and cite score indicators are based on the number of citations received by a journal for a
given time period (Fernandez-Llimos, 2018). Therefore, the cite score and impact factor cannot
compare different journals with different ages, and it can only be compared to a given year or
years, whereas a certain journal possibly is better than the other in a particular year and otherwise
in another given period, it does not provide a full analysis throughout the whole lifespan of the
journal. Whereas the H index is the journal’s number of articles (h) that have received at least h
number of citations over the whole period that the journal has been active (SCImago, 2020). There
are 10 journals that have published more than 1 article in the subject field. The H index of all the
journals varied from 1 to 258, with the lowest being the Handbook of Environmental Chemistry,
Volume 5: Water Pollution and the highest being Renewable and Sustainable Energy Reviews.
The average H index of the journals is 69.48, which means each journal has an average of

approximately 69 articles with more than 69 citations per article.

Figure 2-2 represents the publication distribution of the selected articles. It can be observed that
the highest number of articles on this subject has been published in the year 2019, being 8.
However, compared to the 1%t decade (between 2000-2010), there are most publications in the
second decade; specifically, after 2010, 46 articles have been published, which is around 78% of

the total publications done on this subject after 2000. Therefore, the SP in infrastructure projects
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is becoming a trending topic in the recent past. However, there can be seen a drop in the number
of articles published in 2020 and 2021; the main justifiable reason for this dilemma could be the
global covid-19 pandemic. Many researchers have focused on investigating the adaptation to the
global pandemic in their respective fields (Feng et al., 2020; Bian and Lin, 2020).

Furthermore, a notable fact is that majority of the publications in the last quarter of the selected
time span (after 2015) were published in journals which has an H-Index above the 75" percentile
of all the H-Index values, which is 106. There are 29 publications between 2015 and 2021, and 11
publications have an H-Index of more than 106, which conveys that these publications are top-
notch in quality. Based on the above statistics, it can be deduced that SP has been identified as an
important research area, and funding agencies, scientists, researchers, and other parties involved

in research and development have focused more on SP of infrastructure than before.
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Figure 2-2: Article distribution with year
2.5 Sustainable procurement in infrastructure: a content analysis
There is room for improvements in infrastructure procurement processes. According to Yu et al.,
the social aspect of sustainability is the least studied area in SP. Previous research and new
management thinking have criticized the lowest bid concept in procurement (Hall 2010; Hampton

1994). Therefore, itis important to look for quality-based selection (QBS) criteria that do not solely
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depend on the price bid (ACEC, 1972). In order to incorporate QBS and sustainability into

buildings, Vilas-Boas et al. have conducted a study with green concepts such as energy efficiency

and operational costs. Likewise, it is important to investigate what previous researchers have

studied and what areas have been paid the least attention to in SP in infrastructure projects.

Table 2-2 categorizes SP literature based on the sustainability categories identified in Section 2.

As depicted in Table 2-2, the majority of the articles reviewed have been categorized as LD.

Basically, out of 45 journal papers, 26 of them discuss at least 1 KPI in that category. And in terms

of LCT, the environmental aspect’s representation of categories EP and CR are the least discussed.

There are only 15 articles in total in both EP and CR categories that discuss at least one KPI in the

respective category.

Table 2-2: Categorization of articles

Category

Articles

Count

QP

LD

RA

(Adjei-Bamfo et al., 2019); (Bouch and Roberts, 2010); (Garvin et al., 2000);
(Heddebaut and di-Ciommo, 2018); (Hueskes et al., 2017); (Jefferies and
Mcgeorge, 2009); (Kumaraswamy et al., 2015); (Loosemore, 2016);
(Montalban-Domingo et al., 2021); (Oltean-Dumbrava and Miah, 2016);
(Oltean-Dumbrava et al., 2012); (Omoregie, 2012); (Pamucar et al., 2021);
(Smith et al., 2016)

(Alim and Polak, 2016); (Bhaskaran, 2014);(Bjerkan et al., 2019);(Bouch and
Roberts, 2010);(Brown et al., 2012);(Chan et al., 2010);(Chan et al., 2005);(Cui
et al., 2020); (Fitch et al., 2018);(Goodfellow-Smith et al., 2020); (Gouws,
2015);(Gransberg and Molenaar, 2004); (Hartshorn et al., 2005); (Hartshorn et
al., 2005); (Konoza and Sandborn, 2014); (Kumaraswamy et al., 2015);
(Lenferink et al., 2013); (Love et al., 2010); (Manu et al., 2019); (Marzouk and
Elhesnawi, 2019); (Marzouk and EIl-Hesnawi, 2018); (Pearson and Pontin,
2013); (Pot, 2021); (Rose et al., 2019); (Sohail and Baldwin, 2004); (Too, 2012)

(Arnesano et al., 2012); (Bjerkan et al., 2019); (Bouch and Roberts, 2010);
(Clark, 2007); (Garvin et al., 2000); (Gouws, 2015); (Gransberg and Molenaar,
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2004); (Hartshorn et al., 2005); (Hueskes et al., 2017); (Kesidou and Sovacool,
2019); (Maybank et al., 2011); (Pamucar et al., 2021); (Smith et al., 2014)

EP (Burri et al., 2019); (Cui et al., 2020); (Hartshorn et al., 2005); (Hueskes et al.,
2017); (Maybank et al., 2011); (Pamucar et al., 2021); (Smith et al., 2016);
(Uttam and le Lann-Roos, 2015)

CR (Arnesano et al., 2012); (Bjerkan et al., 2019); (Cui et al., 2020); (Kesidou and
Sovacool, 2019); (Kumaraswamy et al., 2015); (Smith et al., 2016) (Smith et al.,
2014)

2.5.1 Quality of Public Life Improvement (QP)

The quality of public life improvement (QP) category represents the social aspect of sustainability.
The identified KPIs as per Table 2-1 denote the improvements that can be made for the public in
terms of mental & physical health, improving local industries and providing employment,
preservation of cultural monuments and beliefs, etc. KPIs in the QP category were discussed by
only 15 articles which is only 21% of the totally assessed articles. Hueskes et al. (2017) discovered
that the social aspect is the least paid attention in infrastructure projects, and therefore, this finding
justifies Hueskes et al. (2017). However, Oltean-Dumbrava and Miah (2016) and Oltean-
Dumbrava et al. (2012) have studied about QP_4 (Minimize Noise & Vibration) and infused their
findings to SP in roads infrastructure to minimize the noise and vibration. Adjei-Bamfo et al.
(2019) and Heddebaut and di-Ciommo (2018) have determined that to improve QP-1 (Improve
Community Quality of Life), QP_7 (Improve Community Mobility & Access), QP_11 (Preserve
Historic & Cultural Resources), and QP_12 (Enhance Views & Local Character) better stakeholder
involvement especially the community leaders is necessary. Loosemore (2016) has identified
QP_14 (Regional priority), QP_12 (Enhance Views & Local Character), and the lowest bid

concept as the barriers to social sustainability in infrastructure.

Scholars have also proposed various approaches to enhance the social sustainability infrastructure
procurement, such as Montalban-Domingo et al. (2021) has established weightages for QP_2,

QP_11, and QP_14 to be included in the selection criterion during the procurement process.
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Furthermore, Kumaraswamy et al. (2015) have developed a new project delivery method linking
PPP with people (as a stakeholder). In this 4P project delivery method, they are improving QP _1,
QP_7,QP_9, QP_10-QP_14, and QP_16 KPIs for better social sustainability of the infrastructure
project.

2.5.2 Leadership and Management (LD)

The leadership and Management (LD) category represent the stakeholder’s involvement
throughout the life cycle of a project to enhance effective planning and other decision-making
elements to improve the efficiency of time and money. There were 26 journal articles that discuss
KPIs in this category which is the highest with 38%.

In order to increase the sustainability of an infrastructure project, it is important to gather all the
stakeholder’s input, including the private sector and the general public, during the planning stage,
which is emphasized by LD _ 2 (Foster Collaboration & Teamwork), LD_3 (Provide for
Stakeholder Involvement), and LD_6 (Plan for Sustainable Communities) (Adjei-Bamfo et al.,
2019; Alim and Polak, 2016). According to Bhaskaran (2014), the private sector includes all the
micro, small and medium enterprises, and therefore, a much more collaborative project delivery
method with more interactions among the stakeholders is recommended. Brown et al. (2012); Chan
et al. (2005) have proposed collaborative project delivery methods that include LD_1 (Provide
Effective Leadership & Commitment), LD_2 (Foster Collaboration & Teamwork), LD_3 (Provide
for Stakeholder Involvement), and LD_14 (Innovation) KPIs. Furthermore, the innovative E-
procurement, which is presented by LD _14 (Innovation), has also been studied by Wahid (2013).
Kumaraswamy et al. (2015) and Lenferink et al. (2013) have also proposed innovative
procurement frameworks with stakeholder involvement and long-term planning, which fall under
LD_7 (Plan for Long-Term Monitoring & Maintenance), LD_8 (Plan for End of Life), and LD_14
(Innovation). Lenferink et al. (2013) have linked various stages of infrastructure projects via
integrated contract inclusiveness to Design-Build-Finance-Maintain (DBFM) framework for much
more sustainable implementation. Gransberg and Molenaar (2004) have investigated about LD _9
(Stimulate Economic Prosperity & Development) and LD_10 (Conduct a Life-Cycle Economic
Evaluation) by conducting a life cycle cost analysis and determined that procuring long last
material is considered the best bid, and it is far more sustainable than considering the lowest bid.
Furthermore, Chan et al. (2010) and Cui et al. (2020) determined that LD_9 (Stimulate Economic

26



Prosperity & Development), LD 10 (Conduct a Life-Cycle Economic Evaluation), by LD 2
(Foster Collaboration & Teamwork), LD_3 (Provide for Stakeholder Involvement), stable political
environment, and judicial government control, and transparency are the KPIs that may determine
the success of PPPs. LD_7 (Plan for Long-Term Monitoring & Maintenance) was assessed by,
Bjerkan et al. (2019) for the maritime vessel maintenance cost, and Fitch et al. (2018) discussed
LD_9 (Stimulate Economic Prosperity & Development) and LD_10 (Conduct a Life-Cycle
Economic Evaluation) via a system dynamic model to predict the financial performance of an

infrastructure project under various scenarios.

Lastly, certain studies were reviewed and determined that they have investigated the overall
leadership and management (LD) category to improve the procurement of infrastructure in a
sustainable manner (Marzouk and El-Hesnawi ,2018; Pot, 2021; Rose et al., 2019). LD category
is the most investigated category, with around 37% of the articles discussing at least one KPI in
the LD category. However, a trend can be seen in most researchers least interested in investigating
LD_4 (Pursue Byproduct Synergies), LD_11 (Environmental management plan), LD_12 (Social

management plan), and LD_13 (Responsible construction management).

2.5.3 Resource Allocation (RA)
The resource allocation category (RA) provides an overall idea about how the materials and
resources are being used in infrastructure projects. 13 articles discussed how it is possible to

improve the sustainability of infrastructure via procurement of materials.

According to Arnesano et al. (2012), including RA_7 (Use Renewable Energy) and RA_8
(Commission & Monitor Energy Systems), such as using wave energy and wind energy to the
selection criteria shall provide an edge in making the project sustainable. Bjerkan et al. (2019)
investigated about RA_5 (Reduce Operational Energy Consumption), RA_6 (Reduce Construction
Energy Consumption), and RA_7 (Use Renewable Energy) and mentioned that in the maritime
passenger transport sector, the monitoring of energy consumption, using renewable energy sources
and reduce operation energy are key components in selecting the best bidders to achieve
sustainability. According to Clark (2007) and Kesidou and Sovacool (2019), in developing
sustainable communities, centralized energy plants and multiuser involvement will save energy

which relates to RA_5 (Reduce Operational Energy Consumption) and RA_8 (Commission &
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Monitor Energy Systems). London Olympics in 2012 was one of the major infrastructure projects
in the recent past. According to Maybank et al. (2011), the material procured by the management
of the London Olympics is recycled material; therefore, it appears that the RA_1 (Use Recycled
Materials) has been involved in the procurement of London Olympics.

Furthermore, Gransberg and Molenaar (2004) and Hartshorn et al. (2005) have emphasized the
importance of durability in materials for the transportation sector in order to achieve sustainability.
KPIs such as RA_1 (Use Recycled Materials), RA_5 (Reduce Operational Energy Consumption),
and RA_7 (Use Renewable Energy) has been widely discussed among the scholars in this scope,
but RA 2 (Reduce Operational Waste), RA 3 (Reduce Construction Waste), RA 9 (Preserve

Water Resources), RA_ 12 (Monitor Water Systems) has not been paid many interests.

2.5.4 Environmental Preservation (EP)
Environmental Preservation (EP) addresses how to minimize negative environmental impacts
caused by infrastructure projects. Under this category, only 8 articles were analyzed hence it

appears that this category has not been paid much intention in this exclusive subject area.

Burri et al. (2019) have studied about EP_8 (Protect Surface & Groundwater Quality) in procuring
sustainable groundwater. They have identified that groundwater quality will be affected by
fertilizer and pesticide usage; therefore, in order to protect the groundwater quality, large
infrastructure projects must adhere to rectify this issue. EP_5 (Reclaim Brownfields) has been
addressed by Burri et al. (2019) and Hartshorn et al. (2005). They have mentioned that due to the
large scale of infrastructure projects, the land area it takes is high. Therefore, reclaiming the
brownfields should be investigated within the procurement framework. Pamucar et al. (2021) have
addressed EP_1 (Preserve Sites of High Ecological Value), EP_3 (Preserve Prime Farmland),
EP_4 (Preserve Undeveloped Land), EP_10 (Enhance Wetland & Surface Water Functions), and
EP_14 (Land use and value) via a multi-criteria decision-making model to determine the most
significant alternative waste disposal facility characteristics. Other than that, in the category of EP,
Cui et al. (2020) and Hueskes et al. (2017) have also discussed generally about the importance of
environmental preservation in their studies on the scope of procurement in infrastructure projects.
Uttam and le Lann Roos (2015) have developed a new procurement procedure that allows the

client to engage with the shortlisted bidders to discuss the environmental requirements before
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awarding the contract. Furthermore, in their model, they have deployed a relative weighting of
award criteria, including environmental consideration of long-term and short-term potential
environmental threats and how to mitigate them. However, KPIs such as EP_6 (Manage
Stormwater/Wastewater), EP_7 (Reduce Pesticide & Fertilizer Impacts), EP_9 (Enhance
Functional Habitats) to EP_13 (Protect Soil Health) has not been discussed adequately in this

subject area.

2.5.5 Climate and Resilience (CR)

Climate & Resiliency (CR) category represents the emission reduction from infrastructure projects
and KPIs that affect robustness and redundancy through resiliency. Due to the rapid climate change
phenomena, the scholarly community has shown a great interest in adaptation and resilience. But
in the infrastructure sector, this topic has not been discussed. Hence category has been the least

discussed category with only 7 articles which is 10% of the totally assessed articles,

Arnesano et al. (2012) have developed a mathematical model for energy planning, which
significantly discusses CR_1 (Reduce Net Embodied Carbon) and CR_2 (Reduce Greenhouse Gas
Emissions) with regard to carbon reduction and greenhouse emissions reduction. This model will
enable efficient decision-making during the procurement of infrastructure projects. Bjerkan et al.
(2019) and Smith et al. (2014) also emphasize that machinery and material with less emission shall
be given importance in SP of infrastructure projects which address CR_1 (Reduce Net Embodied
Carbon), CR_2 (Reduce Greenhouse Gas Emissions), CR_3 (Reduce Air Pollutant Emissions).
Incineration plants which procured through PPP shall include a criterion for procurement to make
sure the emissions are controlled in a sustainable manner hence the nature of the plant (Cui et al.,
2020). As per the assessment, it was able to determine that CR_6 (Evaluate Risk and Resilience)
through to CR_10 (Heat Island reduction) have not been discussed in SP of infrastructure. These
KPIs represent resiliency; therefore, further research shall be conducted to address the resiliency
is SP.

2.6 BIM adaptation for sustainable procurement of infrastructure
EPDs, S-LCA, and LCCA solutions consist of a large amount of data. Thus, conducting a
comprehensive evaluation for multiple bid proposals can be time consuming and prone to human

errors. Therefore, the need for automation is paramount to conducting a transparent and accurate
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bid proposal evaluation. BIM is a platform that can manipulate a large amount of construction
related data to conduct customized analysis (Tien Doan et al., 2019). BIM is defined as a
collaborative platform that enhances the communication process between different stakeholders of
a construction project (Alreshidi et al., 2017; Miettinen & Paavola, 2014). Many software
providers have developed specific software to aid BIM, however, Autodesk Infraworks is an
infrastructure specific BIM software. In fact, it contains the option to script mathematical
algorithms to conduct ad hoc evaluation using embedded data in BIM as well as linked with 3rd
party databases (Autodesk, 2022). BIM has the potential to aid the sustainability of water supply
infrastructure projects as existing BIM initiatives in procurement validate the technology for large
scale projects. In the Czech Republic, BIM-based procurement for large-scale infrastructure
projects (Over 5.7m Euros) is recommended by the government as way to reach sustainability
goals (Zak & Vitasek, 2018). Similarly, the Royal architectural institute of Canada in collaboration
with BuildingSmart Canada has begun to develop contracts for BIM applications in industries such

as copyrights, model element ownership, and more (RAIC, 2021)

2.6.1 Enhancements for project delivery methods for BIM-based sustainable procurement
adaptation

Explicitly in DBB-type project delivery methods, multiple stakeholders are involved due to the
segmented nature of procurement. Therefore, incorporating sustainability aspects during the
design phase of the project is vital to achieving overall sustainability. Therefore, having BIM as a
platform will allow all the stakeholders, not limited to the client and contractor, to provide their
input during the design phase. According to Ren et al. (2021) and Sloot et al. (2019), BIM provides
the capability to include user-centric parameters such as the identified KPI in the aforementioned
sections. Hence, each stakeholder will be able to monitor the sustainability aspects and adapt their
efforts accordingly. The collaborative nature of BIM will allow the general public and other not-
for-profit organizations to monitor the sustainability of the project during the initial stages and
provide inputs for the betterment. In addition, BIM integrated infrastructure procurement expands
to actively promote BIM for innovative proposals from the bidders, and the client's role in this is
vital (Lindblad and Guerrero, 2020; Lindblad, 2019). However, implementing BIM for
infrastructure projects requires additional responsibilities and additional staff, such as an

information manager, design coordination manager, and data security manager (Lee et al., 2017).
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Thus, the traditional project delivery methods require significant improvements when

implementing BIM to achieve sustainability.

There are multiple traditional project delivery methods currently in practice for infrastructure
projects. However, BIM integration has not been a feature in any (Asian Development Bank, 2013,
2018; FIDIC, 2011), even though certain tailor-made modifications are done in selected projects
to get the BIM benefits (Sloot et al., 2019; Zak and Vitasek, 2018). Gottfried et al. (2015) have
proposed an innovative addition, mutual to any project delivery method’s bid submission and
evaluation framework for public-private partnerships via work technical sheets consisting of a 3-
phase submission including a BIM-based submission. Similarly, Mahamadu et al. (2017), Donato
et al. (2017), and Ren et al. (2012) have proposed methodologies to conduct bidder evaluations
with the aid of BIM that can be used in multiple project delivery methods. Furthermore, certain
researchers have emphasized the importance of early involvement of all contractors via BIM,
especially in DBB-type project delivery methods (Baldwin et al., 2009; Vernikos et al., 2014).
Therefore, it can be concluded that researchers have identified the importance of innovative project
delivery methods and proposed improvements to enhance the construction sector. Likewise,
integrating sustainability based KPIs into various project delivery methods as well as bidder
evaluation criteria via BIM shall navigate the infrastructure sector in a much more sustainable

direction.

2.6.2 Challenges in BIM integration for sustainable procurement

Although BIM provides an edge in implementing SP for infrastructure projects, the adaptation is
bound to numerous challenges. Researchers have identified a lack of legislation (Bataw et al.,
2016), lack of knowledge and resources (Bataw et al., 2016), and interoperability (Hallberg and
Tarandi, 2011).

Lack of legislation: Implementation of BIM for infrastructure projects is a new paradigm;
therefore, in most countries, legislation for BIM models, such as the ownership of the model,
copyrights, data sharing, etc., has not been defined (Bataw et al., 2016). And according to Zak and
Vitasek (2018), an extension of time for a given project based on the software and computer delays

is not regulated. Furthermore, in multi-stakeholder involvement, the conditions of the involvement
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of third-party such as the general public, are yet to be stipulated (\Vass and Gustavsson, 2017). Due

to this lack of legislation, it is horizontal to stakeholder conflicts.

Lack of knowledge and data: BIM implementation for the construction sector itself requires
additional knowledge due to its innovativeness. In addition, when implementing BIM-based SP
for infrastructure, means of data transferring and tailor-made analysis techniques are required due
to the lack of standardization. This conundrum requires firms to provide additional training and
resources for their employees to profit from BIM and SP benefits (Bataw et al., 2016).
Furthermore, in order to conduct SP based proposal evaluation, a lack of a standard set of indices

based on sustainability is also identified as a data challenge (Kankanamge and Ruparathna, 2022)

Interoperability-related issues: BIM integration for sustainability requires multiple multi-
stakeholder data sharing. Therefore, interchanging information between various BIM software,
commonly known as interoperability, is identified as a crucial process (Marmo et al., 2020).
Interoperability is based on standard objects’ definitions to be shared between multiple BIM
software. Yet, the lack of definitions of object attributes is observed as a major challenge (Marmo
et al., 2020). Especially in SP, where the KPIs are not incorporated in the current open-source file
formats, which aids interoperability (BuidlingSMART, 2021). Even though ad hoc means are
proposed by researchers for selected civil engineering applications to overcome interoperability
barriers (Marmo et al., 2020).

2.6.3 Solutions to implement BIM for sustainable procurement

To conduct a comprehensive sustainable evaluation, the requirement of quantified data based on
pre-set indices is vital. Emerging green initiatives, such as eco-labels, provide a solution in terms
of environmental performance data. Environmental Product Declaration (EPD) is a type Il eco-
label that contains quantified environmental impact data and has been standardized by the
international standards association (1SO, 2006). EPDs consist of pre-defined key performance
indicators (KPI) that can be used as parameters to compare the environmental performance of
multiple products of a similar domain. Even though for social and economic impacts, standardized
KPIs are unavailable in the present, methodologies are in motion to conduct an evaluation. Social
life cycle assessment (S-LCA) is a such as methodology to compare products in terms of their

social impacts. To assist S-LCA, NewEarth B (2022) has developed a database consisting of social
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impact risk scores based on the country of manufacture. Using that data, an S-LCA can be
conducted for products and determine social impact risk scores based on pre-defined KPIs to
conduct an evaluation. Similarly, economic evaluation can be conducted via the data generated by
a life cycle cost assessment (LCCA) for each product.

2.7 Discussion

The study analyzed the current research trend of SP in the infrastructure sector via a bibliometric
analysis. The journal articles published after the year 2000 were selected from the Compendex
Engineering Village databases and filtered through a criterion to select the best-fitting articles. The
results of the analysis convey that there has been an increasing trend in the number of publications
throughout the years. Furthermore, the H-index of each journal revealed the articles the quality of
the research published has increased yearly. Since infrastructure development and partnerships are
in the scope of the United Nations in terms of their 2030 sustainable development goals (United
Nations, 2015), it is safe to argue that the infrastructure and procurement sector has received better
funding in the recent past. Therefore, the number of studies conducted, and the quality of the

research work have improved.

The majority of the studies show a trend towards developing the management aspects such as
stakeholder involvement, project delivery, and planning of the infrastructure projects. In terms of
the social sustainability aspects, a considerable number of studies are conducted on how to include
the social parameters such as enhancing public health & safety, preservation of historical &
cultural monuments, and regional priority into the selection criteria of procurement. It appears to
be that since the world is moving forwards with rapid urbanization, the treasured artifacts need to
be preserved to remember their roots. Furthermore, large-scale infrastructure projects may bring
change to the surrounding residents’ lifestyles. Thus, the locals must benefit from it; therefore, in
SP, regional priority shall be considered. Material and the resources used in infrastructure play a
huge part in the impacts on the environment. Therefore, most of the researchers have investigated
recycled material and renewable energy sources to be utilized in the infrastructure. These aspects
are extremely important in compiling SP guidelines. Infrastructure projects pose a significant
threat to the environment due to their magnitude. Therefore, the KPIs, such as preservation of
natural habitats, reclaiming brownfields, and waste disposal, are a few of the important KPIs of

SP that have been discussed in contemporary research. Climate change has been a topic that has
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been widely discussed over the past decade; greenhouse gasses such as Chlorofluorocarbon
emissions during the construction, operations, or maintenance of an infrastructure project shall be
minimized. Therefore, procuring high-efficiency machinery and equipment is vital in

infrastructure projects.

Furthermore, it was able to determine that there is a knowledge gap in integrating the climate
change KPIs not limited to heat island reduction measures, global warming potential, and
acidification. Infrastructure resiliency KPIls against flood, tornado, fire, or any other natural
disasters, as well as in the environmental sustainability such as preservation of ecological sites,
soil health, and land use and value, have not been studied as much as the other aspects of SP.
Future possibilities in this subject convey that the utilization of BIM will address most of these
gaps in developing SP evaluation frameworks as well as sustainable project delivery methods.
Since BIM can include an enormous amount of data, it is possible to manage and mitigate these
threats that affect the sustainability of infrastructure projects. Furthermore, it is possible to procure
the best proposal in terms of full sustainability and resiliency efficiently and accurately via
innovative proposal evaluation methods. Certain researchers indicated that political influences,
transparency, and corruption act as barriers to the SP in infrastructure projects (Neupane et al.,
2012). Hence, the integration of BIM and e-procurement will provide solutions for these barriers
since BIM provides the most transparent form of information about a particular project as well as
the easy extraction of the data. However, the study further conveys that there is a gap between

integrating SP of infrastructure with BIM in terms of interoperability.

2.8 Summary

SP in infrastructure has been branded as a trending research area among scholars lately. This
chapter presents major academic contributions to enhance the SP of infrastructure as well as
solutions to implement SP via means of BIM. However, numerous improvements are still required
to be satisfied in incorporating sustainability to bid evaluation to overcome interoperability
shortcomings, legislations, and standardized guidelines shortcomings, as well as lack of a
universally accepted set of indices. With a contemporary comprehensive, state of the art review,

the following conclusions were made.
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o The research interest in SP in infrastructure among the scholarly community has drastically
increased within the last decade, and the quality of the work has exponentially grown within
the last 5 years.

o Stakeholder involvement and development of new project delivery methods, inclusive
selections criteria, recycled material, and use of renewable energy sources are mainly focused
on by the scholars in SP. The same is not observed in emission reduction, preservation of
ecological sites, protection of waterbodies, heat island reduction, preservation of cultural
heritage, and regional priority KPIs.

o Political forces have an impact on the SP of the infrastructure; therefore, it should be
investigated how to include political stability and the interference in infrastructure projects.

o BIM has the potential to integrate sustainability into procurement via an inclusive proposal
evaluation method, yet less has been done in this domain.

o Interoperability is identified as a major challenge in implementing BIM. Consequently, a
lack of research focusing on open-source file formats to address the interoperability
challenge for infrastructure and procurement has been observed.

o The lack of a universal set of indices in assessing environmental, social, and economic
performance in infrastructure to conduct procurement evaluations has been identified. And
the potential of ecolabels has been acknowledged in addressing the environmental

performance evaluation aspect.

Future studies shall be conducted to improve digitalized e-procurement with cutting-edge
technologies such as machine learning, cloud-based data sharing, and blockchain. Multi-
disciplinary research between civil engineering, computer science, and law is required to enhance
the integration of ICT-based solutions for infrastructure procurement and scrutinize the policy and
legislation formulation. Lastly, the potential of BIM shall be further investigated for other civil

engineering aspects and advocate BIM within both governmental and private organizations.
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CHAPTER 3
SUSTAINABLE BID PROPOSAL EVALUATION FOR WATER SUPPLY
INFRASTRUCTURE PROJECTS: AN AUTOMATED BIM-BASED PLUGIN TOOLKIT

A version of this chapter has been submitted to Elsevier publishers’ Journal of Cleaner Production
titled as “Sustainable bid proposal evaluation for water supply infrastructure: An automated BIM-

based plugin toolkit™ and currently under peer review.

3.1 Background

World Bank Group (2021) has estimated approximately a quarter of the world population lack
access to clean potable water, especially in low-income developing countries. In response, Asia
and Pacific region has allocated an annual expenditure of more than $1.7 trillion from 2016 to
2030 for infrastructure development, including water supply (ADB, 2021). Astonishingly, similar
trends can be seen amongst the developed and water-rich countries such as Canada. The Canadian
government has invested $1.83 billion in water supply infrastructure from 2016 to 2021
(Government of Canada, 2021). It is essential that in the future, these projects should deliver by

minimizing their impact on the triple bottom line (TBL) of sustainability.

Procurement has been defined as purchasing of goods, works, and services via competitive bidding
(Laffont & Tirole, 1993). Since procurement exerts a large purchasing power, it has the potential
to influence the purchasing of sustainable materials from socially responsible suppliers to aid the
overall sustainability of construction projects. United Nations (2015) has emphasized the
importance of sustainable public procurement. Yet, sustainable procurement is farfetched in the
construction sector due to the traditional lowest bid approach (Hardie & Saha, 2012). A
comprehensive bid proposal evaluation criterion based on TBL is a viable substitution for the

lowest bid approach to enhance the sustainability of the built environment.

TBL-based proposal evaluation is data intensive, time-consuming, inefficient, and prone to human
errors. The lack of quantified data based on a predefined set of indices for environmental and social
impacts has been identified as another setback in conducting a sustainable procurement proposal
evaluation (Kankanamge & Ruparathna, 2022). Ecolabels and social life cycle assessment (S-
LCA) results has the potential to address the data challenges in sustainable procurement. Though

the construction sector has been ranked at the lowest tier in adapting to information communication
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technology (Agarwal et al., 2016), building information modelling (BIM) is a potential computer-
based data management solution to address the setbacks of manual TBL-based proposal
evaluation. Several studies have utilized BIM as a solution to evaluate the sustainability
performance of construction projects (Ren et al., 2021; Sharif & Gentry, 2015).

BIM is a collaborative platform that contains a large amount of physical and functional data of a
constructed asset (Sacks et al., 2018). BIM model contains detailed information about building
components. Furthermore, BIM has the potential to incorporate ecolabels data and social
performance data to aid comprehensive sustainable bidder evaluation (Lee et al., 2006). Several
countries have taken initiatives to encourage BIM utilization within the construction sector to assist
public procurement. As an example, the Czech Republic requires BIM-based procurement for
projects over €5.7m (Zak & Vitasek, 2018). Yet, current BIM-based procurement platforms do not
contain TBL evaluation criteria. Moreover, there is a clear knowledge gap on BIM-based

sustainable procurement of water supply infrastructure projects.

Consequently, this research was motivated by the aforementioned knowledge gap. This study
presents a BIM-based proposal evaluation plugin toolkit for sustainable procurement of water
supply infrastructure projects. Three databases consisting of environmental impacts, social
impacts, and life cycle cost data were developed to aid the plugin. The proposed BIM plugin was
demonstrated by conducting a case study for Southwestern Ontario. As a part of the case study,
conventional bid evaluation and the proposed sustainable bid evaluation method were compared.
This research advocates BIM adaptation in the construction sector for accurate and efficient
decision-making. Furthermore, this study developed the resources to support the transition from

the conventional low-cost procurement to sustainable procurement.

3.2 Literature Review

Sustainable procurement is a comprehensive evaluation process considering the TBL of
sustainability (Feng et al., 2020). Presently, proposal evaluation in infrastructure sector is cost-
oriented and environmental and social paradigms are overlooked (Yu et al., 2020). It is essential
to seek for TBL -based selection methods for infrastructure project proposal evaluation
(Agarchand & Laishram, 2017). Even though literature has proposed TBL indicators for project
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proposal evaluation (Laosirihongthong et al., 2019; Meehan & Bryde, 2011), there is no industry

wide consensus on the above parameters.

3.2.1 Challenges in sustainable procurement for infrastructure

For a comprehensive sustainable procurement proposal evaluation, quantified environmental,
economic, and social data is required (Chigudu, 2014; Gallastegui, 2002). However, in order to
maintain the consistency and relevance of proposal evaluation, the data should be based on present
indices (Meehan & Bryde, 2011).

Infrastructure sustainability evaluation is a highly data intensive process (Adeli & Jiang, 2009).
Furthermore, comprehensive sustainability evaluation is complex, time consuming, and prone to
human errors. Adopting cutting edge data management solutions assist in conducting a

comprehensive sustainability evaluation.

3.2.2 Ensuring the consistency of TBL evaluation
Based on the published literature, TBL performance can be analyzed using various methods. In

order to ensure the consistency of evaluation, the following methods can be used.

Environmental Performance: Researchers have used various Key Performance Indicators (KPIs)
to conduct environmental evaluation (Bjerkan et al., 2019; Smith et al., 2014). Yet a standard set
of KPIs are required for a consistent project proposal evaluation. Environmental Product
Declarations (EPD) consist of a standard set of parameters for indicating the life cycle
environmental performance of a product. There are three types of Eco-Labels and type Ill Eco-
Labels are known as Environmental Product Declarations (EPD) (ISO, 2006). EPDs contain
quantified life cycle environmental performance data under 6 KPIs. Hence, EPDs provide

consistent data for environmental performance evaluation.

Social Performance: Social Hotspots Database (SHDB) contains social impact risk of products
which can be used to conduct Social Life Cycle Assessment (S-LCA) (NewEarth B, 2022).
Salehabadi & Ruparathna (2022) have used SHDB for evaluating the life cycle social performance
of construction products. Despite being a growing field, SHDB provides verified and quantitative
data for S-LCA.
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Economic Performance: ADB (2021b) has stressed the importance of considering the operational
and maintenance costs along with the initial cost. Therefore, in order to conduct a comprehensive
economic evaluation, Life Cycle Cost Assessment (LCCA) has been used (Ruparathna et al.,
2017). According to Gransberg (2015), LCCA entails two components, cost of ownership
considering the initial costs and the second component is denoted by the cost of operations (e.g.,
energy costs, maintenance costs, and repair, refurbishment, and renovation costs). Therefore,

LCCA provides a comprehensive economic evaluation of the infrastructure projects.

Project evaluation by using the above KPIs require state-of-the-art information technology tools.
Literature suggests that BIM is a viable platform to conduct complex evaluation due to its core
features (Tien Doan et al., 2019). Furthermore, BIM allows users implement algorithms to conduct
customized assessments (Eastman et al., 2008). Therefore, BIM provides an efficient and accurate
solution to conduct a comprehensive sustainability evaluation by integrating EPD, S-LCA, and
LCCA data.

3.2.3 BIM Adaptation for infrastructure sector
An extensive literature review has been conducted to examine the BIM adaptation for TBL
evaluation in the infrastructure sector. Table 3-1 summarizes published literature on BIM-based

plugin tools for sustainability evaluation.

Table 3-1: BIM integration in infrastructure: Literature summary

Source Type of Type of analysis Purpose of BIM
infrastructure utilization
(Patel & Ruparathna,  Transportation  Sustainability Automation and life
2021) (roads) performance of types cycle impacts
of roads consideration
(Salehabadi & Single family User centric Automation and user
Ruparathna, 2022) detached homes  sustainability friendliness of
performance for evaluation

green ratings
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(Sloot et al., 2019)

(Ren et al., 2021)

(Bracht et al., 2021)

(Mangal et al., 2021)

(Lin et al., 2018)

(Wang et al., 2014)

(Sharif & Gentry,
2015)

(Rodrigues et al.,
2021)

(Chen & Nguyen,
2019)

(Su etal., 2021)

Transportation
(Canals)

All

infrastructure

Buildings

Steel reinforces

structures

Healthcare
(Cancer

hospital)

Buildings

Buildings

Buildings

Buildings

Buildings

Risk mitigation

Value for money

assessment

Energy simulation

Structural integrity

Constructability
check

Safety check for
emergency

gvacuation

Generate parametric
data of masonry

units

Safety check

Green material
selection to assists
LEED certification

Demolition waste

impacts

4D simulation and

collaboration

Data management and

automation

Improve the designs at

an early stage

3D spatial data, clash

free optimization

Virtual reality and

collaboration

Simulations and

virtual reality

Data management and

automation

Automation

Link with external
databases and

automation

Data management and

automation
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Based on the above Table 3-1, BIM has been utilized in various types of infrastructure. However,
a common feature is that all the above studies have developed BIM-based tools to conduct
sustainability evaluation. Another interesting trend is that majority of the plugins are developed
for buildings (Salehabadi & Ruparathna, 2022; Bracht et al., 2021; Chen & Nguyen, 2019; Su et
al., 2021). A clear knowledge gap can be seen in using BIM-based tools for evaluating the
sustainability performance of other infrastructure classes such as, water supply infrastructure,
wastewater infrastructure and irrigation infrastructure. Several researchers have utilized BIM as a
data management platform for infrastructure data management (Sharif & Gentry, 2015; Ren et al.,
2021; Su et al., 2021). Data in Table 3-1 emphasizes that despite BIM can be used to support

sustainable procurement, it is yet to be used in water supply infrastructure.

3.3 Methodology
The methodology consists of data collection, database development, BIM software preparation,
tool scripting, and verification via a case study. Figure 3-1 depicts the methodology adopted in this

study. Each phase is explained in detail below.

Data collection

Potential water

EPD Data Costing Data Social risks data supply project data

N/

Database developement

EPD database Life cycle cost database Social impact risks database

NS

BIM software preperation

BIM software selection Definition of schema classes Defenition of attributes
Tool scripting
Data aggregation Calcualtion of total impacts Optimization

N

Verification and comparative assessment

Proposed sustainable proposal evaluation Lowest cost proposal evaluation

Figure 3-1: Methodology Roadmap
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3.3.1 Data Collection

The data collection step consists of various EPDs of PVC pipe manufacturers around the world,
standard cost data related to PVC pipes from the 2022 Building Construction Costs Book with RS
Means (Gordian, 2022), social impact risk values of various countries for pipes from Social
Hotspots Database (NewEarth B, 2022). Gathered EPD, cost, and social data were processed,
tabulated, and exported into .CSV format databases to be imported to the BIM plugin. Based on
the City of Windsor master plan for 2022, information and data have been gathered to conduct a
case study. The data consists of proposed main pipelines in the vicinity, including the pipe lengths
and diameters. The collected data were used for the verification of the tool and to assess the

effectiveness of the plugin toolkit via scenario analysis.

3.3.2 Database Development
Under this section, three database prototypes are developed in terms of EPD database to gather
environmental impacts, cost database to gather life cycle cost components, and social impacts

database to gather the social life cycle assessment data.

3.3.2.1 EPD Database
For the purpose of this study, a prototype EPD database was created. Overall, 5 EPDs from 5
different PVC pipe manufacturers were gathered from publicly available data. However, only three
have included the environmental KPIs based on 1SO 14025, while the other two had followed EN
15804. The developed BIM plugin is exclusive to 1SO 14025. Therefore, the KPIs depicted in

Table 3-2 have been used for the evaluation.

Table 3-2: Environmental KPIs

KPI Unit
Ozone Depletion (OD) kg CFC-11 eq
Global Warming Potential (GWP) kg CO2 eq
Acidification (ACD) mol H+ eq
Eutrophication (ETP) PO4 eq
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Abiotic depletion potential (ADP) MJ

Photochemical oxidation potential (POP) kg C2H4 eq

The prototype database has eight columns starting from the manufacturer name as the identifier.
Secondly, the diameter varies from 20-1000mm, and the last six columns contain respective KPI
values for each manufacturer's pipe size. Actual EPD data was available for limited functional
units. Therefore, this prototype database has interpolated between the diameters to calculate the

respective KP1 values for multiple diameters.

3.3.2.2 Cost Database
Conducting a Life Cycle Costing Assessment (LCCA) during the procurement evaluation can be
denoted as a suitable analysis for achieving economic sustainability in sustainable procurement.
(Chiang et al., 2014; S. H. Lee et al., 2015). Based on the nature of the water supply projects’ pipe
laying segment, the following Equation 3-1 was developed to calculate the LCC of the pipe

network for sustainable economic evaluation.

LCc = Life Cycle Cost RPc = Repair Cost
MTc = Material Cost DPc = Disposal Cost

CNc = Construction (labor) Cost

MTc, CNc, and RPc were extracted from Heavy Construction Costs with RSMeans data. And
according to Janajreh et al. (2015) and Waste Management (2022), $1,158.5 requires disposing of
1ton of PVC pipes. Therefore, using standard conversions ratios, the disposal cost was calculated
for each pipe diameter and has been included in the cost database alongside other KPIs. The entire
prototype cost database consists of 4 columns. In contrast, the first is the pipe diameter, and the
second is the total material and construction cost, including profit and overhead. The third and

fourth columns, respectively, contain the operational and disposal costs in the ¢$/m functional unit.
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3.3.2.3 Social impacts database
Social Hotspots Database is a database that supports SimaPro LCA software to generate the social
impact risk values based on the country of manufacture. Using SimaPro, the prototype database
was developed for five different countries that manufacture PVVC pipes and fittings, including the
manufacturing countries of the identified manufacturers with EPDs. The social KPIs were
calculated considering the full lifecycle of pipes and fitting. The database consists of KPIs for
China, the United States, Mexico, Taiwan, and Canada as manufacturing countries. Accordingly,
the database consists of 7 columns with manufacturer name, manufacturing country, and five social

KPIs as populated in Table 3-3.

Table 3-3: Social KPIs
KPI Unit

Labor Rights & Decent Work (LRD)

Health & Safety (HNS)

Human Rights (HMR) Social impact risk score/$
Governance (GVN)

Community (CMN)

3.3.3 BIM software preparation

Multiple software providers have developed software to adapt to the BIM environment in the
industry. However, Autodesk Infraworks has been identified as BIM software exclusive to
infrastructure projects. Infraworks is interoperable with many other pipe networks designing
software such as Autodesk Civil 3D and Arc GIS. Furthermore, Infraworks has the potential to
access the OpenStreetMaps, Bing Maps, etc., to import true geographical and infrastructure data,
as well as Infraworks provides an application programming interface (API) to add customized
scripts based on JavaScript computer language to analyze the data based on user preference.
Therefore, the proposed automated SP evaluation tool is developed for Infraworks as a plugin.
Within the BIM platforms, predefined schemas based on interoperability is limited. Therefore,

using Infraworks’, ExtendSchema function, an extended schema of Pipelines was defined as
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Pipelines_For_Proc, as shown in Figure 3-2. All the KPIs were defined as extended attributes in

the extended schema’s inheritance, as shown in Figure 3-3.

Extend Schema Tool
2B .| -

Barriers Feature Class N PIPELINES_PROC

Buildings Displa e Pipelines For Procurement

City Furniture 4.4 Genenc Objects
Category Utilities o

Coverage Areas

Culverts X -} Grdens

Drainage End Structures Attributes
L4 Prers

Easements r

Parcels Name: CMN

Uniiaown Categary

Pipeline Connectors Display: Community

Pipelines e Double ’ USER_PIPELINES New)

Pipelines with KPIs

Pipelines For Procurement Name: RPC

Points of Interest Display: Replacement Cost

Railways

Right of Ways

Roads Name

Type: Double
OPC

Traffic Study Areas Display:  Operational Cost
Trees

Type: Double Ppdines with KPls

Water Areas
Watersheds Name: MTC
Display: Material Cost
Type Double
Name: CNC
Display: Construction Cost

Type Double

Figure 3-3: Extended attributes Figure 3-2: Extended Schema

3.3.4 Tool Scripting

Autodesk Infraworks provides a user interface for scripting using JavaScript computer language;
hence considering JavaScript reference documentation and Infraworks scripting reference
documentation, the comprehensive SP evaluation plugin toolkit was coded. The script contains
importing and filtering data from the developed databases, writing the imported data into relevant
objects within the Infraworks model, normalization and optimization of imported data for unbiased
evaluation, a user interface pop up window to insert evaluator specific data, mathematical

algorithm to analyze the data and the final graphical output of the results.

3.3.4.1 Aggregation algorithm development
For the purpose of aggregating a large number of data and optimizing the data accordingly, an

algorithm is developed using various commands in JavaScript. Firstly, the algorithm identifies the
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pipes in the model out of many objects with a filter and tabulates them to a variable matrix as

below. The size of the matrix depends on the number of bid proposals.
table = filter (USER_PIPELINE PROC) Equation 3-2

In above Equation 3-2, the table is the variable name for the matrix, and it contains all the
information included in the objects configured under the extended schema
USER_PIPELINE_PROC. Furthermore, the entire tool is coded within a condition to make sure
that the model contains at least two proposals for evaluation. Given that the model contains more
than one proposal, using the data in the table, each pipe is sorted based on the manufacturer's name

and diameter to link with the databases, as shown in Equation 3-3.

if{

NetworkName = A; & Diameter = B; .
Equation 3-3

KPIL = Vi

}

NetworkName: Pipe network name in the BIM model

Diameter: Pipe diamter in the BIM model

A;: First column in the database (manufacturer name)

B;:Second column in the database (pipe diamter)

KPI;: Respective KPI defined in the BIM model

Vi:Value of the KPI in the database

i: Number of iteration between of the total number of pipes in the model

As shown in Equation 3-3, all the EPD, Social impact risks, and life cycle cost KPIs are accessed
and written the respective values to the defined extended attributes using if conditions, for loops,
and while loops. Since the EPD KPIs consist of different functional units per 1-meter length, each
KPI was multiplied by the total pipe length of the respective pipe size for each respective bid

proposal and normalized to calculate a single environmental performance score as below in
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Equation 3-4 and Equation 3-5. Furthermore, the non-beneficial EPD data has been converted into

beneficial normalized environmental performance scores via following 2 equations.

NKPI, = —— 2
S Equation 3-4
i=1 KPI;
§= E” Equation 3-5
- E-+E*

NKPI;: Normalized environmental KPI

KPI;: Environmental KPI

ES: Environmental performance score

E~,E*: Negative and positive Euclidean distance

In calculating the LCC for each bid proposal, the summation of each KPI was calculated and
multiplied by the total length of respective pipe sizes of the proposal, as shown in equation 1.
However, since the SHDB delivers the social impact risk value for the cost unit, the final social
performance score was obtained by multiplying the summation of each social KPI by the LCC. A
new variable matrix is defined with the environmental performance score, social performance
score as well as LCC, as shown in Table 3-4.

Table 3-4: Final performance matrix

KPlIs
Wy W W;s
Environmental score Bid Price Social score
Bidder 1 Vi1 V12 Vi3
Bidder 2 Va1 Vo Va3
Bidder n Vit V2 Vi3

61



* Footnote ~ 1,j varies from 1 to n; Vij: KPI values; Wi: User input weightage as a Likert scale

Before coding the optimization, a user interface is created to obtain the respective importance of

each aspect of the TBL based on a Likert scale as per Table 3-5 depending on evaluator preference.

Table 3-5: Likert scale

Importance Score
Less Important 1
Important 2
More Important 3

1-5 Likert scales have been widely used by various researchers in assessing the importance of the
TBL, some particularly in the construction section (Chang et al., 2017; Zhong & Wu, 2015).
However, in order to protect the sustainability comprehensiveness, this study uses a central

tendency biased 3-point Likert scale disregarding “Not Important” and “Neutral” inputs.

3.3.4.2 Evaluation algorithm development

The TOPSIS MCDM method is used to obtain the final optimized decision-making matrix, which
contains a sustainability performance score for each bidder. Importance linguistics were converted
into weights as per Equation 3-6 and used for weighted optimization. TOPSIS method ensures that
the final sustainability performance matrix is not compromised by the user input weights. The user
input weightages have a minimal influence on the result when TOPSIS is utilized (Velasquez &
Hester, 2013). TOPSIS algorithm is scripted in JavaScript language as mentioned below from Step
1 to Step 5.

Score;

i = —Z Scores Equation 3-6

W;: Weightage for each aspect of TBL

Step 1: Normalization
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All the values under each KPI (Vij) were normalized (Nij) using the following Equation 3-7.

Vi,
Y w2 Equation 3-7
1,j=1"1j

Step 2: Weighted normalization

Weighted normalization values are denoted in Xijj (i,j vary from 1 to n). Wi is the weightage.

Equation 3-8 represents the weighted normalization equation.
Xij = Nij X W, Equation 3-8

Step 3: The positive and negative ideal solution

In deciding between ideal positive and negative solutions, Social KPIs and LCC KPIs are
considered non-beneficial values; therefore, the positive ideal solution is the minimum weighted
normalized value, and the negative ideal solution is the maximum weighted normalized value.
Environmental KPIs have been normalized in phase 2, and therefore environmental score is
considered a beneficial parameter. Equation 3-9 and Equation 3-10 were used in determining the

positive and negative ideal solutions.
X;" = Max X} Equation 3-9
Xi = Min X;; Equation 3-10
Step 4: Positive and negative Euclidean distance

Positive (D;") and negative (D;) Euclidean distances were calculated as shown below in Equation
3-11 and Equation 3-12.

l

n
Df = z(Xij - X-+)2 Equation 3-11
=
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Equation 3-12

n
Dy = Z (X, —x7)

ij=1
Step 5: Performance score

Performance score (S;) is calculated for all the alternatives as per Equation 3-13, the final weighted

normalized decision-making matrix is shown in Table 3-6.

D~
S. — —l 1 -
‘= D +D; Equation 3-13

Table 3-6: Weighted normalized decision-making matrix

KPIs
W1 W> W3
Environmental Bid Price Social score Di  Di* Si
score
Bidder 1 Xu1 X12 Xi3 Dir Dif &1
Bidder 2 Xa1 X22 X23 D> D2 S2
Biddern Xn1 Xn2 Xn3 D Dn* S
X X; X5 X5
X X7 X3 X3

* Footnote ~ i,j varies from 1 to n; Xij: Weighted normalized values; Di: Euclidean Distance; Wi:

User input weightage as a percentage; Si: Performance score

The final output of the result is displayed in the popup window using the alert command in
JavaScript. The results consist of the names of bidders, total pipe length of each bid proposal,
normalized environmental performance score, total potential social risk score, total life cycle cost,

bid price, bid price variation to the standard rates, and the optimized sustainability performance
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score of each proposal as well as the best-suited bidder based on the sustainability performance

scores of all the bid proposals.

3.3.5 Verification and comparative analysis

The last phase of the methodology of this study is the demonstration of the developed tool. A
potential water supply project in southwest Ontario has been identified. As per the potential bid
proposals, 3 manufactures from the EPD database were selected and their pipe prices were
gathered from company websites. Five scenarios were defined whereas one is based on the
traditional lowest cost evaluation concept and the rest were by using the proposed TBL-based

proposal evaluation with various importance to the triple bottom line.

3.4 BIM Plugin Toolkit

The developed BIM plugin toolkit is an automated process. However, the pre-implementation
configuration must be done in order to conduct the evaluation. The respective geographical model
for the proposed geographical area was created in Infraworks before uploading the proposals into
the model. Once the models are uploaded, all of them are configured under the extended schema
Pipelines_For_Proc and the respective coordinate system for evaluation. Figure 3-4 is the plugin
toolkit framework that conducts the automated SP bidder evaluation. This framework consists of

3 main phases including BIM data aggregation, optimized bidder evaluation, and output.
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Figure 3-4: BIM Plugin toolkit framework
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3.4.1 Phase 1: Exporting and linking external data sources

Once the BIM-based proposals are uploaded and configured, the data embedded in the BIM
proposals were accessed using app.ActiveModelDb command line. As explained in section 3.4
embedded manufacturer name and pipe diameter in proposals were used as filters to import the
respective KPI data from prototype databases. Imported data were written to the BIM objects using
table.GetWriteRow command. At the end of phase 1, all the bid proposals contain sustainability

KPI values alongside the bidder submitted data.

3.4.2 Phase 2: Optimized bidder evaluation

As per section 3.4, the using the bidder provided data and imported sustainability KPI data, the
total KPIs for each proposal were calculated. The final data matrix consists of normalized
environmental performance score, LCC, and social performance score for each bidder. User
preferred importance for each aspect of TBL is gathered as per Figure 3-5 and converted into
weightages using Equation 3-6 to conduct the weighted optimization. Optimization algorithm was

coded as per Equation 3-13 to calculate the sustainability performance score of each bidder.

1] Dialog ? X

Environmnetal Importance Less Important
Important

Very Important

Economic Importance Less Important

Sodal Importance Less Important

Cancel

Figure 3-5: Parameter Importance window
Phase 3: Output

Based on environmental, economic, and social performance, this tool delivers the best performing
proposal with the highest performance score, the information such as the bidders’ names, and total
pipe lengths as well as the cost variation of the bid price against the standard rates. The highest
performing bidder is selected based on the final performance score of all the bidders, which
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consists of the environmental performance based on the respective EPDs, social performance
based on the type of material and the country of manufacturing, and lastly, the LCC based on the
bid price and repair and disposal costs imported from the cost database. The bid variation
percentage is calculated by comparing the bid price with the standard material and labor costs

imported from the cost database.

3.4.3 Best management practices for the proposed toolkit
There are several details that are necessary in executing the proposed BIM Toolkit. In the
application of the developed BIM plugin toolkit the following best management practices should

be followed by the evaluator and the bidder.

3.4.3.1 Bidder Instruction
Bidder should design the water network in BIM platform under Pipe Network class, in the
instructed coordinate system and using Metric unit system. The pipe system should be designed as
a network. The BIM model should be developed to a minimum level of development 300 including
the information in Table 3-7. The final design shall be exported in .IFC or .IMX open source file

format before submitting the bid.

Table 3-7: Bidder attribute definition
Data BIM class

Pipe manufacturer name NETWORKNAME

Construction costs including material, labor, DESCRIPTION

profit, and overhead

Pipe ID NAME

3.4.3.2 Evaluator instruction
The evaluator shall prepare the geographical model through Infraworks Model Builder. Within the
created model, as explained in section 3.3.3 Pipelines schema should be defined, and extended
schema attributes should be defined as per Table 3-8. Attribute is the display name of the extended
attribute, which can be modified by the evaluator. However, the Extended attribute schema class

name should not be modified for the toolkit to run fluidly. When configuring the uploaded bidder
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proposal, the table ribbon of the configuration window should include the data source in shown
extended schemas through the expression editor function. Lastly, the developed environmental,
social, and costing databases are saved in a new folder called SP in local drive C, alongside the
JavaScript code and the other toolkit files such as user interfaces. Following a successful

configuration, the JavaScript code should be loaded into the Infraworks platform for execution.

Table 3-8: Evaluator attribute definitions

Attribute Extended attribute schema Data source
class name
Ozone Depletion oD
Global Warming Potential GWP
Acidification ACD
Eutrophication ETP
Abiotic depletion potential ADP
Photochemical oxidation POP
potential External databases
(Automated identification
Labor Rights & Decent Work LDR by the tool)
Health & Safety HSN
Human Rights HMR
Governance GVN
Community CMN

Standard construction cost rate RSCNC
(Material & Labor)
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Standard repair cost rate RSREP

Standard disposal cost rate RSDIS
Pipe Length LENGTH Expression Editor
(Geometry [2Dlength])
Bid price rate CNC Expression Editor
(DESCRIPTION)
3.5 Tool Demonstration: A case study for southwestern Ontario

The tool developed in Section 3.4 was demonstrated by using a case study. Based on their master
plan, a local government in Southwestern Ontario aims to deploy several water supply main lines
within the city limits to cater to the forecasted demand. Therefore, depicts five selected main water

lines over 500m long to be implemented by the end of 2022.

Table 3-9 depicts five selected main water lines over 500m long to be implemented by the end of
2022.

Table 3-9: Main water line to be procured

Street From To Diameter (mm) Length (m)
Glidden Wyandotte CNR 300 1100
George Ontario Tecumseh 200 2100
Argyle Richmond Ottawa 300 510
Tourangeau Milloy Tecumseh 300 550
Ellrose Tecumseh Milloy 200 620

This case study has considered potential contractors to bid for the project considering all the above

five main lines. Since this project is delivered using Design-Bid-Build project delivery method,
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bidders are given the design of the pipeline with specification. Following Figure 3-6 is the

geographical map and the proposed pipelines for this project.
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Figure 3-6: Proposed pipelines
For the purpose of this case study, the three pipe manufacturers considered in developing the EPD
database have been considered as the bidders, and their unit bid prices are based on average market
values. However, the environmental impacts, social impacts, and economic data are based on the

actual values from the developed prototype databases.

The proposed toolkit is developed not only to conduct analysis but to embed the data from the
databases into the respective pipe elements. Table 3-10 depicts all the values used for the
evaluation parameters. User input weightage values are also considered as inputs in this evaluation
tool. However, based on multiple combinations of weights, this case study is conducted under five

scenarios as follows,

Scenario 1: Conventional lowest bid price
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Scenario 2: Sustainable evaluation with the highest environmental importance
Scenario 3: Sustainable evaluation with the highest social importance
Scenario 4: Sustainable evaluation with the highest LCC importance

Scenario 5: Sustainable evaluation with equal importance
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Table 3-10: Bidder Evaluation Data

Unit
Bid
Environmental Impacts Economic Impacts (LCC) Social Price
POP (kg OD (kg ACD Material Dispo
Length  Diameter C2H4 CFC-11 GWP (kg ETP (mol H+ & labor Repair sal
Bidder  Street (m) (mm) eq) eq) CO2eq) (PO4eq) ADP(MJ) eq) cost cost cost LBR HNS HMR GVN CMN
Bidder  Glidden 1100 300 3.28E-03 4.86E-05 5.12E+00 1.84E-04 1.35E+01 4.28E-03 77.34 3,222.73 1455 8302 8.064 5241 5200 5.393 94.35
1
George 2100 200 2.18E-03 3.24E-05 341E+00 1.23E-04 9.02E+00 2.85E-03 56.76 2329.39  9.29 69.25
Argyle 510 300 3.28E-03 4.86E-05 5.12E+00 1.84E-04 1.35E+01 4.28E-03 77.34 3,222.73  14.55 94.35
Tourangeau 550 300 3.28E-03 4.86E-05 5.12E+00 1.84E-04 1.35E+01 4.28E-03 77.34 3,222.73 1455 94.35
Ellrose 620 200 2.18E-03 3.24E-05 341E+00 1.23E-04 9.02E+00 2.85E-03 56.76 2329.39  9.29 69.25
Bidder  Glidden 1100 300 1.17E-03 5.05E-12  2.38E+00 1.18E-03 4.01E+01 7.29E-03 77.34 3,222.73 1455 4583 4336 3834 4769 4.023 96.67
2
George 2100 200 7.78E-04 3.36E-12  1.59E+00 7.87E-04 2.67E+01 4.86E-03 56.76 2329.39  9.29 70.95
Argyle 510 300 1.17E-03 5.05E-12  2.38E+00 1.18E-03 4.01E+01 7.29E-03 77.34 3,222.73 1455 96.67
Tourangeau 550 300 1.17E-03 5.05E-12  2.38E+00 1.18E-03 4.01E+01 7.29E-03 77.34 3,222.73 1455 96.67
Ellrose 620 200 7.78E-04 3.36E-12  1.59E+00 7.87E-04 2.67E+01 4.86E-03 56.76 2329.39  9.29 70.95
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Bidder
3

Glidden

George

Argyle

Tourangeau

Ellrose

1100

2100

510

550

620

300

200

300

300

200

6.76E-05

4.51E-05

6.76E-05

6.76E-05

4.51E-05

2.19E-08

1.46E-08

2.19E-08

2.19E-08

1.46E-08

2.28E-01

1.52E-01

2.28E-01

2.28E-01

1.52E-01

1.93E-04

1.29E-04

1.93E-04

1.93E-04

1.29E-04

6.44E+00

4.29E+00

6.44E+00

6.44E+00

4.29E+00

9.03E-04

6.02E-04

9.03E-04

9.03E-04

6.02E-04

77.34

56.76

77.34

77.34

56.76

3,222.73

2329.39

3,222.73

3,222.73

2329.39

14.55

9.29

14.55

14.55

9.29

36.77

39.49

20.43

49.77

25.46

100.54

73.79

100.54

100.54

73.79
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All the proposals were uploaded as per Figure 3-7, configured, and analyzed based on the sections
mentioned beforehand. The environmental scores, social impact risks, life cycle cost, bid price,

and the variation of the bid price to the standard rates of all bidders are depicted in the following
in Table 3-11.

Data Sources n

Group by: FeatureType v Show: Al v

B-2 ROXPR S ¢ 9

Name 4 Source Type Status Date Loaded
v il Coverage Areas
B landuse Vect: Imported Thu Mar 2 2017
il Ground Imagery
B imagery Imported Thu Mar 2 2017
il Pipelines
Il Bidder 1 new - PIPES Autodesk IMX Configured

il Pipelines For Procurement

IS Bidder 1 - PIPES Autodesk IMX Imported Sat Apr 16 2022

[B Bidder 2 - PIPES Autodesk IMX Imported Sat Apr

IB Bidder 3 - PIPES Autodesk IMX Import
il Railways

B raiways Vector Imported Thu Mar 2 2017
il Roads

B roads Vector Imported Thu Mar 2 2017

il Terrain

Figure 3-7: Proposal upload

Table 3-11: Bid information summary

Environmental
performance Social Life cycle Total Bid Price
Bidder score” impacts™ cost™(c$)  Price™ (c$) variation (%)
Bidder 1 3.95E-01 1.26E+07  13,745,915.63 392,147.46 22
Bidder 2 4.66E-01 8.66E+06  13,755,558.60 401,790.43 25
Bidder 3 9.97E-01 7.19E+07  13,771,630.21 417,862.05 30

Footnote: * beneficial score; ** non-beneficial score
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In Table 3-11, the environmental performance scores were determined as per Equation 4 and
Equation 5 from the EPD data. Even though the EPD data are considered as non-beneficial, the
calculated environmental performance score is a beneficial score, whereas the most
environmentally friendly alternative is the bidder with the highest score. However, the social
impacts, life cycle cost, and the bid price are non-beneficial. Therefore, the best alternative is for
the bidder with the lowest value. Furthermore, the variation between the bid price and the standard

rates is also depicted as a percentage.

Since the scenario 1 is based on the lowest bid price approach, the toolkit was run only for the last
4 scenarios considering the sustainable procurement approach. Following Table 3-12 provides the

linguistics terms used as the user input importance for each scenario.

Table 3-12: Scenario analysis

Importance
Scenario  Environmental Social LCC
2 Very important Less important Less important
3 Less important Very important Less important
4 Less important Less important Very important
5} Important Important Important

The output for each scenario is depicted in Table 3-13. Table 3-13 consists of optimized
sustainability performances score of each bidder under scenario 2 through scenario 5. Furthermore,
since the toolkit results aligned with manual calculation, the correctness of the JavaScript code can

be confirmed.
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Table 3-13: Case study results

Scenario Bidder Performance score Best bidder

Scenario 1 Bidder 1 N/A Bidder 1
Bidder 2
Bidder 3

Scenario 2 Bidder 1 3.8509e-1 Bidder 3
Bidder 2 4.3486e-1
Bidder 3 5.9922%¢-1

Scenario 3 Bidder 1 7.9119e-1 Bidder 2
Bidder 2 8.2574e-1
Bidder 3 1.9304e-1

Scenario 4 Bidder 1 6.0914e-1 Bidder 2
Bidder 2 6.5509¢e-1
Bidder 3 3.7424e-1

Scenario 5 Bidder 1 6.0914e-1 Bidder 2
Bidder 2 6.5509e-1
Bidder 3 3.7424e-1

Based on the results, scenario 1 selects Bidder 1 with the lowest bid price, while scenario 2 selects
Bidder 3 with the highest environmental performance score. According to the results, Bidder 2 is
selected in the other 3 scenarios. The performance scores in scenarios 4 and 5 are identical.
Furthermore, the results revealed that Bidder 1 and Bidder 2 were the closest contenders with a

slight variation in sustainability performance. Since the considered case study is a Design Bid
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Build type project, the pipe diameters, lengths, and material are defined. Therefore, even though

the bid price varies, the repair and disposal costs for each bidder will be the same.

Table 3-14 depicts the performance indicators of the selected bidder under each scenario and the
variation of each performance indicator with respect to the traditional lowest cost evaluation
concept (Scenario 1). Based on the scenario analysis, it can be determined that the traditional

lowest cost method is not the most sustainable evaluation method.

Table 3-14: KPlIs of scenario analysis

Scenario Environmental Social Life cycle Variation to scenario 1 (%)
performance performance cost (LCC)
EP SP LCC
(Ep) (SP)

1 3.95E-01 1.26E+07  13,745,915.63 N/A
2 9.97E-01 7.19E+07  13,771,630.21  60.38 82.48 0.19
3 4.66E-01 8.66E+06  13,755,558.60 15.24 -45.50 0.07
4 4.66E-01 8.66E+06  13,755,558.60 15.24 -45.50 0.07
5 4.66E-01 8.66E+06  13,755,558.60 15.24 -45.50 0.07

3.6 Discussion

In this research a BIM plugin toolkit has been developed to aid TBL-based proposal evaluation for
water supply infrastructure projects. The tool overcomes the transparency and efficiency barrier
of public procurement and improves the overall sustainability of water supply infrastructure
projects. The toolkit comprises prototype databases containing EPD, social impact risk values, and
standard unit rates of pipes. The results of the case study revealed that TBL-based proposal
evaluation positively impacts the environmental and social performance of water supply

infrastructure projects at a reasonable increase in the bid price.
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Five scenarios were considered in the case study. In scenario 1, the traditional low-cost evaluation
method was used. Bidder 1 was selected in this scenario has a 60% lesser environmental
performance than the most environmentally friendly bidder (Bidder 3) and a 45.5% higher life
cycle social impacts risk than the other two bidders. Scenario analysis was conducted to analyze
the sensitivity of the TBL weights. Scenario 2 provided higher importance to the environmental
category where the proposal by bidder 3 was selected. This is evident as the Bidder 3 is the most
environmentally friendly bidder. Social and economic categories were given higher importance as
in scenarios 3 and 4 as well as equal importance to all the aspects given as in scenario 5. In all the
three scenarios, bidder 2 was selected as the most sustainable bidder. Bidder 2 has a 15% higher
environmental performance, 45.5% less social impact risks, a 6.55% high bid price, and 0.07%
more LCC than the bidder selected from the traditional lowest bid concept. As per Rezaee et al.
(2017) greener products are marginally expensive than less green products. Similarly, when the
social performances indicators are ignored by manufacturers, they can provide a cheaper cost than

their competitors (Toppinen et al., 2013). Hence, the case study results confirm with the above.

The result of scenario 2 is different from results of scenarios 3,4 and 5. This is because even though
Bidder 3’s environmental performance is extremely higher than the other two bidders, their social
and economic performances are extremely low. Hence, despite being the most ecofriendly, Bidder
3's proposal can’t be considered as the most sustainable proposal. In conclusion, Bidder 2 can be
considered as the most sustainable bidder since in 3 out 5 scenarios bidder 2 obtains the highest

performance score.

3.6.1 Limitations and challenges of the plugin toolkit

The developed toolkit has several limitations, mainly due to the lack of interoperability in open-
source file formats. One of the major limitations is that there is no object inheritance defined in
the open-source file format architecture for pressure pipes as well as pipe fittings such as bends
and tees and apparatuses such as valves and fire hydrants. Therefore, this tool is only applicable
to main water distribution lines designed under the PIPELINES BIM schema. This tool does not
consider the environmental and social impacts of the supporting equipment and material used
during construction and maintenance. Furthermore, from an implementation perspective, the
evaluator should define the extended schema class and the attributes classes before running the

tool due to the limitations of object inheritance. The accuracy of the results significantly depends
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on the accuracy of the databases created. Hence, the authenticity and availability of the EPD data
and SHDB data shall limit the wider application of the proposed toolkit. Lastly, the limited number
of EPDs in pipes and fittings in the industry will limit the applications of this toolkit until EPDs
become a mandate in the construction sector. The case study results are limited to Design-Bid-

Build type projects and for the context of the project considered.

3.6.2 Practical implication

Since the developed toolkit automates proposal evaluation the time required in conventional
proposal evaluation can be minimized. Furthermore, prior knowledge of coding, EPDs, or SHDB
are not required to use the proposed tool. Automation addresses, the lack of experts for TBL-based
proposal evaluation and avoids errors from human negligence. Furthermore, any changes in pipe
materials, lengths, or diameters that applies during the negotiation phase of the procurement are
automatically considered, given that the change is incorporated into the BIM model. The proposed
toolkit can be used in any project delivery method. Lastly, the evaluator has the liberty to change
the importance weightage by providing different importance to TBL criteria before making the
final decision. The proposed tool kit can be combined with e-procurement and enterprise resource

planning for a comprehensive BIM-based bid evaluation platform.

3.7 Summary

The water supply sector has gained paramount importance in infrastructure development, as it
provides clean and accessible water to citizens. Despite its undeniable benefits, a massive
environmental load is created during its life cycle. It has been identified that improving the
procurement proposal evaluation process can address the environmental and social impacts caused
by construction projects. Triple Bottom Line (TBL)-based project proposal evaluation is highly
data-intensive and complex. State-of-the-art concepts in the construction industry such as Building
Information Modeling (BIM) provide a data repository to aid the above process. More clients
require contractors to submit their bids by using BIM. Yet, there is a lack to tools that aid
sustainable procurement of infrastructure in the BIM environment. The objective of this study is
to develop a BIM plugin toolkit to automate proposal evaluation of water supply infrastructure
projects by considering the life cycle environmental performance, social impact risks, and life
cycle cost. A demonstration was done for a potential water supply project with three proposals.

The developed toolkit selected a proposal with expressively higher environmental, social
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performance and a significantly lower increment in bid price than the lowest cost proposal. The
proposed method provides valuable data for proposal evaluation and promotes BIM

implementation in the construction industry.
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CHAPTER 4
ADOPTING ECOLABELS VIA BLOCKCHAIN TO AID SUSTAINABLE PROCUREMENT
OF WATER SUPPLY INFRASTRUCTURE

A version of this chapter has been published and presented at the Canadian Society of Civil
Engineers annual conference 2022 (CSCE 2022) as “Adopting Ecolabels in the Construction
Industry via Blockchain” (Kankanamge & Ruparathna, 2022).

4.1 Introduction

Green procurement is a potential strategy to cater to the demand for water supply infrastructure in
an eco-friendly manner (Ruparathna, 2013). Green procurement is an eco-conscious substitution
to traditional low-cost project selection that incorporates environmental considerations into the
procurement of goods, works, and services (Hollos et al., 2012; Reuter et al., 2010; Srivastava,
2007). Since this is a highly data-intensive process, the wider adaptation is hindered by data and

implementation challenges.

Ecolabels are an incentive for green procurement. Environmental Product Declaration (EPD) is a
type Il ecolabel that contains quantified environmental impacts based on pre-set indices
(Gallastegui, 2002). EPD is developed through a life cycle assessment (LCA) (ISO, 2006). The
fidelity of an EPD heavily depends on the accuracy of the life cycle inventory. Ensuring the
accuracy of a life cycle inventory is a challenge since less accurate data is available on a majority

of backend processes.

Blockchain is a shared, immutable ledger that facilitates the process of recording transactions and
tracking assets in a business network (Cachin et al., 2016). Blockchain can be a potential solution
to enhance the accuracy of the life cycle inventory data. Blockchain allows multiple users in a
supply chain to distribute the encrypted data via secure logging. It is a decentralized database that
works on a network (e.g., Internet) (Nakamoto, 2008). Each new transaction (change) forms a new
block with the updates if the transaction is validated, and the new blockchain is shared among all
the users. This concept ensures the credibility and transparency of data, and it can be shared among
all stakeholders instantaneously. Even though the blockchain concept is popular as the underlying
technology in cryptocurrency, other industries, including the construction sector, have not

acknowledged the full potential blockchain (Abou Jaoude & George Saade, 2019).
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In order to incorporate EPDs in green procurement, a common data platform is required. Building
Information Modelling (BIM) is an information repository that can serve as a common data
platform for green procurement (Sacks et al., 2018). External data such as EPDs can be linked with
the BIM environment to conduct eco-conscious evaluation (Farnsworth et al., 2015). Blockchain

can be used for gathering entrusted, encrypted, up-to-date EPD data instantaneously.

According to Agarwal et al., (2016) construction industry is ranked at the second-lowest level to
adapt to information technology. However, Rodrigo et al. (2020) have emphasized the potential
uses of blockchain in the construction sector, such as asset management, file sharing for document
management, and construction supply chain management. Kiu et al. (2020), Li et al. (2019), and
Shojaei (2019) have also investigated the application of blockchain in the construction sector. Even
though scholars have conducted reviews of blockchain adaptation for the construction sector,

implementation frameworks for specific applications have not been researched.

The objective of this Chapter is to propose a conceptual framework architecture to integrate EPDs
via blockchain to aid the BIM-based green procurement. The proposed approach will provide
updated, transparent, and verified environmental impacts of infrastructure components. This study

will advocate blockchain adaptation in the construction industry.

4.2 Eco-conscious purchasing in the infrastructure sector

Due to its magnitude, complexity, and various characteristics, construction of water supply,
transportation, irrigation, & utility infrastructure requires close scrutiny (Dodanwala et al., 2021;
Kankanamge & Santoso, 2021). The delivery of water supply infrastructure projects is within the
mandate of federal, provincial, and municipal governments and international funding agencies
(ADB, 2021; Government of Canada, 2021b; World Bank Group, 2021). However, environmental
considerations of water supply infrastructure projects have been overlooked. Several previous
studies have been conducted by previous researchers to enhance eco-conscious decision-making
in the construction sector. Table 4-1 presents key focus areas of published literature in eco-

conscious decision-making within 2019-2021.

According to Table 4-1, several researchers have developed innovative evaluation methods to
assess environmental performance for eco-conscious decision making (Laosirihongthong et al.,

2019; Pamucar et al., 2021). However, due to intensive data requirements, the infrastructure sector
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will not be able to apply the proposed methods without a common data platform. Several
researchers have identified performance indicators to compare various suppliers, contractors, or
products (Bjerkan et al., 2019; Cui et al., 2020; Kesidou & Sovacool, 2019; Pamucar et al., 2021).
A comprehensive review of the above research has revealed that there is no consistency in the
evaluation criteria. There are several studies that have identified the challenges pertaining to
implementing eco-conscious project evaluation. Foo et al., (2019) and Lindblad & Gustavsson,
(2018) have identified that financial capabilities of the manufacturers, Intra organizational
integration, transparency, stakeholder influences are some of the challenges impacting eco-
conscious decision-making. In order to address these gaps in the literature, ecolabels can be
utilized as a standard set of performance indicators and BIM as a platform to conduct the data-

driven evaluation.

Table 4-1: Published literature on eco-conscious decision making in the construction sector

Innovative Performance Implementation
evaluation indicator challenges
methods identification

(Kesidou & Sovacool, 2019) v

(Laosirihongthong et al., 2019) v

(Pamucar et al., 2021) v v

(Bjerkan et al., 2019) v

(Cui et al., 2020) v

(Lindblad & Guerrero, 2020) v v
(D’Amico et al., 2020) v

(Foo et al., 2019) v

90



4.2.1 Ecolabeling

Ecolabels inform customers of the product's environmental impacts in the form of a descriptive
label (Gallastegui, 2002). There are three types of ecolabels specified by the International
Standards Association (I1SO):

Type I: Type | ecolabel is standardized via 1ISO 14024, and it is a multi-criteria ecolabel program
evaluated by an independent third-party organization (Government of Canada, 2021). It is also a
self-styled environmental symbol, claim, or statement based on the full life cycle considerations
(UNEP, 2022)

Type I1: Type Il ecolabel is a self-declared claim made by the manufacturers following 1SO 14021,
considering the selected aspects of the product’s life cycle. Type II ecolabels are presented without

impartial third-party auditing or verification (OECD, 1997).

Type 111: Environmental Product Declaration (EPD) uses pre-set indices based on 1SO 14025 or
EN 15804 to provide quantified environmental information about a product. An impartial
organization verifies EPD before disclosing it to the public (Gallastegui, 2002). Given that EPDs
contain quantified data, a consumer may evaluate a product’s environmental performance with its
competitors. EPD is an incentive for green procurement of the construction sector (Manzini et al.,

2006). Figure 4-1 depicts the process for developing an EPD.

LCA and the approval for the LCA are the two main components of EPD development. This
process involves extensive data sharing. In conducting the LCA, a life cycle inventory shall be
conducted based on the data provided by a manufacturer (Guinée et al., 2011). The accuracy of
life cycle inventory data should be ensured. Moreover, this data can vary with time as a result of
changes to production methods, transportation modes and distances, and the type of raw material
used. An established EPD does not regularly update by incorporating the time-varied parameters.
Therefore, innovative measures such as blockchain can be utilized to verify the data used in

conducting the LCA and automatically incorporate life cycle inventory changes into an EPD.
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LCA evaluation

Accepted

EPD

Figure 4-1: EPD Processes

4.2.2 Blockchain and its applications infrastructure

The blockchain concept was developed in 1991 and is widely practiced in the financial sector due
to its speed, transparency, and encryption. Blockchain is defined as a decentralized electronic form
of a database of blocks connected via chains (Tasatanattakool & Techapanupreeda, 2018). In a
blockchain, the longest chain is identified as the main chain (also referred active chain), generated
from the genesis block, and each block is connected with different information and encryption
with specific authorization. The blockchain has four elements ledger, cryptography, consensus,
and business logic. The ledger element is replicated and shared among all the participants in that
blockchain domain (Cachin et al., 2016). The ledger contains the history of transactions, not
necessarily in terms of money, while cryptography ensures the integrity of the ledge and the

identity of the participants in the blockchain. Consensus is the decentralized protocol and business
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logic element that contains the logic embedded in the ledger, and it is executed together with the
transactions. For each transaction, a new block is created and chained after verification, typically
known as Proof of Work (POW), and once it is chained, it cannot be broken. Furthermore, each
stakeholder in the blockchain has a private key and a public key in order to make a transaction
(change) in the blockchain (Nakamoto, 2008). Once the transaction is approved, the entire chain
is duplicated among every stakeholder involved (Turk & Klinc, 2017). The blockchain can be
public, private, or hybrid based on the developer’s requirement, and therefore, the application of
blockchain has been extended into currency, healthcare, and supply chain. Similarly, the
infrastructure sector can benefit from the blockchain concept in terms of eco-conscious decision-
making via EPDs. Even though there wasn’t any direct literature to support the possibility of using
blockchain for eco-conscious decision-making via EPDs, @lnes & Jansen (2017), Kiu et al. (2020),
Li et al. (2019), (Rodrigo et al., 2020), and (Shojaei, 2019) stated that blockchain is evolving into
a support infrastructure sector to aid secure documentation and provide entrusted data. Moreover,
blockchain is positioned to positively influence future digital innovations, including in the public

sector’s e-governance.

The blockchain concept is developed for secure and transparent data sharing via duplication of its
ledger between stakeholders. Infrastructure projects involve multiple stakeholders varying from
suppliers to governmental authorities (Dodanwala & Santoso, 2021; Dodanwala & Shrestha,
2021), where the authenticity of the functional data has always been a major concern. Blockchain
has the potential to address this challenge. In applying blockchain as a solution for EPDs’ data
challenges, all the life cycle inventory, including supply chain data, can be encrypted and shared
block-wise to the LCA practitioner, the authority that approves the EPD, and the consumer. The
authority will approve or reject the EPD and upload that data into the blockchain so that each party
will have access to the most updated entrusted data. Since the supply chain is linked to the
blockchain, sudden changes shall be shared instantaneously among the other stakeholders to

provide the most updated EPD.

4.3 Conceptual Framework
This study focuses on water supply infrastructure projects and therefore considers the EPDs of

PVC pipes and fittings as a case study for the framework. In order to develop a conceptual
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framework, life cycle processes in PVVC pipes and fittings are identified. Based on the published

literature, generalized life cycle processes and relevant stakeholders were identified Table 4-2.

Table 4-2: Pipes and fittings life cycle and EPD process, including the stakeholders. Adapted
from Del-Borghi (2013), FPI (2021), and Government of Canada (2021)

Process Stakeholder

Raw material extraction

Manufacturing

Transportation Manufacturer
Operation (usage)

End life disposal

Conduct EPD Expert
Verify EPD Governing authority
Purchasing Purchaser

Based on the life cycle processes and the stakeholders identified, a conceptual framework was
designed to obtain a reliable and updated EPD via blockchain. The most updated EPD containing
KPI values before the verification is denoted by uEPD in this framework. Once the UEPD is
approved, it will become the EPD. In certain scenarios, UEPD may differ from the EPD based on

the verification time lag. Figure 4-2 presents the architecture of the conceptual framework.
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In this framework, the quantities, and qualities of each process of the life cycle of PVC pipes and
fitting are shared among each stakeholder via blockchain. The initial data provided by the
manufacturer is included in the Genesis block, and each modification that occurs within the life
cycle is added to the blockchain. After the POW, a new block will be created and chained with the

updates. An enhanced view of a block is presented in Figure 4-3.

Existing Data

Life cycle
process data

KPI values
brzare vz » Logic (uEPD)

Approval status

EPD

(Hy Hmml____,___}

Figure 4-3: Enhanced view of Block n

The initial data provided in the Genesis block acts as the benchmark for the EPD. The KPI values
(UEPD), Approval status, and the EPD appear as Null in the Genesis block. Any single transaction
(change) in any of the Life cycle process data, UEPD, approval status, and EPD are added to the
logic element in the block. In order to override existing data, each stakeholder has a private and
public key; as an example, if the manufacturer’s logistics department changes the mode of
transportation to trucks from a rail, they add that change to the Logic using their private key and
verify that change using their public key in order to confirm the authenticity. The signing using
their keys is called the Hash, and it is a mathematical problem that must be solved to approve the
transaction, which is the POW. Each block contains the Hash of the previous block, and therefore,
any data tampering requires changing all the Hash in the succeeding blocks, which is impossible
(Nakamoto 2008). The new Life cycle process data, UEPD, Approval status, and EPD are updated
based on the logic provided and included in the blockchain as a new block. Furthermore, each

change contains its timestamp to ensure the last update of data.
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The expert obtains the last updated Life cycle process data and provides the UEPD and its KPI
values by using their private and public keys. The governing authority verifies the last uEPD based
on the timestamp and changes the approval status using their private and public keys to publish
the EPD. However, to maintain consistency, the KPIs shall be predefined. Based on the EPD
standards, 1SO 14025 and EN 15804 KPIs vary. For the purposes of this case study, KPIs depicted

in Table 4-3 are used.

Table 4-3: Key Performance Indicators

KPI Unit

Ozone Depletion (OD) kg CFC-11 eq
Global Warming Potential (GWP) kg CO2 eq
Acidification (ACD) mol H+ eq
Eutrophication (ETP) POseq/ kg N eq
Abiotic depletion potential (ADP) MJ

Photochemical oxidation potential kg C2Ha4 eq
(POP)

Since the purchaser has access the uEPD as well as the EPDs, the evaluation of manufacturers can
be conducted. Even though the expert may take time in providing the uEPD or delays in approving
an EPD, it will not cause any delays in decision-making due to the decentralized ledger with all
the previous transactions. Therefore, the purchaser may still be able to make their decision based

on previously approved EPD and the most updated KPI values in the uEPD.

4.4 Discussion
This research developed a conceptual framework to obtain the most updated and reliable EPD to
aid the eco-conscious evaluation of water supply project proposals. Furthermore, through this

framework, the client will have the opportunity to look into the backend of the supply chain and
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manufacturing information of the product before making a decision. This framework will deliver

the following benefits to the construction industry as well as to the manufacturers.

Considering the magnitude of investments for water supply infrastructure projects,
implementing this framework will significantly lower the potential environmental impacts
of the construction industry. Furthermore, since the EPD is conducted based on life cycling
thinking, the overall environmental impacts can be minimized by adopting this framework.
Since blockchain contains a decentralized database of all the transactions, the purchaser
will have the ability to monitor and track the life cycle processes of a product. Hence, once
the bidders are evaluated and the contract is awarded, the purchaser will be able to track
the purchase order to ensure that the product is delivered according to the expected quality
and environmental performance.

The logistics information of the purchase order will also be shared with the purchaser.
Therefore, once the order is placed, the purchaser will be able to track the status of the
order and incorporate that data into the project scheduling process to make an accurate and
precise project schedule.

The proposed approach will aid contractors around the world in securely bidding for
potential infrastructure projects. In fact, the data transparency is enhanced via blockchain;
therefore, the purchaser will have no hesitation in the bidder’s data. This will allow the
manufacturers to expand their customer base on a global scale due to the blockchains'

decentralized data sharing.

4.4.1 Implementation of the proposed framework

The manufacturers will develop a blockchain for their supply chain as well to transfer life cycle

process data to other stakeholders. The manufacturer will appoint a control officer for each process

in the product life cycle to monitor the changes happening in their respective process with a public

and private key to update the information in the blockchain. Manufacturers can share the

blockchain with their prospective buyers to emphasize their data credibility. The expert who

develops the EPD and the approval authority will be provided with timeframes to consider the

updates to the life cycle process in developing the EPD and approving it. The client will instruct

all the manufacturers and experts to follow a single standard (e.g., ISO 14025) in developing the
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EPD. Lastly, the client will gather the entrusted EPD and conduct the evaluation for eco-conscious

decision-making.

4.4.2 Limitations of the proposed framework

Even though the proposed framework improves the eco-conscious decision-making for water
supply infrastructure projects, implementation will be a challenge due to the knowledge and
resource limitations of stakeholders. Furthermore, on a technical horizon, the blockchain process
of hashing, which is solving the encryptions for validations of each block, requires a large amount
lot of energy which is estimated to be 250-500MW (enough to power a major city to a small
country) (Cachin et al., 2016). ICT solution providers such as IBM offers platforms to implement
blockchain solutions for industries such as supply chain, food, oil, gas and etc. (Singh et al., 2019).
However, since the blockchain solution providers are limited, there may be delays for
manufacturers in developing countries to adopt blockchain. Lastly, the development of legislation
for blockchain-based applications is pivotal. Due to the limitation of that, the contract
administration between the stakeholders can create disputes. Another limitation of the proposed

framework is the delays that may occur in developing and approving EPDs.

4.5 Summary

This chapter consists of a conceptual framework to enhance the data accuracy of EPDs. EPDs were
utilized as an incentive to conduct the environmental impact evaluation within the comprehensive
sustainable bid evaluation toolkit. However, the lack of trustworthiness of the EPD’s backend data
and the ineffective nature of the EPD’s credibility during the long validation period has been
identified as setbacks. Therefore, this chapter provides a blockchain based solution in terms of a
conceptual framework to ensure the transparency of the product’s backend data. Thus, the accuracy

of the EPD and consequently the bid evaluation can be enhanced.
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CHAPTER 5
INVESTIGATING THE IMPLEMENTATION OF BIM-BASED SUSTAINABLE
PROCUREMENT BY USING BAYESIAN BELIEF NETWORKS (BBN)

51 Background

The construction sector plays a key role in social and economic development (Ofori, 2012; Turin,
1980). Yet, it has been criticized for being inefficient and the lack of focus on TBL of sustainability
(Adetunji etal., 2015; Hong et al., 2016). Out of many approaches, Building Information Modeling
(BIM) has been identified as a promising solution to enhance the sustainability performance and
efficiency of construction projects (Farnsworth et al., 2015). BIM is a collaborative platform that
can contain a large amount of physical and functional data related to a project (Sacks et al., 2018).
Despite the technological developments, implementation challenges still have been impacting the
wider adaptation of BIM (Criminale & Langar, 2017). According to Steers, (2021), European
countries are actively pursuing BIM implementation compared to the rest of the developed
countries. In spite of several initiatives such as the introduction of implementation standards and
guidelines (RAIC, 2021), Canada is yet to fully implement BIM in the construction industry. In
fact, Canada is the only G7 country without a national BIM implementation mandate (Shahi &
Lyall, 2019).

Implementing a novel technology such as BIM in a laid-back industry such as construction is a
complex task (Dodanwala and Santoso, 2021). Challenges for BIM adaptation includes the lack of
technical resources and knowledge persons (Ali et al., 2022; Criminale & Langar, 2017; Donato
et al., 2017). Recently, there has been number of initiatives to address BIM implementation
challenges. As an example, Zhu et al. (2019) have attempted to improve the interoperability
between SHP files and IFC files. Zak & Vitasek, (2018) identified a financial threshold to decide
if or not to implement BIM for a particular project. Due to the several shortcomings in the
construction sector, it is vital to foresee the success of project-level BIM adaptation. As per

author’s knowledge no study has been done on this topic for Canada.

Scholars have investigated on predictive models to determine the success of an event, process, or
a product (Cooper et al., 2002; Zhang et al. 2016). Out of many approaches, Bayesian Belief
Network (BBN) has been identified as one of the most sort afterapproachs to determine the success

for a new process or a product (Guikema & Paté-Cornell, 2012). However, the accuracy of the
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BBN relies on the precision of the input data. Obtaining accurate data, especially in construction
sector can be difficult (Zarei et al., 2019). Moreover, construction process data can be qualitative,
uncertain, and incomplete. Hor¢ik (2008) suggested the use of fuzzy set theory to address above
data challenges. A novel fuzzy-Bayesian belief network (FBN) approach can be used to
incorporate data uncertainties associated predicting the success of BIM-based procurement

implementation success.

This chapter addresses the above-mentioned gap in the literature by developing a model for
predicting the success of BIM-based sustainable procurement in the Canadian construction sector.
This study identifies the literature-based BIM-based procurement implementation drivers and
predicts the overall probability of a successful BIM-based procurement implementation through
an FBN. This study further identifies the factors that need immediate responses, considering the

importance of it towards a successful BIM-based procurement implementation.

5.2 Literature review

Recently, BIM has expanded its application horizons from buildings to the infrastructure sector
(Tien Doan et al., 2019). Recent updates to BIM software allow the construction sector to conduct
specific analyses and improve stakeholder involvement for better decision-making. Many scholars
have conducted research on manipulating the capabilities of BIM to aid various project activities
throughout the project life cycle (e.g., sustainability analysis, procurement, cost analysis, and
facilities management) (Hasan & Rasheed, 2019; Masood et al., 2014; Bradley et al., 2016). Patel
& Ruparathna (2021) and Salehabadi & Ruparathna (2022) developed BIM-based frameworks to
evaluate sustainability performance of the built environment. Similarly, Aguiar Costa & Grilo
(2015) and Sloot et al. (2019) utilized BIM’s 4D simulation capabilities to assist the project
management decision-making. Yet, it is evident that previous BIM research is more biased towards

technical innovations (Bradley et al., 2016).

5.2.1 Drivers of BIM implementation
Table 5-1 presents the identified drivers for BIM-based procurement implementation. Each driver
was categorized based on the influence of the type of stakeholder or the type of application.

Furthermore, certain drivers such as adequate amount of BIM experts, BIM related training for
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employees, affordable cost for implementation, BIM-related research, etc. are common for

multiple categories.

Table 5-1: BIM implementation drivers

Driver category Driver Source

Affordable cost for implementation (Criminale &  Langar,
2017; Smith, 2014)

Adequate BIM experts (Migilinskas et al., 2013;
Vass & Gustavsson, 2017)

Government motivation (Diaz, 2016; Lindblad,
Client readiness 2019)
Training for employees (Lindblad &  Guerrero,
2020; Migilinskas et al.,
2013)
Advantages of implementing BIM  (Langar, 2017; Smith,
2014)
Affordable cost for implementation (Criminale & Langar,
2017)
Adequate BIM experts (Migilinskas et al., 2013)
(Lindblad & Guerrero,
Client motivation 2020; Vass & Gustavsson,
2017)
Industry readiness Government motivation (Diaz, 2016; Lindblad,
2019)
Training for employees (Lindblad & Guerrero,
2020; Migilinskas et al.,
2013)
Advantages of implementing BIM  (Langar, 2017; Smith,
2014)
BIM product databases and (Criminale & Langar,
libraries 2017; Smith, 2014)
Technology compatibility ) N ]
BIM interoperability (Eadie et al, 2013,

Lindblad, 2019)
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BIM-related research (Criminale & Langar,
2017; Migilinskas et al.,

2013)
BIM protocols and legal contracts  (Lindblad, 2019; Smith,
2014)
BIM-based standards (Miettinen & Paavola,
2014; Migilinskas et al.,
2013)
Contract management BIM implementation guidelines (Miettinen & Paavola,
2014; Vass & Gustavsson,
2017)
BIM-related research (Criminale & Langar,
2017; Migilinskas et al.,
2013)

As shown in Table 5-1, successful BIM-based procurement implementation in the construction
industry is influenced by multiple factors. Client readiness is one such impact category identified
in literature (Criminale & Langar, 2017; Vass & Gustavsson, 2017). In order for the clients to be
ready to implement BIM in their projects, affordable BIM implementation costs, motivation from
the government, and expert users are required (Criminale & Langar, 2017; Diaz, 2016; Vass &
Gustavsson, 2017). Construction industry consisting of contractors, suppliers and etc. shall also
have an adequate readiness level parallel to the clients to gain the full benefits of BIM. Similarly,
in the client readiness category, client's motivation for BIM adaptation is crucial (Vass &
Gustavsson, 2017). Other impact categories for a successful BIM-based procurement
implementation consist of technical capacity and contract management capacity. Technological
readiness includes availability of adequate databases and open-source file formats as well as
continuous improvement to enhance current technologies (Eadie et al., 2013; Migilinskas et al.,
2013; Smith, 2014). Furthermore, Migilinskas et al. (2013), Smith (2014) and Vass & Gustavsson
(2017) have identified standard contract documents, protocols, standards, and guidelines are

essential ingredients for smooth BIM-based procurement implementation.

5.2.2 Evaluating the success of technology adaptation
Technology evaluation and new technology adaptation are two regular encounters in the

contemporary world. Hence, it is vital to determine the success of new technology adaptation
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before its implementation. Simple assessment methods such as multi-dimensional scoring sheets
or rating process is an approach conduct as a preliminary assessment to determine the readiness
(Cooper et al., 2002). Many complex mathematical models can be used to evaluate the success of
new technology adaptation (Mock et al., 1993). Table 5-2 shows various techniques used by

previous researchers for the assessment of new technology success.

Table 5-2: New technology success evaluation techniques

Method Source
System dynamic modelling (Swiderski et al., 2012)
Bayesian belief networks (Vensetal., 2008; Duefias-Santana et al. 2021)
interviews (Vinod et al., 2003)
Event tree analysis (Ramzali et al., 2015)
Neural networks (Ronzhina et al., 2012)

BBN is a plausible method for evaluating the successful implementation of a new technologies
(Guikema & Paté-Cornell, 2012; Park & Kim, 2013). As an example, Duefias-Santana et al. (2021)
and Zhang et al. (2016) have used Fuzzy Set Theory (FST) and Bayesian Belief Network (BBN)
to predict the failure probability of thermal radiation of a hydrocarbon storage and to predict the

probability of gas pipeline failure.

5.2.2.1 Bayesian Belief Networks
BBN is a probabilistic method for establishing a set of random variables and their dependencies
via an acyclic graph (Pearl, 1988). An engineering process can be analyzed by using BBN. As an
example, various engineering-related analysis such as pipeline failures, safety analysis, and
thermal radiation accident predictions have been performed by using BBN (Duefias-Santana et al.,
2021; Zarei et al., 2019; Zhang et al., 2016). BBN adopts relationships among multiple variables
to predict the probability of an event’s occurrence (Chen & Pollino, 2012). In BBN, events are
represented in nodes that are connected to each other through links that represent the relationship
as shown in Figure 5-1. In the figure independent nodes (A & B) are defined as parent nodes, while
dependent nodes (C) as child nodes in a BBN (Chen & Pollino, 2012). Obtaining probabilities of
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child nodes is a difficult task in the construction sector due to the low response rates and the lack
of accurate technical knowledge (Mentes & Helvacioglu, 2011). In such scenarios, expert opinion

can be sought by using linguistic identifiers (Li et al., 2012).

Figure 5-2: Typical BBN

5.2.2.2 Fuzzy set theory

According to Hanss (1999), FST can be used to explain engineering problems under uncertainty.
The uncertainty is taken into consideration as fuzzy numbers (intervals) (Hor¢ik, 2008). FST is
used to convert vague linguistic terms into crisp numbers through a fuzzy membership function
(Dubois et al., 2000). Fuzzy membership function consisting fuzzy numbers can take various
geometric shapes (i.e., triangular, trapezoidal, Gaussian). Determining the fuzzy membership
faction is a complex process. Cheng & Chen (1997) proposed a simulated annealing algorithm-
based approach in determining the correct membership function. Barua et al., (2014) suggested
that trapezoidal fuzzy membership function is a suitable approach for calculating the probability
of an event’s occurrence. Following Figure 5-2 is the trapezoidal membership function (al, a2, a3,
ad).

In FST the membership function is denoted as pA(X); x = [0,1]. If x is a universe of discourse and
X is a particular element of X, then a fuzzy set A defined on X and can be written as a collection
of ordered pairs as A= {(x, pA(x)), x € X}.
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Figure 5-3:Trapezoidal membership function
FST has been used in previous research in determining the relative importance weights between
dependent and independent variables, (Duefias-Santana et al., 2021; Shahriar et al., 2012; Zarei et
al., 2019). Since FST incorporates data uncertainty, there is no requirement for a large data sample
(Zarei et al., 2019; Zhang et al., 2016).

5.2.2.3 Fuzzy Bayesian Belief Networks
Fuzzy BBN provides the means determining failure or success of an event when uncertain and
vague data is available (Eleye-Datubo et al., 2008). Therefore, in order to predict the success or
the failure of BIM-based procurement implementation in the construction sector, Fuzzy Bayesian
Network (FBN) approach is much suited (Duefias-Santana et al., 2021; Zhang et al., 2016). The
independent probability values required in for the parent nodes of BBN can be computed via FST
(Zhang et al., 2016). Thus, FBN can predict the probability of an event while considering the
uncertainty. No previous study has focused on developing BBN for evaluating the success of BIM-

based sustainable procurement in the construction sector.

109



5.3 Methodology

The methodology adopted here consists of 3 phases. Phase 1 consists of understanding the BIM-
based procurement implementation process in the construction industry and data collection. Phase
2 consists of processing the collected raw data and converting them as the inputs to FBN. The last
phase consists of developing the BBN to determine the probability of successful BIM-based
procurement implementation in the current Canadian construction sector. Figure 5-3 illustrates the

overall research methodology.

Phase 1 Phase 2
G T R AU (RS RS D AR U ST SR L SR Y Y S SR N SR I PO 00 N S W SRS e ) F oo EEEEEEEEEEEE hl
\J x !
BIM implementation Data collection - Fuzzification )
mechanism ! | |
Occurance probability | Data ves_ . o |Likelihood data
Drivers identification ‘ data | - SU“LC"?:CY ; " |(Parent nodes)
¢ chec :
Relationship Relative importance ' i |Relative weightages
determination data ' (Parent to child)

Analysis technique :
S ; B

_________________________________________________
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weightages
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: Predictive model Bayesian inference | | i Defuzzification Fuzzy values
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‘ probabilities
- S S S = il J

Figure 5-4: Workflow for the FBN predictive model for successful BIM-based procurement
implementation
5.3.1 Phase 1: BIM implementation mechanism and data collection

The drivers of BIM-based procurement implementation and its relationships were identified, as
depicted in Table 5-1. Altogether four main drivers (Child nodes) were identified for successful
BIM-based procurement implementation as client readiness, industry readiness, technology
compatibility, and contract management. Furthermore, 12 independent drivers (Parents nodes)
were also identified that affect the probability of each four main drivers. Each child node consists
of multiple parent nodes, and each parent node has one or more child nodes based on identified

literature.
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Data collection was conducted from case studies data in 3 stages. The first stage gathered data
about the profiles of respondents. Each respondent shall be weighted based on the profile,
suggested by Ramzali et al. (2015) and Zarei et al. (2019) (Table 5-3).

Table 5-3: Weighting score for respondents

Constitution Classification Score Constitution Classification Score

Senior academic/
Department head/ 5 PhD 5
Project manager

Junior academic/

Professional Senior Engineer/ 4 Education Masters 4

position (PP)  BIM coordinator level (EL)
Engineer 3 Bachelor 3
Technician 2 Diploma/Certificate 2
Worker 1 High school 1
> 30 5} > 50 4
_ 20-29 4 Age (years) 40-49 3
(5)3(22)'6&?) 10-19 3 (AG) 30-39 2
6-9 2 <30 1

<5 1

The second stage gathered the likelihood of each parent node. Estimating the occurrence
probability of vague and human error-dominated events via a single probability is error prone.
Zadeh (1965) recommended the use of linguistic variables in such circumstances. Since the
humans’ memory capacity is limited, a suitable number of comparison variables vary between 5
and 9 (Huang et al., 2001; Miller, 1956). Therefore, a scale consisting of 9 linguistics terms was

considered for estimating the occurrence probability (Table 5-4) (Chen & Hwang, 1992).

Table 5-4: Linguistic terms and fuzzy numbers to describe the occurrence probability

Linguistic term Fuzzy sets (a; ,a; , a3 ,a,)
Very High (VH) 0.8,1,1,1)
High-Very High (H-VH) (0.7,0.9,1,1)

111



High (H) (0.6,0.8, 0.8,1)

Fairly High (FH) (0.5,0.65, 0.65,0.8)
Medium (M) (0.3,0.5,0.5,0.7)
Fairly low (FL) (0.2,0.35,0.35,0.5)
Low (L) (0,0.2,0.2, 0.4)
Low-Very Low (L-VL) (0,0,0.1,0.3)
Very Low (VL) (0,0,0,0.2)

The stage 3 gathered the relative importance weightage of each independent variable (parent node)
with reference to the dependent variable (child nodes). Fuzzy sets have been defined for each
linguistic term as suggested by Duefias-Santana et al. (2021) and Shahriar et al. (2012). However,
the linguistic terms have been modified and reworded to suit the focus of this study. Table 5-5

represents the linguistic terms for respective fuzzy set.

Table 5-5: Relative importance weightage of independent variables

Linguistic term Fuzzy set (ay, dy, a3 ,d,)
Not at all important (NI) 0,0,0,0.25
Slightly important (SI) 0, 0.25, 0.25, 0.50
Moderately important (MI) 0.25, 0.50, 0.50, 0.75
Very important (V1) 0.50, 0.75, 0.75, 1.0
Extremely important (EI) 0.75,1,1,1

5.3.2 Phase 2: Fuzzification
Equation 5-1 was used to provide a weight to the responses (aggregated fuzzy membership
function) based on the profile of respondents. w; is the aggregated value of expert i scored based

on the criterion in Table 5-3.

Wi=g— Equation 5-1
' ?=1Wi a
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W;: Weight factor of respondent i w;: PP, + EL; + ES; + AG;

PP, EL, ES, and AG are, respectively, professional position score, education level score,

experience score, and age score for each respondent, as mentioned in Table 5-3.

Three data sets were gathered for this study. Consequently, using the data in Table 5-3 and
Equation 5-1, the weightage factor for each respondent was calculated and depicted in Table 5-6

alongside the respondent profile.

Table 5-6: Expert weighting score

Expert Title Experience Education Age Score
No (Years) level (Years)
1 Junior academic/Senior <5 Masters <30 0.26

Engineer/BIM coordinator

2 Junior academic/Senior 6-9 PhD 30-39 0.34
Engineer/BIM coordinator

3 Junior academic/Senior 20-29 Masters 40-49 0.39

Engineer/BIM coordinator

Aqggregated membership functions of occurrence possibilities

Once the weights are determined, the aggregated membership function for each event were
calculated. By considering the linear opinion pool approach (Clemen & Winkler, 1999), the
aggregated weighted fuzzy values of event i were calculated as denoted in Equation 5-2 and

aggregated weighted fuzzy membership functions were established for each event.

m
(aq,a,,a3,a,) = Z W; x (ay,a;,a3,a) i ,J =123,....,n Equation 5-2
i=1
a;: Aggregated fuzzy value of event i m: Total number of events
W;: Weighted score of response j n: Total number of responses
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(a;,a; ,a3,ay) ;j : Fuzzy set corresponding to the linguistic value obtained from response

j about event i

Aggregated membership functions of relative importance weightages (RIW)

FST was used in determining the relative importance weightage of each parent event with respect

to the child nodes. Fuzzy values for the relative importance weightage were denoted as

a;, d,,a;,d, as depicted in Table 5-5. The aggregate fuzzy membership function of relative

importance weightages is calculated using Equation 5-2.

Defuzzification

Out of many defuzzification methods, center of gravity (COG) method is the most widespread

method (Sugeno & Kang 1986). This is due to its ability to represent the entire membership

function (Lee, 1990; Takagi & Sugeno, 1985). COG approach was used for defuzzification as per

Equation 5-4. The membership function of u,(x) is shown in Figure 5-5 and can be defined as

following Equation 5-3.

COG

K (x)

9 a, a3 a,

X

Figure 5-5: Trapezoidal membership function

for fuzzy number A

X: COG of the membership function
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,ay; < x < az Equation 5-3

Equation 5-4

X: Output variable



u; (x): Aggregated weighted membership function

Using Equation 5-4 and

Equation 5-3, defuzzification of the trapezoidal fuzzy number A= (a1, a2, as, as) is calculated as
per Equation 5-5.
1 (a4 + a3)2 - a4a3 - (al + az)z + a1a2

X==-x Equation 5-5
3 (ay +az —a; —ay) a

5.3.3 Phase 3: Fuzzy-Bayesian Network
The aggregated fuzzy membership function represents the fuzzy probability of each BIM driver

(parent node). Thus, using COG defuzzification method, crisp probabilities (CPr) of each BIM

driver being adequate were calculated.

Once the independent crisp probability values were computed, the conditional probabilities of each
child node were determined. Binary values were used to compute the conditional probability for
each given condition by multiplying each variable with the Defuzzified relative importance
weightage ( Equation 5-6). An independent variable with the condition Adequate was assigneda
probability value 1.0, and for the condition Not Adequate, a probability value of 0 was assigned.
Similarly, the final conditional probability for a given scenario is computed by considering all the
parent nodes for a particular child node.

TRI; X E; .
Conditional probability = % Equation 5-6

RI;: Defuzzified relative importance weightage of independent variable i
n: Number of parent nodes

E;: Assigned conditional probabilistic value for eventi (0 or 1)
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During the last step, an acyclic diagram was developed by using the BIM drivers and their
relationships depicted in Table 5-1. Norsys software corporation’s Netica application was used to
develop the BBN. Determined CPr, RIW, and conditional probabilities were used in determining
the probability of successful BIM-based procurement implementation (Equation 5-7, Equation
5-7and Equation 5-9). Lastly, a sensitivity analysis was done to determine the fluctuation of the

results under various controlled settings.

n
PU) = HP(XL-|P0,(XL~) Equation 5-7
i=1

P(U): Probability distribution of U = {Xj, ....., X,,}

P,(X;): Parent set of variable X;

PX)= ) P) Equation 5-8

XjJ=1
Following Equation 5-9 computes the probability of U given the evidence E.

P(U,E) _ P(UE)

PUIE) =55y = 3,00, B)

Equation 5-9

54 Results and discussion
Table 5-7 depicts the expert judgment (Expi) for each independent driver, the aggregated fuzzy
membership function, and the crisp probability of adequacy (CPr).

Table 5-7: Expert judgments and crisp probabilities

Driver Expl Exp2 Exp3 Aggregated CPr
Membership function
Government motivation FH FH FL (0.38,0.53,0.53,0.68) 0.53
Client motivation M L L (0.08,0.28,0.28,0.48) 0.28
BIM databases & libraries L M M (0.22,0.42,0.42,0.62) 0.42
Protocols & legal contracts L L L (0.00, 0.20, 0.20,0.40) 0.20
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BIM Guidelines L M M (0.22,0.42,0.42,0.62) 0.42

BIM Standards L L L (0.00, 0.20, 0.20, 0.40) 0.20
BIM implementation cost L FL L (0.07,0.25,0.25,0.43) 0.25
BIM interoperability L FL FL (0.15,0.31,0.31,0.47) 0.31

BIM implementation advantages VH VH VH (0.80, 1.00, 1.00, 1.00)  0.93

BIM-related research FH H-VH FH (0.57,0.74,0.77,0.55) 0.74
Amount of BIM experts M FL FL (0.23,0.39,0.39,0.36) 0.32
Employee training M M FL (0.26,0.44,0.44,0.42) 0.38

5.4.1 Fuzzy relative importance weightages
Using the data in Table 5-1, Table 5-5, and Equations 5-2 through Equation 5-5, the Relative
Importance Weightage (RIW) were calculated (Table 5-8). Table 5-8 further contains responses

of each expert and the aggregated fuzzy membership function of each parameter.
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Table 5-8: Expert judgment and Fuzzy relative importance weightages (RIW)

Child Nodes Parent Nodes Expl Exp2 Exp3 Aggregated Membership RIW (%)
function
Industry Amount of BIM experts El El Vi (0.39, 0.64, 0.64, 0.83) 14.74
readiness BIM implementation cost MI S| Vi (0.35, 0.60, 0.60, 0.85) 14.17
Government motivation VI Vi MI (0.40, 0.65, 0.65, 0.90) 1541
Client motivation Vi MI VI (0.41, 0.66, 0.37, 0.91) 16.25
Employee training VI VI Vi (0.50, 0.75, 0.75, 1.00) 17.75
BIM implementation advantages El El El (0.75, 1.00, 1.00, 1.00) 21.69
Client Amount of BIM experts Ml El El (0.62,0.87, 0.87,0.93) 23.09
readiness BIM implementation cost Vi S| S| (0.13, 0.38, 0.38, 0.63) 10.92
Government motivation VI VI Vi (0.50, 0.75, 0.75, 1.00) 21.46
Employee training VI VI Vi (0.50, 0.75, 0.75, 1.00) 21.46
BIM implementation advantages VI El VI (0.59, 0.84, 0.84, 1.00) 23.09
Technology BIM databases & libraries El El Vi (0.65, 0.90, 0.90, 1.00) 35.63
readiness BIM-related Research Vi Ml VI (0.41, 0.66, 0.66, 0.91) 27.82
BIM Interoperability Vi El El (0.68, 0.93, 0.93, 1.00) 36.55
BIM Guidelines VI El VI (0.59, 0.84, 0.84, 1.00) 26.15
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Contract BIM-related Research Vi MI VI (0.41, 0.66, 0.66, 0.91) 21.54
management g\ standards VI El VI (0.59, 0.84, 0.84, 1.00) 26.15
Protocols & contracts Vi El VI (0.59, 0.84, 0.84, 1.00) 26.15
Implementation Industry readiness VI VI El (0.60, 0.85, 0.85, 1.00) 24.64
Client readiness Vi Vi VI (0.50, 0.75, 0.75, 1.00) 22.65
Technology readiness VI El El (0.68, 0.93, 0.93, 1.00) 26.36
Contract management VI El El (0.68, 0.93, 0.93, 1.00) 26.36
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5.4.2 Bayesian Belief Network
Figure 5-5 presents the developed BBN to predict the implementation success of BIM-based
sustainable procurement in the Canadian construction sector. The results convey that there is a

51.4% probability of BIM-based procurement implementation failing in the current Canadian
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Figure 5-6: Bayesian belief network

construction sector.

Based on the results, the adequate amount of BIM advantages has the highest probability (93%).
The BBN revealed that BIM-related standards, protocols, and contracts are currently insufficient.
The probability of contract management readiness in the current Canadian construction sector has
37.6% probability of being adequate. Yet, both the industry and clients’ readiness to be adequate

to implement BIM within their organizations has a probability of over 55%.

5.4.3 Sensitivity analysis

A sensitivity analysis was conducted to determine the fluctuation of the results to draw theoretical
and practical implications for the study. Table 5-9 depicts the results of the sensitivity analysis.
Each variable was changed to 0% and 100% probability of being adequate while controlling the

other variables to determine how much results fluctuated.
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Table 5-9: Sensitivity Analysis

Variable BIM Implementation success % Original
0% adequacy 100% adequacy Difference probability

Industry readiness* 335 61 27.5 55
Client readiness* 34 59.9 25.9 56.5
Technology readiness* 35.7 63.3 27.6 46.8
Contract management readiness* 38.3 65.9 27.6 37.6
Government motivation 44 52.7 8.7 53.2
Client motivation 47.5 51.5 4 27.9
BIM databases & libraries 447 54 9.3 42.1
Protocols &legal contracts 47.3 54.1 6.8 20.0
Guidelines 45.8 52.6 6.8 42.1
Standards 47.3 54.1 6.8 20.0
BIM cost 44.2 50.1 5.9 25.1
BIM interoperability 45.7 55.3 9.6 31.1
Implementation advantages 38.7 49.4 10.7 93.3
BIM research 39 52 13 74.3
BIM experts 45.8 4.7 8.9 32.4
Employee training 45.1 54.4 9.3 37.5

Note: Variable* are the child nodes of the drivers.

Table 5-8 contains the original probabilities of the parent nodes based on the FBN analysis. The

overall probability of BIM-based procurement implementation success is evaluated by considering

values between 0% and 100% adequacy probability.

55 Discussion

Based on the findings of this study, implementation of BIM-based sustainable procurement in the

Canadian construction sector has a 48.6% probability of being successful. Nine drivers out of 12

(i.e., Protocols &legal contracts, BIM experts, Employee training) has less than 50% probability

of being adequate. BIM implementation advantages have a 93% probability of being adequate, and

this finding is confirmed by multiple literature by explaining various advantages of BIM (Sacks et
al., 2018; Fargnoli & Lombardi, 2020; Criminale & Langar, 2017; Diaz, 2016). The amount of
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BIM-related research has drastically increased over the last few years (Hasan & Rasheed, 2019).
Thus, the probability of adequate amount of BIM-related research being done for successful BIM-
based procurement implementation is at 74%. Even though Canada is yet to fully mandate BIM,
the motivation provided by the government to implement BIM in Canada is at 53% probability.

As per the results of the sensitivity analysis, increasing the amount of BIM-related research has
the strongest influence on providing a higher success probability of BIM-based procurement
implementation. However, BIM-related research has a 74% probability of being adequate.
Furthermore, the BIM implementation advantages have the second strongest influence on
providing a higher success probability of BIM-based procurement implementation. Consequently,
BIM implementation advantages has a 93% probability of being adequate. Hence, it is possible to
deduce that, the most influential parameters for a successful BIM-based procurement

implementation are adequate in the current Canadian construction industry.

BIM interoperability increases the success probability of BIM-based procurement implementation
by 9.6%. Currently, the probability of having adequate amount of BIM interoperability resources
for successful BIM-based procurement implementation is at 31.1%. BIM interoperability is
reinforced by the availability of open-source file formats. According to Zhu et al. (2019), open-
source file formats are yet to achieve its potential in terms of infrastructure definitions,

sustainability-related definitions, safety definitions and etc.

Currently, the probability of having adequate number of BIM experts, databases and libraries, and
BIM training provided for employees are at less than 50%, However, increasing the above to 100%
individually will increase the chances of successful BIM-based procurement implementation
respectively by 8.9%, 9.3%, and 9.3%. Expert knowledge is vital for the success of technology
implementation in any sector (Mcarthur & Robin, 2019). Post-secondary education/research with
a focus on BIM can increase the number of experts. Furthermore, databases and object libraries
for BIM need to be expanded for the Canadian construction industry. Furthermore, AEC industry
practitioners should receive training in modeling, analyzing, data sharing, simulation, and other
features of BIM.

The parent nodes of successful BIM-based procurement implementation are the readiness of the

industry, clients, technology, and contract management. Those four parameters directly influence
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the success of BIM implementation. However, as per the sensitivity analysis, all four parameters
have a significantly similar influence on BIM-based procurement implementation success.
Contract management readiness has the lowest adequate probability and is one of the strongest
influences on the success of BIM-based procurement implementation. Therefore, BIM protocols
such as when to use BIM, what kind of projects BIM should be used for should be defined.
Furthermore, standard contracts and guidelines should be stipulated to increase the chances of

BIM-based procurement implementation being successful.

5.5.1 Limitations
There are three main limitations that have affected the findings of this study.

Data uncertainties: Even though the data uncertainty was accounted for in this analysis, a smaller
data sample is a limitation of this study. Furthermore, human errors in providing feedback have
been minimized in data collection by using a 9-point scale. However, consistency of the responses

will remain as a limitation.

Model uncertainties: The BBN model was prepared by using literature. There are drivers that may
not have been included in the acyclic diagram. This limitation could impact the findings of this

research.

The static nature of the evaluation: The result of this study is a snapshot view of the current
Canadian construction sector. Due to the dynamic nature of the construction industry, the

calculated probabilities may vary in the future.

5.6 Summary

This chapter developed a predictive model to identify the success of BIM-based sustainable
procurement in the Canadian construction industry. Literature-based drivers for BIM-based
procurement implementation were used to develop the acyclic diagram. Occurrence probability
data were collected from the Canadian construction professionals and analyzed using a Fuzzy-
Bayesian Belief Network. The result of this cross-sectional study revealed that the Canadian
construction sector is not ready to implement BIM-based sustainable procurement successfully.

Therefore, it is crucial to address the identified BIM-based procurement implementation
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challenges such as developing resources to increase the probability of successful implementation

of BIM-based procurement in the Canadian construction sector.
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CHAPTER 6
CONCLUSIONS

The vision of this research is to enhance the BIM-based sustainable procurement of water supply
infrastructure projects. This thesis developed several implementation tools and analyzed the
construction industry's readiness for BIM-based sustainable procurement. The conclusions,

recommendations, contributions, and future research are explained in the following sections.

6.1 Conclusions
The main conclusions of this research are as follows:

The proposed BIM-toolkit provides a direct link in the BIM platform for TBL performance
evaluation of water supply project proposals. The framework adopts EPDs, life cycle social impact
data, and life cycle cost data. The proposed method enables obtaining a comprehensive evaluation

of proposed water supply infrastructure.

The case study results revealed that the optimal project proposal identified by the developed BIM
plugin toolkit had a 15.24% higher increase in environmental and 45.5% increase in social

performance. However, the bid price was 6.55% higher than the lowest cost bid.

Blockchain can be used to mitigate data inaccuracies, enhance transparency, and maintain the data
security of EPDs. The proposed framework linked EPDs, BIM, and blockchain. By implementing
this technology, the reliability of the results in the proposed sustainable procurement plugin toolkit
can also be enhanced. Furthermore, blockchain can be used to enhance the accuracy environmental

labeling in general.

BBN was used to determine the success of the implementation of BIM-based sustainable
procurement in the Canadian construction sector. By considering the drivers of BIM
implementation in the Canadian construction sector, the results revealed that there is a 48.6%

probability of successfully implementing BIM-based sustainable procurement.

6.2 Recommendations
Based on this research, the following recommendations are made for BIM-based sustainable

procurement.
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e TBL-based proposal evaluation enabled identifying a proposal with higher environmental
and social performance than the lowest cost bid. Hence it is recommended to incorporate
TBL of sustainability into the project proposal evaluation. This approach will assist
enhancing the sustainability performance of the construction sector as a whole.

e Traditionally, an approved EPD is valid for a period of 3-5 years. This approach disregards
the possible changes to the life cycle inventory during the above time period. Incorporating
blockchain into environmental labeling is recommended to mitigate the above drawback.

e The BBN model revealed that the with current status, BIM-based procurement in the
Canadian construction sector has a higher probability of failure. Hence, it is recommended
to develop BIM-related standards, protocols, guidelines, and contract agreements to ensure

a successful BIM implementation.

6.3 Contributions
Main contributions of this research are as follows:

Implementation support tools for BIM-based sustainable procurement: This research
contributes to the infrastructure sector by developing a BIM plugin toolkit to assist sustainable
procurement. This will improve the efficiency of the proposal evaluation so that the construction
industry can minimize delays in the procurement process. Furthermore, the BIM-plugin toolkit

contributes to the accuracy of the evaluation as well as improves the transparency.

This research proposed solutions to smoothen the industrial implementation of the BIM plugin
toolkit. These tools contribute to the construction industry to improve the accuracy of EPD data

via blockchain integration.

BBN model for assessing BIM implementation: A BBN model was developed to analyze the
implementation success of BIM-based procurement in the construction sector. This model allows
construction organizations to understand about the success of BIM-based procurement
implementation. Furthermore, the use of fuzzy-set theory incorporates data uncertainties into the

evaluation.
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6.4 Future research
The following research could extend the findings of this research.

The proposed proposal evaluation platform can be extended as a BIM-based e-procurement
platform. Further research is required to develop a comprehensive database including EPD data S-
LCA and cost data. Further research is required to analyze the construction industry perception for

such framework.

State-of-the-art technology can be used to enhance implementation of BIM-based sustainable
procurement. As an example, blockchain can used to enhance data accuracy and smart contract
can be embedded in blockchain to automate contract management. Further research is required to

develop required resources for the above.

It is vital to determine threshold values for each TBL KPI for regional specificity. Further research
is required to study TBL performance values in previous water supply projects and determine a

threshold range.
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