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EXECUTIVE SUMMARY

The procurement step has always been central to projects in the construction sector, more so than in
other sectors, because of the uniqueness of each project and the long-life time. Each construction
project often presents specific requirements and challenges, necessitating tailored solutions and
coordination among various stakeholders. Over the years, researchers and practitioners have focused
on improving procurement methods to enhance efficiency, collaboration, and value delivery. Recently,
incorporating environmental sustainability into procurement has become increasingly important as
the construction sector seeks to reduce greenhouse gas emissions. Green Public Procurement (GPP)
has emerged as a policy tool to advance sustainability goals by leveraging public purchasing power to
influence market behavior and drive the sector toward more sustainable practices.

This research investigates how sustainability criteria affect contractor bidding behavior and dynamics
in construction procurement. Building on existing models using auction theory, specifically expected
utility theory, as the primary theoretical foundation, the research employs Agent-Based Modeling
(ABM) to simulate contractor bidding decisions. ABM allows for modeling individual contractor
decisions and interactions within a competitive bidding environment. By integrating sustainability
aspects into the model, the research examines the emergent bidding behaviors resulting from the
auction scenarios that evaluate multidimensional bids with different sustainability criteria scoring rules
instead of price-only bids. Through this, the research was able to identify potential barriers and
opportunities associated with the different sustainable bid selection criteria, providing insights into
how they might influence contractor markups, sustainability and competitiveness.

The first phase of the study developed a baseline model representing traditional contractor bidding
behavior in the absence of sustainability influences. This model was built using existing auction models
from construction management literature, based on utility theory. It was then tuned using empirical
data and validated through pattern-oriented modeling (POM) to reflect real-world contractor decision-
making processes accurately. Contractor agent logic in this model was governed by established auction
utility theory. Factors such as risk aversion or profit variance were modeled, which in turn are affected
by competitive pressures, project complexity or contractor financial factors. This foundational model
served as a benchmark for testing and validating contractor bidding behaviors in first price sealed bid
auctions, the same auction design most contracting scenarios employ, ensuring a robust starting point
for introducing sustainability elements in subsequent phases.

The second phase introduced sustainability into the model, reflecting real-world practices like Green
Public Procurement. The incorporation and scoring of sustainability elements in construction
procurement was studied and the most common mechanisms were chosen to be modeled. This
included minimum requirements, flat discount incentives, and scaling discount mechanisms, were
incorporated to simulate their impact on contractor decisions. By adopting a simplified modeling
approach for this phase, the study focused on isolating the fundamental effects of sustainability criteria
on contractor behaviors. The model’s validation ensured that these changes aligned with observed
industry patterns and theoretical expectations, offering a credible representation of the evolving
construction procurement landscape.

The final phase expanded the model to test various sustainability criteria adoption schemes as policy
scenarios. This phase also accounted for contractor bid/no-bid decisions and evolution, where agents
could decide to bid or not-bid and therefore invest or not-invest in sustainability projects over time,
which affects their capability to meet environmental criteria. Simulations revealed how these criteria
influenced contractor participation, bid markups, and market competitiveness. Minimum
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sustainability requirements encouraged contractors to adopt greener practices but excluded those
with limited capabilities, reducing competition while maintaining relatively low bid prices. This method
achieved moderate sustainability outcomes due to its inclusivity but did not incentivize significant
investment. In contrast, scaling discount mechanisms allowed contractors to maximize project
sustainability in accordance with their own profile, leading to high sustainability scores but higher bid
prices and a less even playing field. Contractors with advanced sustainability capabilities consistently
outperformed others, resulting in high levels of participation but reduced-price competitiveness. The
flat discount mechanism aimed to balance inclusivity and competitiveness while maximizing
sustainability results within a defined range. However, simulations revealed that its downsides were
also amplified. The mechanism was neither highly inclusive nor did it effectively level the playing field,
except at the extremes, where contractors with either very high or very low sustainability capabilities
benefited. Despite these limitations, the flat discount method outperformed the others in maximizing
sustainability while encouraging lower bid prices. Unlike the pure scaling discount, contractors
appeared to absorb more costs to remain competitive, and compared to minimum criteria the
sustainability scores were often higher and optimized to the contractor profile.

The model also highlighted the benefits of market segmentation, where niches for highly sustainable
contractors emerged, in these niches contractors would regularly win contracts against one another
and create a small but competitive pool of contractors. This segmentation maintained the price-
reducing effects of competition while ensuring that the most qualified contractors were awarded
contracts. Validation through expert interviews further contextualized these findings within the
construction sector.

The findings demonstrate that sustainability criteria significantly influence market behavior, shaping
contractor participation, bid pricing, and overall competitiveness. Overall, the results suggest that a
balance can be achieved by tailoring criteria to encourage investment in sustainable technologies
among contractors that are willing and eager to compete in that space, making sure to maintain a
competitive pool of contractors. The recommendations derived from the model experiments suggest
that procurement specialists and policymakers should adopt adaptive strategies that accommodate
varying contractor capabilities without diluting sustainability goals to appease the broader market.
Notably, the results show that even a small group of highly capable contractors can generate significant
downward price pressure, while simultaneously driving innovation and cost efficiency.

This study focuses on environmental sustainability, excluding social and economic dimensions.
Additionally, it assumes lump-sum contracting and first price sealed bid auctions, and does not account
for collaborative delivery methods or project-specific characteristics. Future research could address
these gaps, incorporating broader sustainability dimensions, exploring other auction designs or
collaborative approaches to procurement. Expanding the scope in this way would provide a more
comprehensive understanding of sustainability in construction procurement.

Keywords: Green Public Procurement, Construction Industry, Agent-Based Model, Bid Selection,
Sustainability Criteria, Policy Recommendation
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1.1 BACKGROUND

Construction Sector in Context

Construction is a pivotal sector in the global economy, responsible for a significant portion of economic
activity, around 13% of the global GDP (Ribeirinho et al., 2020). It is poised to keep growing in
importance with population growth and housing demand, among many other factors, continuing to
fuel the sector globally. It, however, faces persistent challenges related to efficiency, sustainability, and
innovation adoption. Despite its importance, the sector remains notoriously slow to change, with high
investment requirements, low profit margins, intense competition, and long project timelines
contributing to its vulnerability and resistance to innovation. Efficiency gains have also eluded the
sector, and costs remain high and productivity growth in construction has lagged behind other
industries (The Economist, 2017).

Given these characteristics, the sector it is striking that the sector is also particularly climate-
unfriendly, accounting for almost 40% of global energy-related carbon emissions, with buildings alone
responsible for nearly 20% and projected to increase (The Economist, 2022). Governments are
attempting to address these issues, with policies addressing operational efficiency of buildings, but
also embodied carbon of new construction.

Environmental Sustainability and Emissions

CO, emissions by asset type (GtCO.e)
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Figure 1: CO2 emissions by asset type and lifecycle step (Blanco et al., 2021)

The GHG footprint of a construction project over its entire lifetime is driven by three factors as seen in
Figure 1 with operation and processing raw materials making up the majority while construction
activity and transportation makes up a much smaller part. This is, however, dependent on the case.
Noticeably, a lot of the focus on addressing the unsustainable practices of the sector is focused on
increasing operational efficiency. While technological progress in heating, cooling and lighting has
been great over the past three decades advances in building energy efficiency are stalling; the global

6
]




rate of annual improvement fell by half between 2016 and 2019. Less than 1% of buildings are currently
net-zero, and total greenhouse gas emissions from homes have decreased by only marginal amounts
in major economies. American household emissions have fallen by just 2% since 2005, far less than
the 7% reduction consistent with the Paris Agreement goal (The Economist, 2022). In modern
construction embodied carbon and even construction activity constitutes a growing share of the total
GHG emissions and policy measures should reflect that. A number of policies have been addressing
this, and procurement practices are changing, opening up the possibility of addressing environmental
sustainability for all phases of a construction project's lifetime.

Changing Procurement Practices

The landscape of procurement practices in the construction industry has undergone significant
transformation over the past three decades and is still changing. Since around the 90s, highlighted by
the publication of the Latham Review (1994), a seminal report on the UK construction industry, there
has been a paradigm shift in procurement practices. It advocated moving away from awarding
contracts based solely on the lowest price, towards considering quality and collaborative practices
(Latham, 1994). This shift progressed further in following years, leaving behind the singular focus on
cost, by adding quality considerations, to a more comprehensive multi-criteria approach, to finally
incorporating sustainability and even social aspects. 20 years later in 2014, the European Commission
codified this progress through Directive 2014/24/EU, introducing the concept of the Most
Economically Advantageous Tender (MEAT) criteria which encourages and allows public contracting
authorities (CAs) to make contract award decisions based on a broader set of factors beyond cost and
price considerations, specifically by: “[...]basis of criteria, including qualitative, environmental and/or
social aspects, linked to the subject-matter of the public contract in question" (European Parliament,
2014, p. 134). The Directive represents a pivotal change in procurement practice, but also use of
procurement practices as policy tools.

The Role of Public Procurement

Public procurement plays an especially important role in the context of the construction sector as
government expenditure is significant and therefore steering investments becomes very impactful. A
major share of construction is driven by public investment, especially in Infrastructure where public
spending accounts for 87-91 per cent globally (World Bank, 2019). Given this scale, Green Public
Procurement (GPP) has gained traction, as governments use their purchasing power to influence the
behavior of other organizations and drive broader policy objectives. As Halonen (2021) notes, "public
procurement can be a lever to deliver broader government objectives, such as stimulating innovation
in supply markets, using public money to support environmental or social objectives, and for
supporting domestic markets." The nature of public sector purchasing differs from commercial
practice. In addition to the practice of using it as a policy instrument to promote green practices, public
procurement also must be guided by “principles of transparency, accountability, and achieving value
for money for citizens and taxpayers". In addition to that, policy makers also have a responsibility to
support a healthy private market with fair competition, promoting innovation and maintaining
monetary stability.

Private Procurement Practices

The evolution towards sustainable procurement practices is not limited to the public sector. Geach
(2016) provides insights into private sector practices, noting that there has been a wider cultural shift
in how we view sustainability. The concept has become increasingly important. This has manifested in
various ways: The rise of zero-carbon buildings, Increased demand for eco-labeled buildings, and
preference for local and responsible sourcing of labor and materials. The role of eco-labels and
environmental benchmarking certifications such as BREEAM, LEED, or SKA in private-sector
procurement has become increasingly important for maximizing letting potential and rents for
landlords. Geach (2016) notes that private sector clients are under increasing pressure from various
policy measures to achieve net-zero emissions or reduce their carbon footprint. This pressure is driving
changes in procurement and contract awarding. However, the focus in the private sector is often on
operational sustainability and emissions, because these also benefit financial performance by reducing
operating costs and increasing property values.




Challenges

The adoption and these practices has not been without challenges, the implementation of MEAT
criteria reflects this. Despite the potential benefits, a report commissioned by the European Parliament
revealed that many member states continue to award tenders primarily based on the lowest price
(Caimi & Sansonetti, 2023), as the provisions in Directive 2014/24/EU were not made mandatory. This
hints at an existing gap between policy intentions and actual practices in the construction sector.
Further examples of this can be seen across the Europe, officials aim for nearly half of a building's
energy to come from renewable sources by 2030. Over ambitions policy goals, for example, new
energy-efficiency standards in England and Wales rendered one in ten offices in central London
obsolete for lacking standards in 2023, with nearly 60% potentially unusable by 2027 (The Economist,
2022a). Therefore, concerns about potential unintended consequences in public but also private
procurement such as policy displacement effects or sustainability-driven market exclusion are
warranted. The policy displacement effect refers to the possibility that emphasizing sustainability
criteria in procurement might inadvertently sideline other important policy objectives. For instance,
there could be trade-offs between environmental sustainability and social sustainability goals, such as
local job creation or support for small and medium-sized enterprises (SMEs). Sustainability-driven
market exclusion, on the other hand, raises questions about whether stringent sustainability
requirements might create barriers to entry for smaller or less technologically advanced firms.
Potentially leading to a less competitive market, which could in drive costs higher.

Opportunities

Still, the importance of this shift in procurement practice toward a sustainability focused selection
presents an opportunity for a win-win situation for policymakers: it offers a pathway to reduce GHG
emissions across the whole lifetime of construction projects while simultaneously stimulating change
and innovation in the desired direction. Procurement has long been identified as an important lever
to drive industry-wide changes in construction. As McKinsey (2021) notes, "procurement will likely play
an even greater role in decarbonizing construction," which is especially true because of the growing
potential for curbing emissions on embodied carbon.

1.2 PROBLEM STATEMENT
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Figure 2: Sustainability gains and change management (Rijkswaaterstaat, 2022)

The problem facing industry and policymakers is twofold. Not only is the construction sector very
wasteful and polluting, but it is also notoriously slow to adopt innovations and change. The impulse to
change and create a more sustainable future and built environment has come in the form of various
goals and policies. A number of them address the owners and CAs and the procurement practices, but
not only is public procurement seeing a trend toward sustainability criteria, but also private
procurement is directly and indirectly affected. It is common wisdom in construction change
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management that decisions be made at the outset of a project to avoid high costs that come with
changes in planning (Project Management Institute, 2008). The earliest instance of this is procurement.
Sustainability criteria can play an important role in the bid selection of the procurement process and
in the sustainability of construction projects and the sector as a whole. In the effort to guide change,
it is also important to consider potential side effects and minimize their negative impact. However, the
slow pace of the industry economic cycles and combined with the general challenge of measuring
policy impacts, creates a unique situation. Feedback to assess the effects of new policies or
sustainability criteria are very difficult to measure. Therefore, careful analysis is essential to guide the
sector towards more sustainable practices while minimizing unintended consequences, allowing
informed decisions despite these challenges.

1.3 LITERATURE OVERVIEW

1. Construction Procurement
Tendering, Bidding

3. Modelling o

2. Sustainable Construction
Procurement sszseed

= Sustainability criteria

Figure 3: Topic Overview and Relationship Diagram

Antecedent to the findings of the literature review, the scope, the topics themselves and their
relationship to each other are laid out in an overview in this section to help establish a definition of
terms and describe the current body of knowledge leading up to the research gap.

As seen in Figure 3 this research focuses on an intersection of three areas that are related to each
other: construction procurement, sustainability, and modeling. Construction procurement and the
subset sustainable construction procurement reflects the reality of the process; economically, socially
and environmentally, through which most construction projects are realized. While the modeling these
systems, besides predicting and helping plan for outcomes, can help develop an understanding for
them.

Firstly, and at the broadest level there is the research area of Construction Procurement, Tendering,
and Bidding. Procurement in construction is defined as the comprehensive process of acquiring the
necessary goods and services essential for a construction project. It links an often fragmented supply
side (contractors, engineers, suppliers, etc.) with the project owners and representatives and covers
everything required from project inception to completion. There are many definitions of construction
procurement but according to Ruparathna and Hewage (2015) they can be represented in two groups:
1. The mere purchasing transaction of obtaining a constructed facility; and

2. The holistic process of satisfying potential clients with a need for constructed facilities.

Tendering is a subset of procurement and involves a critical step: inviting and evaluating bids from
potential contractors to carry out specific parts of the project. The project owners and representative
contracting agency, from here on out just referred to as owners, initiates tendering by initiating bidding
and inviting contractors to place bids for work, based on the tender documents issued by the owners.
Among the final steps of the tender procedure the bid is selected based on a selection criteria that is
decided on by the owners.




The research in construction procurement encompasses a large and complex body of knowledge. It is
characterized by its diversity, with many studies focusing on specific contexts, locations or aspects of
procurement processes. While valuable for depth, this presents challenges in synthesizing a
comprehensive understanding of the field. The scope of this research will focus mainly on construction
procurement through first price sealed bid auctions and lump sum contracting. This is still the most
common way of construction procurement. However, the reality is that while construction
procurement works similarly around the world, differences can be found and should be considered.

The second area, sustainable construction procurement, represents a growing focus in the industry,
aiming to integrate environmental, social, and economic considerations into the procurement process.
In this report the focus will lie on environmental sustainability in the construction industry. It refers to
the adoption of practices and strategies that minimize negative impacts on the environment. However,
the performance of a project in this regard is hard to measure. Lima et al. (2021) review the literature
on sustainability in the construction industry and find a lack of taxonomy and quantitative
methodologies to assess sustainability in the civil construction industry. The most used methodology
are life cycle assessments (LCA) and the most used environmental certification is Leadership in Energy
and Environmental Design (LEED). The literature discusses the environmental impacts of different
building materials, design and energy usage, maintenance needs and construction methods (Lima et
al., 2021). The integration of sustainability into procurement practices represents a significant shift in
the construction industry. It requires new evaluation criteria, different skillsets from contractors, and
often involves navigating complex trade-offs between various sustainability goals and traditional
project objectives.

The third component of the literature study looks at the use of simulations and modelling in
construction procurement, without and with sustainability aspects. In construction procurement, the
most common method is still the lump-sum contract, often awarded through a single-stage tendering
process. This approach is equivalent to a first-price sealed-bid auction, where contractors submit
confidential bids, and the lowest bidder wins the contract at their bid price. Auction theory is a field
that has long examined auction designs and bidder behavior, developing a theoretical basis for
understanding and analyzing this process. It utilizes different approaches such as expected utility
theory, prospect theory or game theory, to model and predict bidder behavior. Auction theory has
been instrumental in analyzing how different auction formats impact bidder strategies and outcomes.

These modelling approaches have not been so thoroughly applied to construction procurement. The
research can broadly be categorized into three main types: contractor decision models, system
dynamic models (contractor ecosystem models), and in between, auction models. Contractor decision
models focus on individual firm-level choices, such as bid/no-bid decisions and markup determination.
These models often employ techniques like utility theory, neural networks, or fuzzy logic to capture
the complexity of decision-making under uncertainty (Bagies & Fortune, 2006). Contractor ecosystem
models, on the other hand, aim to simulate broader competitive dynamics using methods such as
system dynamics modelling. Auction models are in between on the scale and attempt to bridge
individual and market-level dynamics. Agent-Based Modelling (ABM), has the capacity to model on this
in between scale by starting with a decision model, simulating multiple auctions, and through that,
emerging market behavior.

ABM is a computational approach used to simulate real-world complex systems through the simulation
of interacting autonomous decision-making entities called agents and their environment. ABM
employs a bottom-up methodology, focusing on individual-level behaviors to understand system-level
outcomes. ABMs are able to generate a deeper understanding of systems like markets compared to,
for example, system dynamics models, because market behavior emerges out of the adaptive and
changing behavior of the individual agents (Bonabeau, 2002). ABM has also been applied to auction
modelling and tendering process in construction. Models have been developed to simulate the
behavior of bidders, the impact of different bidding strategies on project outcomes, and the dynamics
of the bidding market (Awwad et al., 2014; Asgari & Kandil, 2016; Awwad & Ammoury, 2019; Elsayegh
et al., 2020). The theoretical and empirical basis of these models has been limited, however, and there
have been no models that simulate construction procurement with sustainability aspects.




Further details of the literature review are discussed and analyzed in each of the corresponding
chapters. The basis of the split is rooted in both the context of the topics themselves and the
methodology of the model building. This will be elaborated upon in chapter 3. This part of the review
helped define and describe the current body of knowledge, whereas the following parts within the
chapters will identify the state of current practices and associated challenges and opportunities, find
patterns and trends and pick out relevant economic theory and empirical data to base the models on.




1.4 RESEARCH GAP

In the previous chapter, we defined key terms and provided a comprehensive overview of the existing
literature. This section narrows the focus to highlight the gaps within the current body of knowledge
and illustrate how addressing these gaps can advance both academic and practical understanding of
sustainable construction procurement.

Research gap

Figure 4: Research Gap Diagram

The literature gap is twofold, spanning three key areas of research: auction theory, construction
procurement, and sustainability criteria. The first gap lies in the application and integration of auction
theory and data into construction bidding models. The second gap relates to the limited research on
sustainability criteria and their impact on construction procurement and auctions. Currently, there is
neither robust empirical research nor sufficient theoretical exploration in these areas. In the following
sections, the research gap will be clearly outlined through a critical review of existing studies in these
three key areas, highlighting their limitations and synthesizing them into a coherent research gap.

Auction Theory

The first body of knowledge that needs to be explored is auction theory. Auctions are mechanisms for
allocating resources by matching supply with demand (principle of efficient allocation). At their core,
auctions aim to maximize the seller’s revenue while ensuring goods or services are allocated to those
who value them most (principle of surplus maximization). This happens by driving competition among
bidders, auctions reveal each participant’s valuation of the auctioned object. Where then the
participant with highest valuation wins the auction.

Frameworks such as game theory, utility theory, and prospect theory provide the analytical tools to
evaluate bidder behavior. Game theory models rational, risk-neutral decision-making in competitive
settings, while utility theory incorporates individual preferences and risk attitudes. Prospect theory
extends this by accounting for psychological biases like loss aversion and regret, offering a deeper
understanding of real-world bidding behavior.

Most auction theory research is non-context-specific, focusing on general auction formats. But the
theory has been applied in practice for mechanism design of auctions in fields like spectrum auctions.
However, its application to construction procurement remains rare. One hurdle is that, even though
the most common auction format in construction procurement, sealed tender or first-price sealed-bid
auctions, are well researched, the theorems describing the behaviour under these auction conditions
are under idealized conditions (Milgrom 2003). These tools offer a theoretical baseline for
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understanding auction dynamics but must be adapted to address the complexities of construction
procurement. There are many deviations and complications from standard auction formats and theory
in construction procurement that are worth mentioning.

In construction procurement, auctions involve elements of both common value models, meaning
auctions where the true, noiseless valuation of the object should be the same for every participant. In
construction shared information, like project specifications and material costs, influences valuations.
In auction theory these are called shared signals. However, there are also many elements of private
value models, meaning the valuation of auction participants are independent of each other. There are
for example private adjustments for factors such as risk perceptions, profit margins, and firm-specific
efficiencies, these are called private signals. This leads to fuzzy valuations, where subjective
estimations further complicate the analysis of the auction behaviour.

Another deviation from standard auction models is that construction contractors also differ in their
risk preferences and experience, creating significant asymmetries. Experienced contractors might for
example bid more aggressively.

Lastly there is another aspect that differentiates this research case from typically researched auction
formats. In construction procurement, particularly sustainable construction procurement, bids are
evaluated based on both price and non-price attributes, differing from pure price-only auctions by
incorporating qualitative factors such as sustainability. In auction theory these are referred to as
auctions with scoring rules as opposed to price-only auctions. Researchers even in auction theory have
not extensively researched auctions with scoring rules, this is where a significant gap remains (Milgrom
2003). Only Che (1993) and Rezende (2002), have looked into scoring auctions and shown that in an
auctions sellers can sometimes benefit by biasing the scoring rules to increase competition in the
auction.

While traditional auction theory models have limitations, like struggling to capture nuanced contractor
behaviours in competitive environments, for instance, classical Neutral Bayesian-Nash Equilibrium
frameworks fail to explain phenomena such as overbidding and “throwing away,” as demonstrated by
Cox et al. (1988), empirical and behavioural extensions of auction theory can be an important tool for
understanding and bettering allocation mechanisms in construction procurement. Studies such as
Campo (2012), Hartono (2010) and Wang & Guo (2017) provide important groundwork by applying
utility theory, prospect theory and bounded rationality to construction contexts, respectively. These
works offer insights into contractor decision-making by incorporating contractor-specific factors, such
as financial stress and risk aversion or factors like regret, conservatism, and cognitive limitations
influence bidding behaviours. While these studies expand the theoretical lens of auction theory, their
primary focus has been on understanding bidder behaviour rather than the broader auction
framework.

Construction Procurement

Construction procurement is widely researched, focusing on processes, methods, and policies, yet
significant gaps remain. Studies exploring aspects like contracting strategies and selection criteria
(Ruparathna & Hewage, 2015) are often fragmented and lack integration into broader theoretical
frameworks. Despite the industry's emphasis on proper procurement for project success, the
literature reveals a lack of a unified perspective on procurement processes, with practices remaining
diverse and fragmented. Many procurement methods are explored in detail, including lump-sum
contracting, design-build, and integrated project delivery (Ruparathna & Hewage, 2015; Kowet &
Ozumba, 2019). Similarly, selection criteria, ranging from price-based methods to multi-criteria
approaches, have been studied extensively, often highlighting the benefits of incorporating non-price
factors such as contractor experience and technical capability (Olaniran, 2015; Konno, 2018; Waara &
Brochner, 2006; Khoso et al.,, 2021). However, the often-fragmented and project-specific
understanding makes it challenging to determine the most effective strategies for specific project
needs.

Several studies have attempted to apply auction theory to construction procurement models, offering
promising insights into contractor dynamics. Utility theory remains the dominant approach (Awwad et
al., 2014; Asgari & Kandil, 2016; Awwad & Ammoury, 2019; Elsayegh et al., 2020), while game theory
has been explored less frequently (Ahmed et al., 2016; Asgari & Shaafat, 2016). These models typically
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focus on contractor behaviors such as markup strategies and competitive dynamics. However, many of
these efforts make simplifying assumptions or fail to engage with foundational research, such as
Campo (2012), which connects auction theory to real-world construction bidding. This disconnect has
left gaps in understanding how procurement policies, including sustainability criteria, shape
competitive bidding environments. Bridging these gaps requires integrating insights from both
contractor-focused studies and the broader auction design and scoring rules of selection criteria.

By integrating auction theory into agent-based modeling (ABM), this research bridges the gap between
theory and practical applications. ABM allows for the simulation of selection criteria scoring rules’
impact on contractor participation, competitiveness, and price development. This approach has been
explored in studies such as Idrees et al. (2023), which analyzed the impact on owner utilities when
switching between different bid price selection criteria. Additionally, earlier research has used ABM to
investigate various contractor strategies, and owner decision-making frameworks (Awwad et al., 2014;
Asgari & Kandil, 2016; Awwad & Ammoury, 2019; Elsayegh et al., 2020). However, these models often
lack integration with the broader auction theory literature, which remains underutilized in
construction procurement research.

Sustainability Criteria

Research on sustainable construction procurement has led to the development of many frameworks
and policies aimed at embedding environmental sustainability into construction practices. These
frameworks—such as certification systems like LEED and BREEAM, or methodologies like Life Cycle
Assessment (LCA)—provide structured tools to assess and rate environmental performance (Lima et
al., 2021; Kjerulf and Haugbglle, 2021). Recent trends show a noticeable shift from purely economic
winner selection in procurement to multi-criteria evaluation, where sustainability considerations play
a critical role. Studies and case analyses across frameworks and locations have highlighted their
potential to promote greener practices while offering insights into their implementation in different
contexts (Bohari et al., 2017; Ruparathna & Hewage, 2015b; Wiik et al., 2020).

Despite the abundance of sustainability frameworks, the integration of sustainability criteria into
procurement auctions remains underexplored. There is limited research on how these frameworks and
certification systems are implemented within the procurement process and into incentive structures.
Most existing studies rely on qualitative methods, such as case studies and interviews, to identify
barriers to sustainable procurement—such as high costs, complexity, and market resistance
(Ruparathna & Hewage, 2015; Prier et al., 2016). However, there remains a research gap in exploring
the specific mechanisms for implementing sustainability frameworks into procurement processes,
even though, in practice, the choice of which mechanisms to use remains a key consideration for
owners and policymakers.

The few studies that have attempted modeling sustainability in construction procurement focus on
other aspects. For example, ABMs have been used to simulate broader market responses to
sustainability policies, such as the diffusion of green practices or contractor adaptation over time
(Attallah et al., 2013; Li et al., 2022). While these studies offer valuable insights, they do not address
the tendering or bidding process directly, leaving a gap in understanding how sustainability-driven
policies affect auction design and outcomes. This research seeks to bridge these gaps by integrating
sustainability criteria into procurement auction models. By simulating their effects on contractor
participation, pricing, and auction outcomes.

Combined approach

The gaps identified at the intersection of auction theory, construction procurement, and sustainability
criteria reveal a need for more integrative approaches in both research and practice. Auction theory
has been applied to construction procurement, yet its connection to procurement policies, particularly
sustainability criteria, remains underdeveloped. Similarly, while construction procurement research
offers detailed insights into methods and frameworks, these often lack the theoretical and systemic
integration necessary to assess their broader impacts on competitive environments. Sustainability
criteria, while central to modern procurement policies, are rarely examined through the lens of auction
theory, leaving their effects on contractor behaviour, market dynamics, and project outcomes largely
unmodeled. By leveraging auction theory and ABM, this study provides a framework to analyse how
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sustainability criteria interact with procurement policies and market dynamics. ABM’s ability to
simulate emergent behaviours allows for the exploration of nuanced policy effects, from contractor
participation and pricing to the achievement of sustainability goals.

Practical examples from other sectors highlight the transformative potential of such approaches. For
instance, spectrum auctions (Milgrom, 2004; Cramton, 1997) and carbon trading schemes (Cramton &
Kerr, 2002; Hepburn et al., 2006) demonstrate how well-designed auction mechanisms can
simultaneously achieve economic efficiency and policy objectives. Adapting these insights to
construction procurement offers a pathway to balance environmental goals with competitiveness and
inclusivity, providing actionable insights for a more sustainable industry.

1.5 RESEACH AIM, QUESTION AND SCOPE
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Figure 4: Construction Procurement Selection Process (Zhao et. al., 2022)

The procurement process in construction is influenced by numerous factors and characteristics that
vary across projects. This research focuses specifically on sustainability criteria, highlighted in red in
Figure 4, and their economic implications, such as bid pricing, contractor participation, and
competition. Other aspects of procurement, such as project-specific characteristics, procurement
systems, remuneration schemes, and project delivery methods, are outside the scope of this study.
The study assumes a lump sum contracting approach with tendering processes aligned to first-price
sealed-bid auctions. By narrowing the focus to sustainability selection criteria and their
implementation mechanisms, this research aims to address critical questions around their role in
shaping contractor behavior and procurement outcomes.

The primary aim of this research is to assess the current state and explore the effects of sustainability
selection criteria in construction procurement, specifically focusing on their mechanisms of
implementation. To achieve this aim, an ABM is developed to simulate and compare existing
implementation mechanisms, policies, and formulas. The ABM facilitates experimentation to evaluate
their impact on key economic factors, including bid price development, contractor participation, and
market competition.




MRQ: What are the effects of different sustainability criteria
implementations on contractor bid behavior in construction procurement?

SRQ1: SRQ2: SRQ3:

What is the state of the art
of modelling bidding and
procurement in constru - : :
ction, specifically ABM? criteria? SUSta'"ab!E, Belisdiaia
opportunities?

How can existing ABMs be What pf?l'c‘f sc?narlos ar.e
adapted or extended to mos..t eblectlve L el il
incorporate sustainability Ll e S

The question follow from the methods used and will be explained in more detail in the following
chapter.
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2.1 METHODOLOGY

This research combines a number of methods to ensure a comprehensive answer to the research
guestions. The use and reason behind them will be laid out in the following.

Agent-Based Modeling (ABM): As introduced in the previous chapter, ABM is a computational
approach designed to simulate complex systems by modeling interactions between autonomous,
decision-making agents and their environment. In this thesis, the ABM serves as the primary method
of modelling and bridging individual contractor decision-making models with broader market-level
phenomena. It is particularly suited for simulating the dynamics of construction procurement auctions,
where contractors make decisions, such as whether to participate in tenders or adjust bid markups,
that collectively influence market competitiveness and sustainability outcomes.

In research, ABMs have been widely applied to study models of competition and cooperation (Axelrod
1997). They have been especially instrumental in modeling auction mechanisms and market dynamics,
exploring how bidding strategies and contractor behaviors evolve under different conditions. These
models allow observation of emergent patterns and testing of policy scenarios in a controlled
environment, providing insights without the cost or complexity of real-world experimentation.

However, ABMs while insightful, are models that are challenging to validate and sometimes criticized
as “Toy Models” (Tesfatsion, 2022). The criticism often stems from the perception that ABMs
oversimplify complex real-world systems. Critics argue that the simplifications necessary to make
ABMs computationally tractable may strip away essential complexities, potentially leading to
misleading results. Additionally, the large number of parameters and the sensitivity of outcomes to
initial conditions in ABMs can make it challenging to distinguish between genuine insights and artifacts
of the model design. This shows that even more so than in other modelling methods it is important to
find optimal modeling complexity with ABMs.

Auction Theory (Expected Utility Theory): The agent logic within the ABM is based on expected utility
theory, a well-established framework in economic modeling. This theory helps simulate rational
decision-making, where agents evaluate the expected benefits and risks of their actions to maximize
their utility. The strength of expected utility theory lies in its alignment with empirical studies and its
practical applications in construction management. It avoids some of the pitfalls of game theory, which
fails to explain some phenomena such as overbidding and “throwing away” (Cox et al., 1988), while
offering a solid theoretical and empirical foundation for modeling contractor behavior. The literature
briefly mentioned in the previous chapter offers good knowledge to build on. By incorporating
expected utility theory, the ABM ensures that contractor behavior is grounded in economic principles
that reflect real-world bidding strategies.

Step-by-Step Model Development: To address the complexities inherent in modeling contractor
bidding behavior and the integration of sustainability criteria, this research adopts an iterative
modeling approach grounded in both literature and existing models. Each iteration of the model
incrementally incorporates new aspects, informed by parallel literature reviews and research efforts.
This iterative process allows for continuous refinement of the model, providing multiple opportunities
for validation and verification at each stage.

e Initial Model: The first version of the ABM is constructed based on existing literature on
construction bidding models and auction theory. This version represents a conventional
bidding environment without sustainability considerations, focusing on standard contractor
decision-making and market dynamics. Empirical data supports this baseline model to ensure
its accuracy and relevance.

In this phase, the "Keep It Descriptive, Stupid" (KIDS) approach is employed (Edmonds & Moss,
2005). Given the availability of empirical data and well-established theories, a more detailed
and descriptive model is appropriate. The KIDS approach advocates for including sufficient
detail to ensure the model accurately represents the phenomena under investigation. The
model is grounded in empirical data to ensure its validity and relevance. By incorporating
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detailed representations of contractor decision-making processes, risk preferences, and
market behaviors, the model accurately simulates the baseline behaviors observed in
construction procurement.

e Sustainability Integration: The second version of the model incorporates environmental

sustainability criteria, reflecting real-world practices and policies like Green Public
Procurement (GPP). This version simulates how sustainability factors influence contractor
decisions, markups, and participation in tenders.
Due to the limited precedent and lack of comprehensive data on how sustainability factors
influence contractor bidding behavior, the "Keep It Simple, Stupid" (KISS) approach is adopted
in this phase (Axelrod, 1997). The rationale for this shift is due to the limited precedent and
lack of accurate, comprehensive data, sustainability factors in construction procurement.
Given these uncertainties, a simpler model is advantageous. The KISS approach enables a focus
on the most critical elements of sustainability integration. By simplifying the sustainability
components, we can explore the fundamental impacts of different sustainability criteria
capturing essential insights while maintaining model tractability.

e Enhanced Features for Policy Analysis: The final iteration of the model includes additional
features such as bid/no-bid decision-making processes and a mechanism for sustainability
learning, where contractors improve their sustainability capabilities through investments.
These additions allow the model to run policy scenarios that test different sustainability
criteria implementations and assess their effects on market behavior and competitiveness.
The model evolves from a closed bidding environment to an open market setting, allowing for
more dynamic interactions and competition among contractors. For this phase, validation is
achieved through interviews with industry professionals—both owners and contractors. These
interviews provide real-world verification of the model's assumptions and outputs, helping to
interpret the results in the context of industry knowledge and experience.

Literature Review and Data Collection: Throughout the modeling process, an ongoing literature
review and data collection are conducted, serving three main purposes. Firstly, a system analysis for
building a comprehensive understanding of the underlying system. This involves researching current
practices and gaining insights into how the construction procurement system operates, including
procurement systems, selection and evaluation methods, and market behaviors. Secondly, model
building support requires collecting empirical evidence, quantitative and qualitative data, and
theoretical insights to inform model development and parameterization. This ensures that the model
is representative of real-world phenomena and grounded in factual data. Lastly, pattern finding focuses
on identifying qualitative and quantitative patterns observed in the industry. This step is essential for
ensuring the model is fit for purpose and aids in validation through Pattern-Oriented Modeling (POM).
By aligning the model with known patterns and behaviors, we enhance its credibility and ensure it
accurately reflects the dynamics of construction procurement.

Pattern-Oriented Modeling (POM): To validate the models in their respective phases, a pattern-
oriented modeling approach is employed. POM focuses on replicating multiple qualitative and
guantitative patterns observed in real-world systems, thereby ensuring the model’s structural realism
and robustness. This method serves as a qualitative validation tool that alignhs model behavior with
known empirical patterns.

A POM approach is adopted for partial validation of the model (Grimm et al., 2005). POM provides a
method for qualitative validation by using multiple patterns observed in real-world systems, preferably
at different scales and levels. This approach helps reduce parameter uncertainty through inverse
modeling—recreating patterns observed in reality to decode information on internal organization or
agent behavior.

By incorporating a POM step, structural realism of the model can be partly ensured. As Epstein (2008)
notes, any prediction or projection found in research or practice involves running some model,
typically with implicit assumptions and unknown logical consequences. By using POM to guide the
development of an explicit ABM, assumptions are made transparent and testable against observed
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patterns. This allows for examining the implications of different theories about contractor behavior
and market dynamics in the construction industry.

POM also addresses the trade-off between model complexity and tractability. By focusing on
replicating multiple real-world patterns, we can develop a model that captures essential dynamics
without becoming overly complex. This aligns with the KISS principle in later stages while ensuring the
model remains grounded in empirical observations.

However, while POM provides a robust approach to model development and partial validation, it is not
sufficient for full model validation. Therefore, for the final validation of findings, expert interviews are
used to provide an additional layer of real-world verification and to help interpret the model's results
in the context of industry knowledge and experience.

Expert Interviews: To complement the POM validation, expert interviews with industry professionals,
from both the owners and contractor side, are conducted. Overall, five semi structured interviews
were conducted with one owner, one owner consultant and three contractors of different sizes. The
interview outline can be seen on Appendix 1. These interviews provide an additional layer of validation
by comparing the model’s outputs and assumptions with the practical experiences and insights of
those actively engaged in the industry. These interviews serve multiple purposes:

e Validation of Model Assumptions: Comparing the model's outputs and underlying
assumptions with practical experiences and insights from professionals actively engaged in the
industry.

e Interpretation of Results: Gaining deeper understanding and context for the simulation
findings, particularly in areas where empirical data is limited.

e Policy Implications: Gathering perspectives on the practical applicability of the findings and
potential policy recommendations.

This mix of methods helps deal with a lack of empirical data, while allowing to build on what is known,
while systematically exploring new models. Together these methods make up the methodology of this
research and aim to produce a robust and reliable analysis of the research questions.

2.2 THESIS STRUCTURE

The thesis structure aligns with the methodology outlined, ensuring a logical progression from
problem identification to solution development and validation. Chapters 1 and 2 introduce the topic,
establish context, and provide a roadmap for the research. Chapters 3, 4, and 5 form the core of the
investigation, each addressing one phase of the research and corresponding to a sub-question (SQ1,
SQ2, SQ3). Each phase follows a structured approach involving data collection, model development,
and validation, with distinct differences in focus and content.

Phase | and Sub-question 1: Initial Model

Phase | centers on developing the initial version of the ABM, which models conventional contractor
bidding behavior without sustainability considerations. This phase begins with data collection
through a literature review and semi-structured interviews to gather insights on procurement
systems, contractor decision-making, and market behavior. The goal is to create a foundational
model anchored in existing literature and empirical evidence. The model is then validated using POM
to ensure its fit with observed real-world behavior and practices.

Phase Il and Sub-question 2: Sustainability Integration

Phase Il extends the initial model by incorporating sustainability criteria, reflecting current policies
and practices such as GPP. This phase also starts with a literature review and industry interviews,
focusing on sustainability in construction procurement, relevant frameworks, and contractor
strategies for integrating sustainability. The model is adapted to simulate how sustainability criteria




affect contractor decisions, participation, and market dynamics. Validation through POM continues in
this phase to maintain structural realism and reliability.

Phase lll and Sub-question 3: Enhanced Features

Phase lll focuses on advancing the model with enhanced features, transitioning from a closed
bidding environment to an open market setting. This phase explores the dynamics of contractor
competition and sustainability learning through investment. Building on the insights and findings
from the previous phases, the final model includes bid/no-bid decision-making processes and
contractor learning mechanisms. Validation for this phase is achieved through expert interviews,
providing real-world verification and contextualizing the model’s outputs.

Final Chapters

The last two chapters synthesize the findings and reflect on their broader implications. Chapter 6
serves as a comprehensive validation, integrating insights from POM and expert interviews to assess
the reliability and practical relevance of the model. Chapter 7 discusses the results, presents
conclusions, and suggests directions for further research, emphasizing the applicability of the
research outcomes to both academic and industry practices. This structure ensures a cohesive
approach that answers the main research question through a combination of theory, modeling, and
practical validation.
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2.3 LITERATURE REVIEW METHOD

This section outlines the systematic method for conducting the literature review, loosely based on the
guantitative methodology proposed by Seuring and Miiller (2008). The process is comprised of four
stages: category selection, material collection, analysis, and pattern identification.

A 4
o=
o

b4

Figure 6: Category Selection

The method used in this review is designed to capture everything relevant to understand and model
the bidding environment and sustainability evaluation and selection criteria. It involves a systematic
examination of current practices, emerging trends, and ongoing research in construction bidding
processes, focusing on identifying challenges and opportunities. Additionally, this is done with an
attention to the integration of sustainability criteria. A taxonomical funnel was developed to explore
the current body of literature, progressing from broader topics such as Construction Procurement,
Tendering, and Bidding Theory and Practice, through Sustainability in these areas, to the specific
application of ABMs in these topics. The breadth and depth of the approach ensures comprehensive
coverage and balanced insight, where both macro and micro perspectives are considered. This is ideal
for developing the ABM in the report's later sections. At the macro level, economic and social patterns
influencing procurement and sustainability are examined, while at the micro level, individual agent
behaviors are analyzed. This enables effective modelling in later stages of the research. Empirical
studies were prioritized in the literature selection process; however, robust qualitative research was
also included where quantitative data was limited.

The literature collection utilized key search terms as presented in Table 1. the Primary databases and
search engines employed were Google and Google Scholar, chosen for their cross-platform capabilities
and access to industry reports, as well as Scopus, which is the largest database of peer-reviewed
literature. The search terms were categorized into 5 groups.

The Universal (U) group comprised keywords that could be used in all searches and were combined
with terms from all other groups to help find relevant literature across categories.

Group (R), used to narrow down searches to reports and reviews, that help get an overview.

Group 1 contained keywords related to the first category in our funnel: Procurement, Tendering, and
Bidding Theory and Practice in general. These terms helped identify literature covering the broad
aspects of construction procurement processes and practices.

Group 2 focused on sustainability-related terms in the context of construction and procurement. This
group was crucial for identifying literature that addressed environmental and sustainable practices
within the industry.

Group 3 included keywords specific to modeling and simulation techniques, with a particular emphasis
on Agent-Based Models (ABMs). This group was instrumental in locating studies that employed
computational models to analyze construction procurement processes.

Table 1: Key search terms
Group Keywords (All Searches LIMITED TO Construction industry)

U (Construct* or Build* or Built* or Contractor*)
R (“Report” or “Review”)




1) (“Procurement” or “Tender” or “Bidding” or “Auction”) and (“Price” or “Selection” or
“Winner” or “Criteria” or “Practices” or “Policies” or “Competition”)
2.) (“Sustainability” or “Eco” or “Environment” or “Green” or “GPP” or “Circular”)

3) ( “Agent” or “Agent Based Model” or “ABM”)

By systematically combining terms from these groups into a search query and identifying additional
relevant sources through citation-tracking and Google search the initial pool of literature was
established. The sources were examined, and exclusion criteria were applied, filtering out articles that
were, not written in English, unavailable in full length, or outside the scope of the research.

211 articles were for the first funnel group, using the search query “((U) AND (R) AND (1.) AND NOT
(2.)“. After exclusion criteria were applied and the expansion through citation tracking and Google
search 37 sources were left.

114 articles were found for the second funnel group, using the search query “((U) AND (R) AND (1.)
AND (2.)“ After exclusion criteria were applied and the expansion through citation tracking and Google
search 53 sources were left.

52 articles were found for the second funnel group, using the search query “((U) AND (3.)“ After
exclusion criteria were applied and the expansion through citation tracking and Google search 15
sources were left.

This taxonomy applied for querying is partially carried through to the review in further chapters, with
the distinction that findings are further classified into more topics. Notably, the findings are of the third
query is further divided into models that include sustainability aspects and ones which do not.

Literature Review Structure

The literature review in this thesis is strategically divided into two main parts, despite the initial three-
pronged search approach. The first part focuses on construction procurement, tendering, and bidding
without explicit sustainability considerations. The second part then shifts focus to sustainability in
construction, examining how sustainability principles are integrated into procurement, tendering, and
bidding processes. By structuring the literature review in this way, we establish a comprehensive
foundation of traditional practices before examining how sustainability is reshaping the field. This
approach allows us to clearly identify the changes and challenges introduced by sustainability
considerations, setting the stage for our model development process which progressively incorporates
sustainability elements.
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3. SUB QUESTION 1

What is the state of the art of modelling bidding and procurement in construction, specifically ABM?

3.1 LITERATURE REVIEW

Overview

A comprehensive overview of procurement in the construction industry can be found in Ruparathna
and Hewages’ (2015) literature review, which offers a contextual framework for navigating the topic,
primarily from the perspective owners. Their work, along with similar reviews, has been instrumental
in guiding the selection of literature for this review. They highlight three primary areas of focus within
construction procurement research: Processes, methods, and policies and offer an overview of
traditional and emerging practices. These focal points are reflective of the broader research trends
observed in literature. The body of work found and used in this literature review can also be broadly
categorized into three main avenues of research. While two of these closely match the areas of focus
presented by Ruparathna and Hewage, this review includes an additional research avenue that
considers the contractor's perspective:

Firstly, Procurement systems or methods can often be summarized in the form of contracting, such as
Lump Sum Contracting or different forms of Public Private Partnerships, but it includes rules of
operation, contractual relations, division of labor, price formation and delivery method.

Secondly, Selection and evaluation criteria for contractors or policy, steer the selection of a winning
contractor in support of a given procurement method. The selection method in the private market,
even for EU wide public procurement, is often shaped by the values of the owner and can vary widely.
Policies and selection techniques for public owners differ in this aspect as they require transparency
and tend to be more stringent.

Lastly, contractor bid behavior, including bid/no-bid decisions and markup strategies, represents agent
behavior. This research area is central to understanding the decision-making processes of contractors
and examines the importance of variables such market conditions or risk-attitude on bidding
strategies.

This review aims to present a clear picture of current construction procurement practices while also
building a knowledge base for system analysis, model building support and pattern finding as
mentioned previously in section 2.1.

Procurement systems

When discussing procurement systems, the literature refers to a range of approaches for organizing
and managing the acquisition of construction services. Ruparathna and Hewage (2015) provide a
comprehensive overview, categorizing procurement models into traditional and emerging methods.
Traditional methods include fixed price contracting (lump sum) and involve discrete design, tender,
and construction phases, with varying degrees of contractor involvement and risk allocation. New
Models of Construction Procurement (NMCP), include Integrated Project Delivery (IPD). These models
aim to promote early contractor involvement, collaboration, and shared risk.

While not explicitly linked to contractor bidding, the literature suggests that procurement methods
and contracting practices can significantly influence the competitive landscape and contractor bidding
behavior in the construction industry (Pasquire et al., 2015; Yu et al., 2013; Loosemore and Richard,
2015). Seen through the lens of auction theory different procurement systems are essentially
mechanism designs that use elements such as prequalification, scoring rules or introduction of serial
negotiations to influence allocation outcomes. Ruparathna and Hewage (2015) and Sheamar et al.
(2023) touch on how different procurement methods can affect competitiveness and the number of
participating contractors. For example, in Cost Led Procurement, the client selects several supply chain
teams from a pre-established list to collaborate on the project. This approach can limit the number of
contractors who are eligible to bid, which might reduce overall competition in the procurement
process. Loosemore and Richard (2015) and Pasquire et al. (2015) highlight issues that may particularly
affect smaller contractors, such as the industry's adherence to rigid standard forms and traditional
contracting methods, which can disadvantage firms with less capacity to absorb risks or engage in
protracted disputes. Sheamar et al. (2023) also raise concerns about the fairness of risk-sharing
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arrangements for smaller subcontractors in new procurement models. These findings suggest that the
choice of procurement method can have far-reaching effects on market dynamics, potentially
influencing markup strategies, bid participation, and the overall health of the contractor market.

Selection and evaluation of contractors

The selection and evaluation of contractors is a critical process in construction procurement that aims
to identify the most suitable contractor for a project. Traditionally, many contracting authorities,
especially in the public sector, have relied on the lowest-bid, a price-only bid criterion for contractor
selection. The approach promotes competitive prices, transparency and competition. However,
research increasingly highlights the limitations of this method.

Many studies of local construction projects reveal a decrease in quality and performance associated
with more traditional price-based contractor selection. In Brunei, Olaniran (2015) found that 92% of
projects using lowest-bid selection experienced time overruns and 89% faced quality issues. Konno
(2018) reported that Japanese projects selected primarily on price experienced 15% more delays and
23% more quality defects compared to those using multi-criteria methods. In Pakistan, Khoso et al.
(2021) noted that 62% of modern technology projects failed to meet their objectives when using
traditional selection criteria. Similarly, Cheaitou et al. (2019) found that 70% of public construction
projects in the UAE exceeded their budgets or timelines when using conventional selection methods.

In response to these challenges, there has been a growing trend towards multi-criteria evaluation
methods. Waara & Brochner (2006) observed a 35% increase in the use of non-price criteria in Swedish
public construction contracts between 2001 and 2003, resulting in a 20% reduction in time overruns.
Ergonul & Yilmaz (2011) identified seven key non-price factors in Turkish projects that led to a 30%
higher stakeholder satisfaction rate.

Khoso et al. (2021) emphasized the importance of adapting selection criteria to modern technology
projects, finding that basic criteria were often insufficient for evaluating contractors' capabilities in
implementing advanced technologies. The study developed technology-specific criteria that improved
alignment between contractor capabilities and project requirements in 80% of pilot projects.

The literature consistently demonstrates the limitations of price-only lowest-bid contractor selection
methods. Selecting contractors based solely on cost can lead to decreased profit margins for
contractors, delays in project duration, and non-compliance with construction standards (Olaniran
2015). Innovative practices and novel technology are also shown to be disadvantaged under purely
economic selection methods. This is where the principle of efficient allocation of auctions often falls
short, because valuation and value signals, as are not rigid values in practice and can be traded off for
quality or time (Barnes, 2006). This means that in price-only auctions the winner is not only the
participant with the highest valuation, or in this case lowest predicted cost, but also the participant
most willing to trade quality for price.

The implementation of multi-criteria selection methods, however, presents its own challenges.
Bochenek (2014) noted that determining and using non-price factors requires more knowledge and
experience, and formulating partial evaluation criteria takes more time and money both in preparing
tender documents and during the tender procedure. This complexity can be a barrier to participation
resulting in less competition and worse prices for the owner according to bulow-klemperer theorem
(Milgrom, 2003). It also hinders adoption, especially in public procurement where transparency and
objectivity are important and scoring rules can obscure this. To address these issues, researchers have
proposed frameworks, such as the three-stage model developed by Cheaitou et al. (2019), to balance
multiple objectives and criteria while maintaining efficiency and transparency.

Contractor bid behavior

The third key aspect of construction procurement research focuses on contractor bid behavior, which
can be distinguished into two decision making instances bid/no-bid decisions and markup decision.
This area of study is crucial for understanding the contractor agents and how external factors and their
environment influence their bidding. If seen through the lens of auction theory, this research
essentially breaks down the components of the private and common value signals of the bidders that
make up the valuation.




Table 2: Factors for Contractor Bid Behavior

Paper
Bagies and Fortune

(2006)
Literature review

Shokri-Ghasabeh and
Chileshe (2016)
Study Australia

Dissanayake et al.
(2023)
Study Srilanka

Li et al. (2021) -
Evidential Reasoning
Approach

Ahmed and El-adaway
(2024) - Literture
Review and Survey

Alsaedi et al. (2019) -
Study Saudi Arabia

Egemen and
Mohamed (2007) -
Study Turkey and
Norther Cyprus

Decision Type
Bid/No-Bid

Bid/No-Bid

Bid/No-Bid

Bid/No-Bid

Bid/No-Bid
AND Markup

Bid/No-Bid
AND Markup

Bid/No-Bid
AND Markup

Factors

Project characteristics (23 factors)

Business benefits (3 factors)

Client characteristics (8 factors)

Contract (10 factors)

Project finance (11 factors)

Company characteristics/situation (16 factors)

Firm's previous experience (4 factors)

Bidding situation (7 factors)

Economic situation (7 factors)

Competition (5 factors)

Client financial capability (RIl = 4.25)

Project risk (RIl = 4.04)

Project future benefits/profitability (RIl = 3.97)

Number of competitors/bidders (RIl = 3.97)

Contractor's desire to win (RIl = 3.94)

Small contractors, the top factor was "client financial capability" (RIl =
4.36)

Medium contractors, the top factor was "project risk" (RIl = 4.17)
Large contractors, "client financial capability" and "project risk" were
jointly top (RIl = 4.40)

The study found general agreement in rankings across contractor
sizes, with Spearman rank correlations of 0.786 between small-
medium, 0.743 between medium-large, and 0.692 between small-
large contractors.

Size of the job (RIl = 78.8%)

Type of the job (RIl = 77.3%)

Company's strength in the industry (Rll = 77.0%)

Designer/design quality (RIl = 73.1%)

Rate of return (RIl = 73.1%)

Project cash flow (RIl = 73.1%)

Rate of returns

Revenues

Project backlogs

Project strategic importance

Project-related factors (16 factors)

Bidding environment-related factors (8 factors)

Economy-related factors (7 factors)

Company-related factors (12 factors)

Size of the job (RIl = 78.8%)

Type of the job (RIl = 77.3%)

Company's strength in the industry (RIl = 77.0%)

Designer/design quality (RIl = 73.1%)

Rate of return (RIl = 73.1%)

Project cash flow (Rl = 73.1%)

Small contractors, the top factor was ‘type of the job’ (RIl = 81.53%)
Medium contractors, ‘size of the job’ and ‘rate of return’ were jointly
top (Rl = 82%)

Large contractors, "company's strength" was top (RIl = 81.94%)

For bid/no bid decisions, the top 5 factors were:

Project size (RIl = 0.944)

Payment terms (RIl = 0.944)

Fulfilling tender conditions (RIl = 0.915)

Current workload (RIl = 0.904)

Client financial capability (RIl = 0.902)

For markup decisions, the top 5 factors were:

Number of competitors (RIl = 0.969)

Inflation risk (Rl = 0.848)

Payment conditions (RIl = 0.819)
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Desire of competitors to win (RIl = 0.819)
Project contribution to firm classification (RIl = 0.798)

The study found differences between small and medium contractors,
with correlations of 0.766 for bid/no bid rankings and 0.831 for

markup rankings.
Oo et al. (2023) - Meta Markup Competitiveness of other bidders (weighted RIl = 0.781)
analysis Number of bidders (weighted RIl = 0.776)
Relationship and past experience with client (weighted RIl = 0.768)
Experience on similar project (weighted RIl = 0.760)
Project size (weighted RIl = 0.751)
Ye et al. (2014) - Study Markup For public projects, the mean importance scores:
China Project characteristic: 3.92
Client characteristic: 3.27
Macro condition: 3.59
For private projects, the scores were:
Project characteristic: 3.28
Client characteristic: 3.58
Macro condition: 3.64

The study found six common attributes that did not differ significantly
between public and private projects, including contract requirements,

construction plan, and procurement.

The table above summarizes the key findings from various studies on bid/no-bid and markup decisions.
It illustrates the diversity of factors considered by contractors and how their importance can vary
across different contexts and studies.

The bid/no-bid decision is the first step in the bidding process, where contractors evaluate whether to
pursue a project opportunity or not. From an auction theory perspective, contractors may decide not
to bid in several scenarios where expected utility of participating, based on the value signals, is lower
than the cost and risks involved. These scenarios can be made up of any combination of the following
factors:

e Low Valuation Relative to Competition, reducing their likelihood of winning.

e High Risk Aversion, risk-averse contractors may avoid projects characterized by high
uncertainty or aggressive competition, where the need for bid shading and the risk of financial
loss outweigh potential gains.

e Winner’s Curse, in interdependent or common value settings, the fear of the winner’s curse,
overestimating the project’s value and incurring a loss, may lead to a no-bid decision,
especially when reliable information about the project’s true value is scarce. This phenomenon
is further explained in the following section 3.2.

o High Participation Costs, preparing detailed bids or meeting compliance requirements can
deter smaller contractors or those with limited resources.

In practice these scenarios can be linked to several factors that consistently emerge as important
across studies. Project size is a key factor identified by both Bagies and Fortune (2006) and Egemen
and Mohamed (2007). Client financial capability also appears prominently in multiple studies,
including Shokri-Ghasabeh and Chileshe (2016) and Egemen and Mohamed (2007). However, the
relative importance of these factors varies by region. For instance, while Shokri-Ghasabeh and Chileshe
(2016) found client financial capability to be the top factor in Australia, Dissanayake et al. (2023)
identified job size as the most critical factor in Sri Lanka.

Once a contractor decides to bid on a project, determining the appropriate markup is a crucial next
step. In this step there is a notable consensus on the importance of competition. Oo et al.'s (2023)
meta-analysis and Egemen and Mohamed's (2007) study both identify the number of competitors as
a top factor. However, there are also significant differences. While Oo et al. (2023) highlight the
relationship with the client as a key factor, this doesn't appear in the top factors for Egemen and
Mohamed (2007). Instead, they emphasize factors like inflation risk, which isn't prominent in other
studies.




Some studies have examined both bid/no-bid and markup decisions together, recognizing that these
decisions are interconnected and both closely tied to the value signals and valuation of the contractor.
Oo et al. (2023) compared their findings on markup size factors with a previous study on bid/no bid
decision factors and found that project size, experience on similar projects, current workload, and
availability of other projects were common top factors for both bid/no-bid and markup decisions. This
suggests a strong interrelation between these two decision processes. However, Egemen and
Mohamed (2007) found that while project size was crucial for bid/no-bid decisions, it didn't appear in
the top factors for markup decisions in their study.

The influence of contractor size on bidding behavior is also subject in multiple studies, but with varying
results. Shokri-Ghasabeh and Chileshe (2016) found differences in factor importance between
contractor sizes in Australia. For small contractors, client financial capability was the top factor, while
medium contractors emphasized project risk and large contractors also included client finical
capability. Egemen and Mohamed (2007) also observed differences observed differences in decision
factors, while Alsaedi et al. (2019) provided more specific insights in the context of Saudi Arabia. They
found that small contractors prioritize job type (Rll = 81.53%), medium contractors focus on job size
and rate of return (both with RIl = 82%), while large contractors emphasize company strength (RIl =
81.94%).

The findings show that contractor factors for behavior are neither completely different nor exactly the
same. Oo et al. (2010) provided further insight into this argument of homogeneity or heterogeneity,
more often revered to as asymmetry, by modeling individual contractors' markup behaviors. Their
study of Hong Kong and Singapore contractors revealed significant variations in markup preferences
and responses to project factors. For Hong Kong contractors, the average markup decreased from
about 12% to 7.5% as the number of bidders increased from 4 to 30. Singapore contractors showed
even greater sensitivity, with markups decreasing from about 15% to 7.5% under the same conditions.
Despite these variations, Oo et al. (2012) found significant correlations in bidding competitiveness
ratios across contractor sizes in Hong Kong. Their study revealed correlations of 0.786 between small-
medium, 0.743 between medium-large, and 0.692 between small-large contractors. This suggests a
complex relationship between firm size and bidding behavior, with both differences and similarities
across size categories.

Both market and internal factors play a role in shaping contractor bid behavior. Soo & Oo (2014)
conducted an experiment to examine how market factors like construction demand affects bid markup
decisions. They found that bidders behaved differently when subjected to varying levels of
construction demand. In a "booming" scenario with an increasing number of projects, the average
markup was higher (12.68%) compared to a "recession" scenario with decreasing projects (9.29%).
Hartono & Yap (2011) provided insights into the role of internal factors like risk preferences in bidding
behavior. Their experiment with 172 experienced construction industry professionals in Singapore
revealed that bidders who viewed their companies' past performance as below aspirations tended to
engage in more risk-seeking behavior by providing lower bid markups. Conversely, those above
aspirations were more risk-averse with higher markups.

Liu et al. (2018) further expanded on this, conducting an experiment with 172 construction
professionals to examine how risk preferences impact bid markups. They found that risk preference
had a significantly positive effect on bid markups, with more risk-averse bidders tending to have higher
markups. Their study also showed that the average markup decreased from 10.22% with 4 bidders to
7.76% with 8 bidders, and 8.75% with an unknown number of bidders. Both Hartono & Yap (2011) and
Liu et al. (2018) identified distinct groups of bidders based on their risk preferences and bidding
behaviors. Hartono & Yap found that when projects were seen as having high strategic importance,
bidders tended to bid more aggressively with lower markups regardless of other factors. Liu et al.
identified one group of 16 bidders who consistently bid aggressively with low markups on projects
deemed strategically important, and another group of 4 bidders with markups significantly higher than
average, even during recession conditions.




Market behavior and Patterns

This review of construction procurement, contractor selection, and bidding behavior literature reveals
a complex, interconnected landscape where various elements of the procurement process significantly
influence each other. The trend towards multi-criteria evaluation methods (Waara & Brdchner, 2006)
represents an attempt to address traditional selection approach limitations such as time overruns,
quality and sustainability issues (Olaniran, 2015; Konno, 2018),and opportunistic bid behavior. Lo et al.
(2007) and Yan et al. (2007) associated with fostering adversarial relationships and strictness of the
owner's project management was found to significantly influence this behavior. New multi-criteria
evaluation methods, however, introduce new complexities into the bidding process, requiring
contractors to navigate a more nuanced landscape. This evolution in selection criteria may influence
contractor bidding behavior. Ahmed and El-adaway's (2024) identifies "bid financial evaluation
method," "prequalification requirements," and "type of procurement methods" all as influencing
factors. Knowing how contractors and the market will react is difficult as the literature reveals both
homogeneity and heterogeneity in contractor bidding behavior and suggests that while broad factors
influencing bidding decisions may be similar, their relative importance and specific strategies
employed can vary based on contractor characteristics and market position. The review highlights
potential unintended consequences of procurement practices. Sheamar et al. (2023) raised concerns
about the fairness of risk-sharing arrangements for smaller subcontractors in new procurement
models, suggesting that attempts to improve the procurement process can create new challenges for
certain market segments.

The literature review revealed multiple trends and practices. However, not all of them are patterns
that can be tested within the scope of this research. Still, several consistent patterns across multiple
studies were found that are relevant for POM in this research context.

e  First, the impact of competition on bidding, with studies by Oo et al. (2010) and Liu et al. (2018)
showing that bid markups tend to decrease as the number of competitors increases, for
instance dropping from 12-15% with 4 competitors to around 7.5% with 30 competitors.

e Second, Liu et al. (2018) also demonstrated a clear relationship between risk attitude and
markup, with more risk-averse bidders typically including higher markups in their bids.

e Third, Khoso et al. (2021) highlighted an economic selection bias, where purely economic
selection methods can disadvantage innovative practices and novel technologies, potentially
impacting the adoption of sustainable or advanced construction methods.

e Lastly, several studies, including Alsaedi et al. (2019), Egemen and Mohamed (2007), and
Shokri-Ghasabeh and Chileshe (2016), found that contractor size significantly influences bid
decision factors, with large contractors often prioritizing different factors compared to small
and medium-sized contractors when making bidding decisions. These patterns provide a solid
foundation for developing and validating the model.

Decision and System Dynamics models

In this section the other two big categories of construction procurement related models are explored.
Firstly, contractor decision models focus on individual firm-level choices, such as bid/no-bid decisions
and markup determination. For example, Bagies and Fortune (2006) developed a bid/no-bid decision
model using parametric solutions, while Cheng et al. (2011) proposed a multicriteria prospect model
for both bid/no-bid and markup decisions. Ahmad and Minkarah (1987), Optimum mark-up for
bidding: a preference-uncertainty trade off approach. These models often employ techniques like
utility theory, neural networks, or fuzzy logic to capture the complexity of decision-making under
uncertainty. Contractor ecosystem models or system dynamics models, on the other hand, aim to
simulate broader competitive dynamics. Yan (2015) developed a system dynamics model to analyze
project-based market competition under different awarding systems, evaluating factors like
opportunistic bidding behavior and beyond-contractual rewards. This approach allows for policy
experiments through scenario analysis. Dual approaches attempt to bridge individual and market-level
dynamics. Mohamed et al. (2022) proposed a mixed qualitative-quantitative approach combining rule-
based and fuzzy expert systems to support bid/no-bid decisions while considering market factors. ABM
also has the capacity to bridge these two scales by simulating emerging market behavior.




Auction models and ABM in construction

ABM is gaining popularity in construction management research. Liu et al/s (2024) literature review
attributed this increase in studies to it being well-suited due to its ability to simulate complex systems
with multiple stakeholders, objectives, and uncertainties. ABM has been applied to various research
areas, primarily focusing on safety performance improvement, duration optimization, cost reduction,
quality control, risk management, and coordination of multi-party relationships. ABM has also been
applied to auctions and the bidding environment in construction. Models have been developed to
simulate the behavior of bidders, the impact of different bidding strategies on project outcomes, and
the dynamics of the bidding market. The papers relevant to this research are further analyzed in the
following.

The number of studies of contractor bidding using agent-based models reflects Liu et al’s (2024)

recorded rise in popularity of the methodology. The following table summarizes the body of work.

Table 3: Summary of Agent-Based Models of Construction Building

Paper Agent Types Behaviors Bid Selection Research Goal
Awwad et al. Contractors, Markup (Profit utility Lowest Bid Develop a virtual bidding lab to
(2014) Projects, theory based on study impact of risk attitude,
Owners Friedman model) project complexity, and market
competition on bidding
Bid/No Bid, Risk
attitude
Asgari et al. Contractors, Markup (multi attribute = Lowest bid Determine optimal risk attitude
(2015) Projects bidding model), for contractors to improve
financial performance
Bid/No Bid, Risk considering competition, risk
attitude and need for work
Asgari and Contractors, =~ Markup (Profit utility Lowest bid Determine optimal risk attitude
Kandil (2016) Projects theory based on for contractors to improve long-
Friedman model) term financial performance
Ahmed et al. Contractors, Markup (game theory, Lowest bid Analyze winner's curse in single-
(2016) Projects selective risk neutral stage and multi-stage bidding
Nash equilibrium using game theory
(SRNNE))
Asgari and Contractors, Markup (Quantitative Lowest bid Compare effectiveness of
Shaafat (2016) = Projects models: Friedman, different quantitative bidding
Gates, Fine models) methods in competitive
environments
Farshchian et Owners, Budget allocation, Lowest bid, Optimize budget allocation in
al. (2017) Projects Project progress multi-attribute portfolio of projects considering
uncertainties
Farshchian Owners, Budget allocation, Cost Not specified Probabilistic assessment of cost,
and Heravi Projects and time uncertainties, time, and revenue in portfolio of
(2018) Inflation projects
Awwad and Contractors, = Markup (Profit utility Lowest, Study evolution of bid prices
Ammoury Owners, theory based on average, below- under various price-driven bid
(2019) Projects Friedman model), average, selection methods from owner's
truncated bids perspective
Bid/No Bid, Bid
selection method
adoption
Elsayegh et al. = Contractors, Markup (model not Lowest bid Study competitive construction
(2020) Owners, stated), bidding and the winner's curse
Projects
Learning
Idrees et al. Contractors, = Markup (exponential Lowest Model impact of changing bid
(2023) Owners, weight algorithm Qualified selection method from LQB to
Projects Bidder (LQB),




according to Assad et. Below-Average = BAB on market equilibrium and
al. (2021)), Bidder (BAB) adoption rate

Bid selection method
adoption

The literature reveals several key themes in agent-based modeling of construction bidding. Most
studies model contractors as the primary agents, with many also including owners (Awwad et al., 2015;
Farshchian et al., 2017; Awwad and Ammoury, 2019; Idrees et al., 2023) and some incorporating
government entities (Elsayegh et al., 2020). Projects are often modeled as passive agents or
environmental elements (Farshchian et al., 2017; Idrees et al., 2023). The main behavior modeled for
contractors is the markup decision, which is influenced by various factors. The theory basis on which
most of these models function is economic utility theory. In which, of the various factors that can
influence a markup decision the risk attitude is the key consideration, with some models categorizing
it as mild, moderate, or extreme (Asgari et al., 2016) and most other studies being equally vague on
the specifics. Need for work is another important factor (Asgari et al., 2016), as is project complexity
or risk level (Asgari et al., 2014; Asgari et al., 2016). Some studies also attempt to model the bid/no bid
decision (Awwad et al., 2015).

Contractor learning and adaptation are modeled in several studies (Elsayegh et al., 2020; Idrees et al.,
2023), with contractors updating their strategies based on past experiences and market conditions.
Financial considerations, including the contractor’s financial capability and the owner’s budget
constraints, are explicitly modeled in some studies (Farshchian et al., 2017).

While most models use the lowest bid selection method, some compare multiple methods, including
average bidding (Awwad and Ammoury, 2019) and below-average bidding (Idrees et al., 2023). The
transition between different bid selection methods and its impact on market equilibrium is a focus of
recent research (ldrees et al., 2023).

The research goals vary widely from developing virtual laboratories (Awwad et al., 2015) to studying
specific phenomena like the winner’s curse (Ahmed et al., 2016; Elsayegh et al., 2020) and optimizing
budget allocation (Farshchian et al., 2017). Some studies employ game theory to analyze strategic
interactions between contractors and owners (Ahmed et al.,, 2016; Awwad and Ammoury,
2019).Recent work has also considered the impact of external factors on the bidding process, such as
government regulations (Elsayegh et al., 2020), project delays, cost overruns, and inflation (Farshchian
and Heravi, 2018). These factors add complexity to the models and help to better represent real-world
conditions.

Overall, the literature shows a trend towards increasingly complex and realistic models that
incorporate a wide range of factors affecting the construction bidding process. These models provide
valuable insights into contractor behavior, market dynamics, and the potential impacts of different
bidding policies and strategies.




3.2 MODEL 1
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Figure 7: Conceptual Depiction of Model version 1

This model is primarily based on decision analysis and utility theory concepts applied to construction
bidding. It draws from several key studies in the construction bidding literature, particularly Friedman's
(1956) probabilistic bidding model and subsequent work on incorporating risk attitudes into bidding
decisions. This, in combination with Campo’s (2012) study forms the basis of this model’s common and
private value signal logic which is then used in combination with utility theory to create the agent
bidding logic. Similar utility theory bidding models have been built in the studies of Awwad et al. (2014)
and Awwad and Ammoury (2019). Figure 7 describes a conceptual model of how the model works,
while Appendix 2 shows the code structure in implementing it. The model describes a bidding
environment where projects with different attributes are created and put up for bidding, a pool of
contractors with different attributes can then submit their bids whereafter the winning bid is chosen
according to some rule, most commonly, LQB. In this section the processes and functions by which the
model works are broken down and the operational definitions and key variables are elaborated.

[ Project Generation H Contractor Bidding H Bid Evaluation H Project Execution H Update Bidding History J

Figure 7: Overall model flow

The model works by simulating the bidding process for multiple contractors competing on a series of
projects. As seen in Figure 7, this process is repeated from which and emergent phenomena is
produced, the bids and bid prices. These are considered and used as input by contractors for the next
round of bidding. The project generation is relatively simple, where either a distribution of projects
with: Cost, complexity and duration is generated or, it can be set to a single value.
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Figure 8: Contractor Bidding Process
The key concept in these auction models is risky bidding. There are two opposing conceptions which
constitute this: (1) not winning the contract that is bid on, and (2) winning the contract but earning

less profit or potentially incurring a loss.

Table 4: Conceptions of risky bidding

High Bid Markups Low Bid Markups
1) Not getting the project Higher chance (riskier) Lower chance (less risky)
2) Earning less than aspired Lower chance (less risky) Higher chance (riskier)

to

The balance for this decision, the markup decision, has a subjective reference point. Some contractors
might be willing to bid lower because they are more experienced, or the project is more appealing to
them. This balance is influenced by both internal and external factors, collectively represented by the
contractor's risk aversion coefficient.

The other two factors, expected profit, calculated from project cost, financial class, estimation
accuracy and a given bid markup, and profit variance, calculated from project complexity, are used in
the utility function to calculate the contractor's utility for the project.

The probability of winning is estimated by fitting a normal distribution to the competitors' historical
bids and calculating the likelihood of submitting the lowest bid.

Each contractor agent possesses a unique risk aversion coefficient and makes decisions that aim to
maximize its expected profit utility. The interactions among these key components are illustrated in
Figure 8. This type of model, based on expected utility, is similarly used in the studies by Awwad et al.
(2014) and Awwad and Ammoury (2019), who applied an exponential Constant Absolute Risk Aversion
(CARA) utility function. However, empirical findings from Campo’s (2021) study on contractor bidding
behavior in Los Angeles suggest that observed bidding behaviors are better explained by Constant
Relative Risk Aversion (CRRA) utility functions, where risk aversion decreases with increasing
contractor experience. Campo (2012) fit a model to bid data that examined financial health and
contractor experience as primary sources of bidding asymmetry among contractors, yielding high R-
squared values (0.98), indicating minimal unexplained variance. Thus, to base the model on empirical
data the contractor CRRA utility function is defined as follows:

uw) =va-9 (1)

Where:

U(V) is the profit utility

V is the profit (value)

6 € [0,1] is the (non-normalized) coefficient of relative risk aversion
(1 — 0) is the term describing risk tolerance

The risk tolerance term for contractors is specified by this function as described in Campo (2012) the
asymmetry in contractor bidding is here explained by the contractor experience:

(2)




6 =0.145+ 0.0171expr
Where:

expr is the experience of a contractor in years.

Table 5: Distributions of contractor firm statistics (Campo 2012)

Variable Mean Stdv Range
Experience 14.50 13.89 0-92
Financial Class 1.70 1.05 1-5

These are the distributions that will be used from here on out in the model to create a representative
contractor pool. If simulations require to control these variables they will be set at their mean value.

The function for the second-order Taylor expansion of the certainty equivalent (CE) around the
expected value E(V) for risky profit is defined as:

——Var[V] (3)

Where:

CE[V] is the certainty equivalent or (uncertain) profit value
Var[V] is the variance of profit

E[V] is the expected profit (value)

The E[V] is calculated not only by the markup, meaning the difference between the submitted bid

value and the owner appraisal value, but also by the contractor actual cost. In auction theory terms
this is the value signal.
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Figure 9: Bid spread and cost estimation based on Campo 2012)

In practice, it is often the case that contractors' actual costs lie slightly below what the owner's side
appraises, as they tend to find or have efficiencies in place to reduce prices. The owner side sends a
common value signal which the contractors have affiliated values for, in addition to that there is errors
and noise. This is why the bid spread is observed to be normally distributed around values lower than
the appraisal value. This model as opposed to previous models an interdependent value auction which
is much close to what is seen in practice. Figure 9, depicts the bidder valuation functions, based on the
mean bid empirical data from Campo (2012), this follows a bid spread that is a function of the
contractor's financial class. Financial class is defined as a measure of a firm's financial health, ranging
from 1 to 5, where a firm with the best financial class has a 0.6% chance of discontinuing operations
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with loss to creditors, whereas a firm in the worst class has a 15.71% chance. This classification affects
firms' cost distribution and bidding behavior, with more financially constrained firms often bidding less
competitively due to higher associated production costs and is dictated by this function:

y; = 0.0129 + 0.989log(am) — 0.0218 * fclass (4)
Where:
am is the appraisal value in millions
fclass is the financial class the contractor

The expected utility of a bid as applied in the model is defined by the following function:
E[UWV)|x,n] = P[Win|x,n] X U[CE(V)] (5)

E[U(V)|x,n] = P[Win|x, n]

(profit variance))(1=9))

x (estimated it —
(estimated profi 2(estimated profit)

Where:

P[Win|x,n] is the probability of winning a bid based on the Friedman method
x is the number of opponents in a bid

n is the markup

To calculate the probability of winning an approximation method was used that is based on Friedmans
(1956) probabilistic bidding model.

It is assumed that each opponents markup follows a normal distribution fit to their mark up history of
past projects. For each bidder i, wherei € {1,2, ..., x}.

The probability of a given bid being lower than opponent i’s markup is given by:

X — Wi

4

Pi(x) =1—¢( ) (6)

Where:

@ is the CDF of the normal distribution.

x is the given markup.

Y; is the mean o; is the mean and standard deviation of the markup of each opponent.

The probability of a given bid being the lowest is therefore given by:

Plowestznpi(x) (7)
i=1

The approximation of probability of being the i* ranked bidder is given by:

-1 n
Pi_th towest = Hp(j)(x) X 1_[(1 — Py (%)) (8)
i=1 k=i

Where:
The probabilities P(;) are ordered in ascending order.

With this logic multiple price-based awarding systems can be simulated, not only lowest bidder, but
also second lowest bidder and below average bidder or even it lowest bidder. These methods have
seen use in parts of the world as discussed in the literature review.

Further model assumptions for this part are that contractors start their first bid at a markup of 1.1, a
markup that is considered typical in the industry and a standard deviation of their bid history of 0.005,
which is relatively small, this will ensure that the starting point of all simulations is the same.
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Figure 10: Project Execution and Update

Finally in the last step the winning bid is saved. The contractor executes the winning bid and gets profit
which taken from a gumball distribution depending on the project management skill factor. The
bidding information that was just generated is saved and will be used in the next round of bidding.

3.3 VERIFICATION AND VALIDATION EXPERIMENTS

Verification

To verify the model and ensure it is working as intended the model integrity is tested by comparing
replicability to the results of the existing models of Awwad et al. (2014). Even though the underlying
utility functions are different, basic functions were still comparable. In Appendix 3-6 the results of the
study are reproduced, and model behavior corresponds with what is expected for bidders with
different risk aversion 8 € {0.1 — 3} that are bidding on the project with the same attributes for 260
steps of the model.

Validation

To further validate the model, the patterns found in the literature review and laid out in the section
‘Market Behaviors and Patterns’, were developed into experiments as shown in Table 6 below.

Table 6: Tuning and Validation Patterns and Experiments

Patterns Num. Of = Risk Aversion Selection Criteria
Bidder
1) Competition Impact on Bidding 4-30 Medium Lowest bid

Bids decrease as the number of competitors
increases (15-12% markup with 4 competitors
vs. 7.5% with 30) (20% for 4 and 10% for 8)
(Oo et al., 2010; Liu et al., 2018)

2) Risk Attitude and Markup 3 Low Lowest bid
Risk-averse bidders tend to include higher Medium

markups in their bids High

(Liu et al., 2018)

3) Contractor size influences bid decision Sensitivity analysis on environmental and
factors internal factors that affect Bid/No-Bid and
Large contractors prioritize different factors Markup Features from this model were:(Project
compared to small and medium-sized size, Risk, Selection criteria, Contractor Size=
contractors (Net worth and financial status, )

(Alsaedi et al., 2019; Egemen and Mohamed
2007; Shokri-Ghasabeh and Chileshe, 2016)

1) Competitive Impact on Bidding

The impact of the number of bidders on bidding prices has been observed and recorded in practice in
multiple studies, a lower markup usually corresponds with a higher number of bidders and Vica versa.
In the model logic the number of bidders is a key input variable in the win probability calculation
(equation 7) and a higher number of opponents should decrease the probability of winning given a
certain markup promoting the contractor agents to bid lower.

This is tested using two model experiments, in the first experiment 4 contractors are bidding for the
same project 80 times, each time updating their optimal markups based on how the past bids went.
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In the second experiment the same thing is done but with 30 contractors bidding for the same project.
Both experiment simulations are run with the same parameters (Table 5 and 6), but different numbers
of bidders, they are run 10 times, and the average markup from all projects is calculated and compared.

Average Markup: 1.08850635324084593
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Figure 11 & 12: Experiment: Mark up distribution among 4 and 30 bidders

Seen in Figure 11 and 12 is the bid distribution of both of the first experiment runs, of both model
configurations, first with 4 competing contractors and below with 30. The difference in markup is about
0.016 or 1.6% which is not as high as reported in the studies where it is 6% or 10%(0o et al., 2010; Liu
et al., 2018), but it is still significant. The difference between the model results and the pattern from
the literature review can probably be traced back to endogeneity bias. The studies are not studies that
researched this effect in in isolation and therefore can give no reliable data on the isolated effect of
the competition. It is likely that other factors such as project strategic importance and desirability
played a much larger role in the contractor markups as well as the number of bidders. This and the
number of other non-economic factors that are not captured or within the scope of this model, can
explain this variation. The pattern of the model over all does match what is commonly observed among
contractors in the real world and is therefore on the correct path for alignment.

The bid distribution in the lower experiment also has some noticeable outlier bids that submit the
highest possible bids for the model, a markup of 1.5, these were filtered out of the average markup
calculation. This is because these outliers are signals that the contractor does not want to win the bid.

39
]




This happens when, as seen in equation 5, the expected utility of a bid grows as the markup increases.
This happens under two conditions, when the expected utility of the profit is negative or when the two
opposing risk conception's (Table 4) and terms within the model, the probability of winning and the
expected utility of the profit flip and become dominated by the side of the expected utility. This means
considering a markup going from 1.0 to 1.5 the rate of growth for the expected utility is larger than
the rate of decay for the probability of winning and even though the expected utility could be positive
the contractor will submit a competitive bid anymore and signal a withdrawal from the bid this way.
This is an important occurrence in the model that will be seen in subsequent experiments as well.

2) Risk attitude and Markup

The risk attitude on markup is much more studied and also studied in isolation Liu et al. (2018) have
observed contractors tend to have a some consistent level of risk aversion across similar bids which
affects the markup decision in auctions, more specifically in first price sealed bid auctions, risk averse
bidders tend to bid higher than risk tolerant bidders. In the logic of the bidding model the risk aversion
is a key variable in the calculation of the certainty equivalent or the (uncertain) profit value for a bidder.
The model is set up to run an experiment where contractors with a low, medium and high-risk aversion
bid on the same project 36 times the risk aversion is a function of the contractor experience, so the
contractors have an experience of 30, 5 and 2 years respectively. Otherwise, the same parameters are
used, and the simulation is run 10 times, the average of each contractors' bid across the 10
experiments are taken and plotted.
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Figure 13: Average bid distribution of 3 contractors with different risk aversion

In Figure 13 shows the clear separation of markup level for the different risk aversion level in
contractors risk averse contractors tend to bid higher while risk averse contactors bid lower, in the
model the magnitude of this behavior is also dependent on the profit variance as seen in equation 3
in this model this is variable is called project complexity and is set at 0.2 for this case. The model
behavior again follows the pattern observed in practice.

3) Contractor Size influences bid decision factors
This feature scoring and sensitivity analysis was conducted to validate the contractor bidding model
using pattern-oriented modeling, examining how various factors influence bid decisions for contractors
of different sizes.

Literature, suggests that contractor size impacts bidding priorities, with larger contractors emphasizing
different considerations than smaller and medium-sized firms (Alsaedi et al.,, 2019; Egemen and
Mohamed, 2007; Shokri-Ghasabeh and Chileshe, 2016). This analysis empirically tested these
assumptions within the model, identifying patterns in factor prioritization linked to contractor size.




To achieve this, a representative pool of contractors was simulated over 1,000 model runs. Contractor
0 was assigned different net worth levels—1M, 50M, and 100M—to assess how contractor wealth
alters sensitivity to bidding factors such as financial class, experience, project complexity, and appraisal
value. This was measured by Contractor 0’s average markup, the overall average markup of all
contractors, and the markup difference between the two understand the bidding patterns of the
different wealth levels.
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Feature Scoring Heatmap for Contractor with: NetWorth50M

({9‘? -0.45
&
&
&7 -0.40
& '
&
Qs
7
&
& Q
)
&
2 5
= Y
5 @
@) S
o@*
@
QQ
@
6\ <
Ve
rzﬁ\“é?
6\
] o ] & .
& ISH & & \e'*\\A
P & D7 & <8
Q{o\ .‘9 Q’b(\ S)O (}5)
® N o*’é\ Q@@
Input Features
g _ Feature Scoring Heatmap for Contractor with: NetWorth100M
,39 -0.45
@
N
&7 -0.40
£
5f 0.35
&7 |
&
S Q 0.30
)
&
£ oS 0.25
e Qﬂ’bq
3 X
o > ? 0.20
&
3 0.15
DQJ
o
@ 0.10
S\{@
r&@‘?’ 0.05
6\
0.00
(] =] = “ o
\\’3\) (\OQJ C}’b% C}é \0.\-\\‘-\
f—f}/ é\g d ('\‘& &
S Q $) o &
Q@ ér (\'b(\ {‘\S) &7
& O N Q@\?’

Input Features

Figure 14-16: Feature scoring sensitivity analysis for contractor with Net-worths of 1M, 50M, 100M

Figures 14 to 16 illustrate that the overall average markup remains consistent across all instances,
serving as a reliable control variable. Notably, a significant difference in feature importance can be
observed between the smallest contractor and the others. For the smallest contractor, all features are
rated more evenly, with project appraisal value becoming much more influential in their bid markup
decisions. This contractor tends to deprioritize experience and project complexity, which are weighted
more heavily by larger contractors.

In this model, the relative difference between contractor net worth and project appraisal value mainly
affects the risk aversion coefficient, simplifying these broader, real-world dynamics. For larger
contractors, their higher net worth relative to project values results in lower risk aversion, enabling
them to pursue more complex projects. In contrast, smaller contractors exhibit higher risk aversion
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and focus more on minimizing immediate financial risks. While this aligns with patterns found in the
literature (Alsaedi et al., 2019; Egemen and Mohamed, 2007; Shokri-Ghasabeh and Chileshe, 2016), it
also highlights the model’s limitations in capturing all factors influencing contractor decisions.
Conversely a study by Budi Hartono (2010) indicates that contractor size is a factor so dominant that
is significantly affects all other considerations, which is not fully reflected in this experiment's results.
While the effect of contractor size was measurable, it was not substantial.

Moving forward, contractor size will be de-emphasized in this analysis, with financial class serving as
the primary financial indicator. Focusing on contractor size relative to project values introduces
complexities that could overshadow other insights. The relationship between contractor size and
financial decision-making involves additional considerations such as time value of money, financial
strategies (e.g., debt-to-equity ratios), and cash flow management, which collectively shape contractor
behavior. Including these interdependencies could lead to endogeneity issues, complicating the
isolation of individual factor influences. By focusing on financial class, the model can control contractor
size while maintaining clarity in the analysis and grounding it in empirical data from Campo’s (2012)
study.
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4. SUB QUESTION 2

How can existing ABM be adapted or extended to incorporate sustainability criteria?

4.1 LITERATURE REVIEW

Overview

Building upon the overview of procurement in the construction, the review now focuses on the
intersection of this topic and sustainability. The significant research interest in this topic is reflected in
a very comprehensive body of academic literature and industry reports. The volume of research in this
field presents both opportunities and challenges for this review.

To navigate this, this review prioritizes comprehensive reviews, aiming to provide a broad
understanding of the research. While studies focusing on specific locations or specialized topics are
included, they are not the primary focus. This approach allows for the identification of overarching
trends and patterns in sustainable construction procurement.

This section focuses on the policies, practices, and trends surrounding sustainable construction
procurement. While topics such as procurement methods and systems were covered in the previous
section and are found in the literature, this section focuses on contractor selection and evaluation and
bidding behavior. This allows for a more focused exploration of sustainability principles in the bidding
context of procurement.

Through the literature review, five research areas became apparent. Firstly, research on sustainability
criteria and assessment methods investigates how sustainability is measured and evaluated in
procurement decisions. Secondly, studies on the sustainability cost premium examine the economic
implications of sustainable construction, bridging environmental goals and financeability. Thirdly,
studies on public procurement practices explore the integration of sustainability principles in
government projects. Lastly, research on contractor behavior examines responses to sustainability
measures, offering a view of industry adaptation.

Sustainability Criteria: Measuring impact and integration into procurement

This part of the review examines research on sustainability frameworks, evaluation and criteria in
construction, focusing on environmental aspects and how these are integrated into auctions and
contractor selection and evaluation. While social and economic criteria are important components of
overall sustainability in construction, they are beyond the scope of this review.

Sustainability in construction procurement is evaluated using a diverse range of frameworks and
policies that vary in both methodology and implementation. These frameworks aim to assess
environmental impacts and guide sustainable practices, often serving as proxies for measuring or
setting sustainability goals in construction projects (Kjerulf and Haugbglle, 2021; Zhao et al., 2022;
Lima et al., 2021; Desivyana and Farmakis, 2022; Geach, 2016). While frameworks like BREEAM, LEED,
and Life Cycle Assessment (LCA) provide widely recognized approaches to evaluating sustainability,
their application is not without challenges. These frameworks are not very straightforward, their
complexity stems from the difficulty of measuring sustainability, which often leads to trade-offs
between criteria, making it challenging to compare environmental aspects across projects (Desivyana
and Farmakis, 2022; Zhao et al., 2022).

The challenges of sustainability evaluation are twofold: first, the complexity of the frameworks
themselves, and second, the difficulty of integrating these framewaorks into procurement processes. In
the following, we distinguish between these aspects, with frameworks providing measurement tools
and implementation methods integrating these into tendering decisions. However, in practice, these
are closely connected, as the effectiveness of frameworks often depends on how seamlessly they are
embedded into procurement practices.
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Figure 17: from Lima et al. (2021), Main environmental methodologies found in papers

The construction industry has developed many sustainability frameworks, eco-labels, and evaluation
methods to measure environmental impacts. Prominent examples include certification systems such
as LEED, BREEAM, DGNB, and Passivhaus, alongside lifecycle-based methodologies like Life Cycle
Assessment (LCA) and Environmental Footprint (EF). While the wide range of frameworks might seem
fragmented, Lima et al. (2021) identify that these systems can be broadly grouped into three
categories: certification systems, lifecycle-based assessments, and environmental footprint
methodologies. These categories provide a clearer understanding of how environmental performance
is assessed across different contexts.

1. Certification Systems: Frameworks like LEED, BREEAM, and DGNB are commonly used in both
public and private sectors to rate projects based on factors like energy efficiency, emissions,
materials sourcing, and waste management (Lima et al., 2021). These systems often categorize
projects into tiers, such as silver, gold, or platinum ratings, and serve as benchmarks for
environmental performance.

2. Lifecycle-Based Assessments: LCA remains the most widely adopted method in the public
sector, providing a comprehensive analysis of environmental impacts throughout a project’s
lifecycle (Kjerulf & Haugbglle, 2021). LCA focuses on quantifying resource use, emissions, and
waste but faces challenges in data quality and standardization, which affect its accuracy and
reliability (Desivyana & Farmakis, 2022).

3. Environmental Footprint (EF): EF quantifies natural resource consumption and carbon
emissions across a building's lifecycle, focusing on indicators like land use, water usage, and
greenhouse gas emissions, highlighting construction's contribution to ecological challenges
(Lima et al., 2021).

While sustainability frameworks provide robust tools for evaluating environmental performance, their
practical integration into procurement and tendering processes remains a challenge. Translating
framework outputs into actionable criteria for contractor evaluation requires careful consideration of
the mechanism by which these criteria influence decision-making. This step is essential for bridging
the gap between sustainability assessment and procurement implementation.

In practice, several methodologies have been developed to integrate sustainability frameworks into
tendering. These different scoring rules range from baseline requirements and specification to more
dynamic scoring mechanisms. Three primary approaches have been found to be used in practice:

1. Continuous Criteria: These evaluate sustainability performance using measurable metrics,
directly linking environmental impacts to tender evaluations. These systems reward
incremental improvements, providing contractors with financial incentives or score
adjustments proportional to their sustainability achievements. For example, MKI
(Netherlands) calculates the environmental costs of materials and processes using LCA,
integrating these results into bid evaluations. Similarly, SNAP (Germany) uses quantifiable
metrics like CO, emissions and energy efficiency to differentiate contractor proposals,
encouraging continuous performance improvements.
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2. Discrete Criteria: These assess sustainability performance by categorizing projects into
predefined levels or tiers. These systems offer clear benchmarks and are widely recognized for
their simplicity. The CO, Prestatieladder (Netherlands) is an example, ranking contractors on
levels (1-5) based on their CO, reduction efforts. Similarly, certification frameworks like
BREEAM, LEED, and DGNB classify projects into tiers such as silver, gold, or platinum, providing
recognizable benchmarks for sustainability performance.

3. Minimum Criteria: These establish baseline sustainability requirements that all bidders must
meet to be eligible. These criteria ensure compliance but do not necessarily encourage
performance beyond the baseline. For instance, the EPBD (EU) mandates nearly zero-energy
building standards for energy efficiency, while CALGreen (California) enforces minimum
thresholds for water conservation and emissions reduction. Both SNAP and MKI also
incorporate minimum requirements in some contexts while allowing room for additional
performance-based incentives.

In practice, these methodologies are often used in combination to address the diverse goals of
sustainable procurement. For example, Rijkswaterstaat integrates minimum criteria (e.g., mandatory
compliance with energy standards) with continuous criteria (e.g., MKI score adjustments based on
LCA). Similarly, SNAP blends baseline compliance with flexible scoring mechanisms that reward higher
sustainability achievements.

Despite the availability and growing sophistication of sustainability frameworks and their integration
into procurement, adoption of sustainability frameworks remains uneven due to barriers like cost
premiums, technical knowledge gaps, and inconsistent enforcement (Geach, 2016; Prier et al., 2016).
Public sector hesitancy and project variability further complicate standardization (Dhliwayo et al.,
2024; Desivyana & Farmakis, 2022). It is possible to analyze these challenges by looking at these
sustainability criteria as scoring rules for auctions and analyzing them as allocation mechanisms.

Sustainability Cost

As previously mentioned, one of the barriers of entry for more sustainable construction and building
practices is cost. There is however very little consensus on how large sustainability cost premiums can
be. Proponents argue that initial cost is small and over the lifecycle of the building cost premiums can
even be paid back fully. More importantly cost premiums can be caused by different factors and affect
different stakeholders. L.N. Dwaikat et. al’s (2016) literature review summarized empirical studies
measuring the cost premium of green construction buildings, but a pattern or was not found, because
the factor influencing the cost, such as location, project type, quality or degree of sustainability are
difficult to measure.

In this review more such papers and more recent papers were found, and the following graph was
created to visualize the measured sustainability premium across all papers. Even though a precise
pattern is still not discernable a range of the sustainability cost premium can be derived.
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Figure 18: Recorded Sustainability Cost Premium Distribution from Literature

The studies reviewed present a wide range of cost premiums for green buildings, from cost savings to
upwards of 40%. The most frequently cited studies are by Kats (2003, 2010), which found that green
buildings cost only 1-2% more than conventional buildings. However, these studies have been criticized
for potential bias due to their reliance on self-reported data from architects involved in green building
projects. Other studies, such as Rehm and Ade (2013), found no statistically significant difference in
construction costs between green and conventional office buildings in New Zealand. However, this
study only looked at a small sample size of 17 buildings. In contrast, some studies have found that
green buildings can cost significantly more than conventional buildings. For example, Shrestha and
Pushpala (2012) found that green school buildings in the US cost 46% more than conventional school
buildings. However, this study did not specify the level of green certification achieved by the buildings.
Overall, the literature suggests that the cost premium for green buildings can vary significantly
depending on the location, building type, certification level, and specific green features implemented.
A range of cost premium between 2% to 25% can be established with a potential maximum of 46% can
be established. All of these findings need to be considered critically though because of the described
lack of reliable data.

Sustainability Policy and GPP

Green Public Procurement (GPP) has emerged as a potentially powerful tool for promoting
sustainability, but its effectiveness and uptake across the European Union remain inconsistent. Studies
indicate significant cross-country variations in GPP adoption, with top performers achieving up to 60%
uptake while many member states lag below 20% (Cheng et al., 2018; Rosell, 2021).

GPP implementation has been linked to several economic benefits including driving markets towards
sustainable goods and services, reducing environmental impacts, stimulating innovation, and
potentially leading to life-cycle cost savings (Pouikli, 2021; Fregonara et al., 2022). This is supported by
a case study in Greece (Orfanidou et al., 2023), which found that while green products may have higher
upfront costs, their total life cycle cost (LCC) can be lower than non-green alternatives due to reduced
energy consumption and maintenance costs. The World Bank (2021) also emphasizes that GPP can
lead to long-term cost savings through reduced resource consumption and increased efficiency.
Beyond cost savings, GPP can drive market transformation and innovation. Pouikli (2021) argues that
GPP incentivizes market development in environmentally friendly solutions, leading to increased
competition, innovation, and potentially lower prices for green products and services. The World Bank
(2021) echoes this sentiment, highlighting GPP's potential to foster innovation and expand the market
for green products and services. This potential for market transformation, as the increased availability
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and affordability of green products can encourage their adoption in the private sector. GPP
implementation has been shown to increase the demand for green products and services. Yu et al.
(2020) found a positive correlation between factors like higher contract value, joint procurement, and
specific sectors (transport equipment, food) with the adoption of green award criteria in European
public procurement contracts. The World Bank (2021) further emphasizes that public procurement of
green products can create a "tipping point" where green products become competitively priced and
preferred by consumers.

There are, however, also risks associated with GPP such as the risk of substitution. It refers to the
possibility that when public authorities increase their demand for green products, private parties may
react by increasing their consumption of less environmentally friendly alternatives because of price
increases. Especially in construction as the sector is very material and labor heavy. Substitution can
potentially offset the positive environmental impact of GPP. Lundberg et al. (2015) highlight this risk,
suggesting that the net effect of GPP on the environment depends on the market power of the public
sector and the price elasticities of demand for green and brown products. If the increased costs of
green procurement led to a decrease in the number of bidders, this could reduce competition and
potentially lead to higher prices for the public sector, further exacerbating the risk of substitution.
Lundberg et al. (2015) found empirical evidence suggesting that the risk of substitution is real and can
undermine the effectiveness of GPP. In their study of Swedish cleaning service procurements, they
found that the use of GPP did not significantly influence suppliers to adopt greener practices. Instead,
it primarily attracted suppliers who were already green, indicating a substitution effect where public
procurement merely shifted demand from one set of green suppliers to another, without necessarily
increasing the overall market share of green products.

However, its impact is limited by several challenges, complexity and heterogeneity of requirements,
lack of knowledge and training among procurement officials, financial constraints, insufficient political
commitment, and the predominantly voluntary nature of GPP criteria (Cheng et al., 2018; Pouikli,
2021). To enhance GPP's effectiveness, researchers recommend developing mandatory minimum
criteria, improving guidance and tools for officials, strengthening political support, promoting joint
procurement, and creating standardized methodologies for assessing economic and environmental
impacts in tender evaluations (Rosell, 2021; Fregonara et al., 2022). The literature also advocates for
the effectiveness of simplifying requirements to lower barrier of entry and complexity, Halonen (2021)
and Lundberg et al. (2018) both highlight one such aspect, the importance of harmonized GPP criteria
to incentivize companies to develop greener solutions due to consistent demand across the public
sector. However, Halonen (2021) also acknowledges the need for flexibility and adaptation in GPP
implementation, recognizing that the effectiveness and impact of GPP can vary across different
industries and sectors. This suggests that while a unified approach with harmonized criteria is
beneficial, it should be balanced with sector-specific considerations to maximize the effectiveness of
GPP.

Market behavior and patterns
Implementation of sustainability criteria have noteworthy effects on the market, and bidding behavior
particularly on small and medium sized contractors (SMCs) and often present barriers to them.

e Often sustainability criteria come with increased cost and therefore financial burden on SMCs.
This stems not only from investment cost and sustainability premium but also the skill and
capacity gap that SMCs struggle with. Hwang et al. (2018) found that "extra investment
required"” was rated as the most significant barrier to meet sustainable construction standards
in their qualitative study conducted in Singapore. This was however exacerbated by "slow
recovery of investment" and "limited knowledge on sustainable construction,". These
challenges are particularly acute in developing regions as Dhliwayo et al. (2024) found to be
the case in Namibia, where lack of affordable finance, consistent work opportunities, and
necessary skills training play an even larger role in hindering the ability of SMCs to integrate
sustainability into their operations.

e Sustainability criteria are also reshaping market dynamics and bidding behavior. Market
segmentation is becoming increasingly pronounced as sustainability certifications, such as
responsible sourcing standards, become more necessary. Upstill-Goddard et al. (2015) found
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that in the UK construction industry, the absence of such certifications can limit business
opportunities for firms. Some contractors that don’t have the resources may become excluded
from certain projects or market segments.

e Another significant impact of sustainability criteria is the short-term productivity decline
experienced by firms as they adjust to new environmental regulations. Dechezleprétre and
Sato (2017) conducted a comprehensive review of the literature on this topic, noting that while
environmental regulations often lead to an initial decrease in productivity, these effects tend
to dissipate over time as firms adapt. Larger firms, with their greater resources and capacity
for absorbing compliance costs, are generally better positioned to weather these short-term
impacts compared to smaller firms.

In summary, sustainability criteria in the construction industry tend to favor larger firms while
presenting significant challenges for small and medium contractors. The impact of these criteria varies
depending on many factors, but these findings give pause to think of the unintended consequences of
introducing specific sustainability requirements. The ability of firms to adapt to sustainability criteria
and policy will be a key determinant of their long-term success and should also be considered in the
policy-making process as the effects of this will affect both CAs and contractors.

Sustainability in construction ABMs

The number of studies relevant to this thesis's research focus is limited, but the following focus on the
contractor sustainability behavior on a larger scale and are worth mentioning. Liu et al.s (2024)
literature review found most application for ABM with regards to sustainability in building and
occupancy design, but models have also been developed to simulate the decision-making processes
of stakeholders regarding the adoption of green building technologies, the impact of energy efficiency
policies on building design and operation, and the environmental impact of construction waste
management practices.

Attallah et al. (2013) developed an integrated ABM to evaluate the impact of sustainability policies on
construction markets. Their model incorporated modules for policy diffusion, project formation, credit
selection, and life cycle assessment to quantify potential environmental impacts. This allowed
policymakers to compare different sustainability policy scenarios. Similarly, Hassan et al. (2012)
created an ABM framework to simulate the adoption of sustainability practices in the construction
industry in response to various policies. Their model considered factors like consultant influence,
perceived benefits, and market readiness to predict diffusion patterns.

More recently, Li et al. (2022) applied ABM to explore the evolutionary mechanisms of green
development behaviors in construction enterprises. Their model simulated how factors like
environmental regulations and industrial clusters influence the adoption of sustainable practices over
time. The authors found that sustainable regulations and cluster formation promoted greener
behaviors, while short-term policies were less effective. Overall, these studies demonstrate how ABM
can provide valuable insights into the complex dynamics of sustainability transitions in construction.
Both focus on the contractors as the subject of the model, but neither the bidding nor tendering
process is addressed.

4.2 MODEL 2

The key takeaway from the literature review is that incorporating sustainability criteria into a bidding
model like this is unprecedented. While there is a consensus that sustainability increases costs in
building projects and various studies have explored these cost factors, pinpointing the specific
elements that drive up expenses remains challenging. Sustainability and financial considerations often
operate on different scales—money is quantifiable, whereas sustainability typically requires developed
metrics, such as euros per ton of CO2, to make it measurable. For this model and research, we adhere
to the principles of the KISS methodology (Keep It Simple, Stupid), making necessary assumptions and
simplifications to address these complexities.

At the core of incorporating sustainability into the existing bidding model is the sustainability response
curve, which is explained in detail in the following sections. This curve is pivotal not only for simulating
contractor behavior and how sustainability investments influence bidding strategies, but also
important for simulating owners demands with multi-dimensional auction scoring rules.
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4.2.1 Sustainability Response Curve
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Figure 18: Sustainability Response Curve for simulating sustainability investments in bidding

The custom sustainability response curve represents diminishing returns on sustainability investments.
This curve enables assessment of varying levels of sustainability investment, both project specific and
upfront investments or sustainability capability in general. For a given project the contractor has the
choice to vary their investment level, as shown on the x-axis in Figure 18, to receive a sustainability
score or (assessment rating) for the project on the y-axis. This depends on the agent’s sustainability
capability (t - “threshold” factor), which dictates what curve they fall on. The curve is mathematically
defined as:

(8)
Sustainability Score = 100 - (1 — e=**")

where parameters a and b are determined based on a “threshold” factor, t.

Adjusting t alters the curve's shape, simulating different scenarios for sustainability returns. Lower
values of t yield steeper curves with high initial rewards, while higher values result in flatter curves,
where substantial investment is required to make incremental improvements.

The response curve aligns with multi-objective optimization research in construction, where trade-offs
between cost and sustainability are often found along a “Pareto front,” enabling contractors to choose
options that best suit their financial and environmental objectives (Karatas and El-Rayes, 2015;
Abdallah and El-Rayes, 2016). There are some key aspects in sustainable construction that this curve
imitates.

1. Marginal Gains and Diminishing Returns

The curve captures the diminishing returns typical in sustainability investments, where early
improvements—such as implementing efficient lighting or insulation—yield significant
benefits, but additional enhancements bring smaller gains at higher costs. This reflects
industry patterns, as shown in studies like Negendahl and Nielsen (2015), which indicate that
initial low-cost measures are often the most impactful. Contractors can therefore utilize the
curve to strategically allocate their sustainability budgets, optimizing easy investments before
diminishing returns set in.




Trade-Off Concentration in the Middle Range

Most meaningful trade-offs between cost and sustainability occur in the curve’s middle range,
where varying the threshold t has the most pronounced effect on outcomes. This reflects
empirical findings, such as in Karatas and El-Rayes (2015), where mid-range sustainability
levels (around 40-60% impact reduction) show significant variation in cost—up to 50% for
similar levels of environmental benefit. By concentrating on this middle range, the model
captures the nuanced choices contractors face when balancing cost efficiency with
sustainability gains.

Performance Variability Across Contractors

The model’s flexibility in simulating different response curves also highlights variability in
contractors’ performance. For example, Abdallah and El-Rayes (2016) found that at similar
investment levels, environmental impacts can vary widely—by over 40% in some cases. This
aligns with studies showing that contractors with different strategies or experience levels can
achieve significantly different results for comparable costs. Evins (2013) discusses similar
variances, where energy savings across solutions can range from 10% to 35% depending on
approach, underscoring the value of flexible modeling in capturing these differences.
Empirical Basis for Investment Levels

The diminishing returns curve is grounded in real-world investment patterns. Abdallah and El-
Rayes (2016) found, for example, that upgrading a building for a 70.7% environmental impact
reduction required a substantial investment, indicating that major improvements often
necessitate high costs. Similarly, Negendahl and Nielsen (2015) documented a near-doubling
in cost index to achieve notable energy performance improvements. More examples of this
can be found in the literature review of this chapter, conversely there are also many more
examples of lower levels of sustainability being reached with very small investments. The
shape and scale of the curve is modelled around approximating this reality.

4.2.2 Sustainability Evaluation Methods

The model incorporates three distinct evaluation methods to assess the sustainability aspect of
contractor bids: minimum investment, discount, and scaling discount. These methods reflect industry
practices discussed in the literature review section, "Current Practices and Policies and Industry
Reports," using similar mechanisms to evaluate sustainability in construction procurement to what is
used in practice.

r—)[ Minimum Criteria ]

Lowest Bid Discount ]

Second Lowest Bid

Below Average Bid \—)l Scaling Discount ]

The method in the model is based on a sustainability factor that is multiplied with the real submitted
bid price, to apply a discount or a penalty, influencing the contractors’ change of winning the bid:

1.

Evaluated bid price = Real bid price * Sustainbility Discount factor

Minimum Criteria Method

(9)



The minimum investment method establishes
a baseline threshold for sustainability.
Contractors must meet or exceed this
threshold to qualify for consideration;
otherwise, they are penalized, effectively
eliminating them from the bid. This approach
mirrors industry practices where minimum
sustainability standards are specified as
mandatory  building  requirements  or
contractor eligibility criteria.

In Figure 19, the minimum criteria are
represented by the dashed line on the
sustainability response curve. For this
example, bids with a sustainability score below
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Figure 19: Minimum Criteria Method Represented
on Sustainability Response Curve

40 are disqualified, with the probability of winning the bid falling to zero. For contractors with
different t-values, the required investment to achieve the minimum score of 40 varies between
5-20% of their total sustainability investment. This variation reflects differing levels of
sustainability capability or preparedness among contractors, with those on steeper curves
achieving the required score with lower investment.

Scaling Discount Method

The scaling discount method provides
contractors with a bid adjustment based on
their sustainability score, making their bids
more competitive as they invest more in
sustainability. This approach ensures that
sustainability efforts are rewarded in a
proportional and measurable way. It is often
finely tuned in practice so that project owners
can precisely anticipate the sustainability
outcomes and associated costs.

In Figure 20, the model implementation of
this method is illustrated by a line tangential
to the t-value = 0.00 curve at a sustainability
score of 40. The t-value of a project represents
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Figure 20: Scaling Discount Method Represented
on Sustainability Response Curve

the stringency of its sustainability requirements. The discount value per sustainability score is
calculated by determining the slope of the curve associated with the project's t-value at the
desired score. This means that a contractor with a t-curve matching the project’s requirements
achieves a breakeven point at the desired sustainability score. Below the breakeven point,
contractors reduce their bid price more than the additional costs incurred for sustainability
measures, making their bids more competitive. This encourages contractors to strategically
optimize their sustainability investments while balancing the financial implications.




Discount

This method is very similar to the scaling
discount methods except that a lower cap
ensures that small investments do not
receive excessive benefits, while the upper
cap prevents disproportionately large
discounts for extremely high sustainability
scores. It is a mix of both previous methods
together. For this model the range for the
lower to upper bound is set as 10
sustainability score. This approach reflects
industry incentives designed to reward
sustainable practices up to a point but keeps
bidding competitive by capping the rewards.
Variations of this are used for example in the

Method

Figure 21: Figure 20: Discount Method Represented
on Sustainability Response Curve

MKI used for public procurement in the Netherlands or classified tools like BREEAM.

The model integrates sustainability investment from the contractor’s perspective and evaluation from
the owner’s side, reflecting key insights from the literature review. The investment component allows
contractors to balance their sustainability spending with competitive bidding strategies, while the
evaluation methods generalized to cover most common frameworks, simulate how owners assess bids

based on sustainability.

4.3 VERIFICATION AND VALIDATION EXPERIMENTS

This model builds on the previous version of the model, incorporating new sustainability evaluation
functionalities. Before integrating these new aspects fully, it is essential to verify and validate the
model by testing it against known values and patterns. This ensures the model functions as intended
and accurately represents behaviors observed in real-world construction practices. The simulation
experiments outlined in Table 7 are based on patterns found in the literature review discussed in the

earlier chapter and designed to align with the input parameters used in the model.

Table 7: Sustainability Tuning and Validation Patterns

Patterns num. sustainability
of experience
bidder

4) Economic Bias 3 Contractor t-

Purely economic value:

selection methods 0.3 (High)

disadvantage innovative 1.0 (Low)
practices 1.0 (Low)

(Khoso et al., 2021)

5) Market Segmentation 10 t-values:

Contractors without any 1.0-0.0

sustainability experience
or certification don't
invest to make bids on
sustainable projects
(Upstill-Goddard et al.,
2015)

relative selection project landscape
risk criteria
aversion
Medium Lowest bid Highly
No experienced
sustainability = bidder that will
always invest in
‘innovation’,
bidding against
bidders that don’t
invest in any
‘innovation’.
distribute  lowest bid Changing selection
d criteria after 20
(as sustainability = steps
described | :minium from no
intable 5)  discount sustainability to
scaling sustainability
discount



6) Barriers for entry for 30 t-values: distribute = lowest bid Changing selection

Contractors in 0.9 d criteria after 20
Sustainability (as sustainability = steps

Smaller contractors face described = :minium from no
challenges participating intable 5) ' classinterval sustainability to
in projects with continuous sustainability

significant sustainability
criteria and therefore
don't enter them
(Hwang et al., 2018)

4) Economic Selection Bias

When researching the market behavior and patterns in the literature review of the previous chapter
indicated there is a bias in construction procurement processes that often disadvantages innovative
and sustainability-focused practices and prioritizes purely economic aspects. This leads to a reduced
number of successful bids for contractors who prioritize these investments.

To validate this aspect of the model, experiment 4 was conducted, measuring the number of winning
bids per contractor. The contractors in this experiment were set up with identical base parameters, but
contractor 0 was programmed to always include sustainability investments that ensured a minimum
score of 10. Contractors 1 and 2, on the other hand, could submit bids without additional sustainability
investments.

Number of Wins per Contractor
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Figure 22: Demonstrating Economic Selection Bias in the Model

Figure 22 illustrates the outcome of this experiment. Contractor O, despite having the same base
parameters as the other contractors, only won 4 out of the 70 available projects. In contrast, contractor
1 secured 30 wins, and contractor 2 won 36 projects. This demonstrates that the purely economically
motivated selection criterion in the model favors contractors who do not invest in sustainability, as
their bids outperform because of the lower associated costs.

The outcome of this experiment aligns with expectations for the model's behavior and the pattern
observed in practice, where sustainability-focused bids can be at a disadvantage when purely cost-
driven procurement methods are employed.

5) Market Segmentation

This experiment examines market segmentation, a pattern observed in the construction industry as
sustainability requirements become more integrated into procurement processes. The literature
review in this chapter discusses how sustainability criteria reshape market dynamics, with studies like
Upstill-Goddard et al. (2015) highlighting that the lack of certifications or sustainability investments




can limit opportunities for contractors, effectively segmenting the market. This experiment aims to
replicate these market behaviors to verify if the model captures this observed segmentation.

The setup for this experiment involves 10 contractors, all with identical base parameters but with
varying levels of sustainability capability, represented by their t-values evenly distributed from 0.0 to
1.0. For the first quarter of the simulation, projects are bid on without any sustainability criteria. After
this initial phase, the simulation switches to one of the three sustainability criteria (minimum,
discount, or scaling discount) with a desired sustainability score of 30.
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Figure 23: Demonstrating Market Segmentation of Minimum Sustainability Criteria

Figure 23 illustrate the impact of this change in project requirements. The sustainability score, real
markup, and evaluated markup for each project are plotted, with the color of each curve representing
the sustainability ability of the contractor (a higher t-value indicates a lower sustainability capability).
Initially, all contractors are equally competitive, but after project 18, the shift to sustainability
requirements changes bidding behavior. Contractors with higher sustainability capabilities maintain
competitive bids, even becoming more competitive if their t-value is lower than the owners, while
those with poorer capabilities struggle to be competitive, even raising their markups to the maximum
allowable level as observed in chapter 3 experiment 1. This signals the risk conceptions flipping,
meaning the risk of winning the project and earning less or incurring a loss dominates the desire to
win the bid. This effectively signals withdrawal from bid. Occasionally, contractors near or slightly
above the owner's t-value also retract from bidding.
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Figure 24: Demonstrating Market Segmentation of Discount Sustainability Criteria

Figure 24 depicts the shift from no sustainability criteria to the discount sustainability criterion. A
similar number of bidders with high t-values (lower sustainability capabilities) withdraw from bidding.
However, the pattern seen is different, here they opt for the minimum low markup, but this is only due
to how the model’s optimization calculations works. Notably, the overall sustainability scores among
competitive bidders are higher. The discount sustainability method creates more intense competition
among the top-performing contractors and rewards them for extra sustainability scores. While the
evaluated markup across projects shows a broader spread than the minimum, the upper cap imposed
by the discount method ensures that the top three contractors with the best t-values are competing
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on a relatively level playing field. This pattern demonstrates how the discount sustainability criterion
encourages higher sustainability investment at the cost of higher mark ups but also impacts contractor
bidding behavior by rewarding sustainability beyond the minimum while still maintaining competitive
pressures among top performing contractors.

Scaling Discount Sustainability Criteria over Projects
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Figure 25: Demonstrating Market Segmentation of Scaling Discount Sustainability Criteria

Figure 25 displays the changes in bidding behavior when switching to the scaling discount criterion.
Notably, in this setup, no bidders are seen submitting bids at either the minimum or maximum markup,
indicating that none are withdrawing entirely from the bidding. The real markup remains competitive,
showing a consistent increase that reflects the added costs associated with sustainability investments.
The scaling discount method results in the highest overall sustainability scores, but with the widest
spread among contractors out of all selection criteria. This outcome aligns with expectations, as
contractors can invest in sustainability to their desired extent until reaching a break-even point
differing by contractor and influenced by both contractor and owner t-values. The variability in
sustainability scores is mirrored in the evaluated markup also showing a widespread. The contractor
with the lowest t-value, demonstrating the strongest sustainability capabilities, consistently secures
winning bids. This indicates that the scaling discount method promotes continuous investment in
sustainability while maintaining a balanced competitive environment where contractors are rewarded
proportionally based on their sustainability investments.

These results verify the model’s ability to replicate real-world behavior, capturing how sustainability
criteria not only shift competitive dynamics but also contribute to market segmentation by
differentiating contractors based on their sustainability capability.

6) Barrier for entry for contractors into Sustainability

This experiment examines the short-term productivity challenges contractors face when adapting to
new sustainability requirements. The literature review in this chapter references the findings of
Dechezleprétre and Sato (2017), who highlighted that firms often experience an initial decline in
productivity as they adjust to stricter environmental regulations. While larger firms typically manage
these adjustments more efficiently due to their resource capacity, smaller firms face more significant
obstacles.

This experiment simulation is set up similarly to experiment 5). However, the owner sets a
sustainability criterion with a desired score of 30 and a t-value of 0.8, which aligns with the
sustainability capability of the contractors. However, the financial class of the contractors varies, evenly
distributed from 1 to 5. This classification affects a contractor's cost structure and bidding behavior,
with firms in higher financial classes facing greater production costs and bidding less competitively.
The experiment aims to track contractor behavior under these conditions to observe how sustainability
requirements influence their ability to compete and bid effectively.
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Figure 26: Demonstrating Barriers for Entry of Minimum Sustainability Criteria

Figure 26 again illustrates the shift from no sustainability criteria to the minimum sustainability
requirement. The results show that many contractors submit maximum markups, indicating
withdrawal from bidding, even though the owner and contractor t-values are aligned. However, there
is a greater mix of contractors withdrawing on two occasions, even contractors with the highest
financial class, but the overall trend is that the worse financial class will also withdraw more frequently.
It shows that sustainability criteria alone are enough to change the contractors' risk perception, and
the extra investment cost actually impacts contractors' cross financial classes. This high number of
bidding withdrawals even though contractor and owner t-values are aligned can likely be attributed to
the added profit variability in project with sustainability goals, its especially high in the minimum
criteria because if the sustainability score is not met the contractor cannot win the bid, and the
probability of winning falls to 0. The observed spread of bids among the remaining competitive
contractors is very tight but the contractors with higher financial class are submitting lower bids and
winning a majority of the time.
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Figure 27: Demonstrating Barriers for Entry of Discount Sustainability Criteria

Figure 27 shows the development of bid prices and sustainability scores for the discount sustainability
criteria. The observed behavior mirrors most aspects of the minimum criteria, such as contractors
withdrawing. However, a key difference is that both the markup and evaluated markup prices are
adjusted to account for the discount and the average sustainability score of the bids submitted is much
higher.

Financial Class

Financial Class



Scaling Discount Sustianability Criteria over Projects
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Figure 28: Demonstrating Barriers for Entry of Scaling Discount Sustainability Criteria

Figure 28 shows the transition to the scaling discount sustainability criteria. Similar to experiment 5,
the number of withdrawals decreases and eventually drops to zero. This is because the scaling discount
criterion provides contractors with a broad range of markup and investment options, allowing them to
find their optimal strategy without disadvantage and only rewarding them for sustainability efforts.
Interestingly, contractors with higher financial stress classes are observed to submit higher
sustainability scores. This behavior suggests that, beyond how their t-curve aligns with the owner's t-
curve, they are willing to bid above their sustainability breakeven point as their perceived project costs
are lower than those of other contractors. Conversely, contractors with lower financial stress classes
tend to gravitate more closely toward their actual breakeven point, which often centers around a
sustainability score of 30. Overall, this change in criteria does not drastically alter the competitive
landscape. The distribution of bids remains similar to when no sustainability criteria are in place, with
the main difference being an increase in mean markup. The variance in evaluated bids is smaller, while
the variance in sustainability scores and real markups is higher.

These results confirm the model’s ability to replicate real-world dynamics, demonstrating how
sustainability criteria create entry barriers and shift contractor behavior. The minimum criterion
increases bid withdrawals due to higher risks, while the discount method raises sustainability scores
through strategic bid adjustments. The scaling discount effectively reduces withdrawals, promoting
balanced competition and rewarding higher sustainability investments without disrupting overall
engagement.

4.4 EXPERIMENT RESULTS

This section presents the results and interpretation of all POM experiments conducted. In this section
their results specifically the results of previous section are to examined. The first experiment
differentiates contractor sustainability capability while the second their financial class, both are the
primary performance factors linked to each dimension of the scoring rules. This means that the
strength of bidders is only differentiated in each experiment, firstly by their sustainability capability
and secondly by their financial class. Analyzing this through the lens of auction theory, a central
theorem of efficient auctions needs to be introduced. The Monotonicity theorem states that in
auctions, higher valuations lead to higher bids in equilibrium. This is fundamental for ensuring that the
auction mechanism is predictable and allocates resources efficiently. In first-price sealed bid auctions
this means bidders shade their bids below their true valuations, but higher valuations still correspond
to higher bids ensuring that the bidder with the highest valuation wins the auction, achieving allocative
efficiency. What is described in the previous section as the bid spread shows the monotonicity of
bidding strategies. When looking at the first experiment (Figure 23-25) there is no bid spread in the
first 20 steps of the simulation, showing that without the sustainability criteria scoring rules the
bidders remain at the same strength and value the project the same. When the criteria is switched
after step 20 the monotonicity becomes apparent in the bid spread, the stronger sustainable bidders
are consistently winning the bids. The second experiment (Figure 26-28) shows monotonicity from the
start, but only mild bidders with better financial class are winning the bids most of the time, but the
spread is not as wide, when the sustainability scoring rules become active after step 20 the
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monotonicity doesn't change, only the price/mark ups on the project does. This shows that the model
is behaving as expected and aligns with the theory.

Other key insights emerge from the experiments about the individual scoring rules or sustainability
criteria mechanisms in particular.

The Minimum Criteria approach sets a mandatory threshold for sustainability that contractors must
meet to qualify for bidding. The results reveal several notable patterns that seem to foster cost control
and fairness among participants but limit overall sustainability outcomes. While efficient for owners,
the approach risks excluding less capable contractors, reducing market inclusivity. Following trends can
be seen:

e Discouraged Participation: Contractors with lower sustainability capabilities frequently opted
out of bidding or submitted throwaway bids. This exclusionary effect highlights the challenges
for smaller or less capable contractors in meeting mandatory requirements.

e Even Playing Field: Among participating contractors, evaluated markups tended to converge.
The lack of significant variance suggests that the minimum threshold reduced competitive
disparities, creating a relatively level playing field.

e Baseline Sustainability Gains: Contractors consistently targeted the minimum sustainability
requirement without exceeding it, as there were no incentives to do so.

e Cheapest for the Owner: Price development remained neutral or decreased for some bids. In
highly competitive environments, contractors with better sustainability capabilities than
expected often underbid the owner’s adjusted budget (t-value) to increase their chances of
winning. This reflects cost efficiency for the owner, as the sustainability threshold does not
impose additional financial pressure.

The Discount Mechanism introduces sustainability-linked incentives, where contractors benefit from
fixed bid price adjustments based on their sustainability scores. This seems to encourage sustainability
gains beyond baseline levels while maintaining moderate cost increases. However, it struggles to drive
broad participation and achieves only limited reductions in bidding disparities. The following results
were observed:

e Moderate Bidding Disengagement: Similar to the Minimum Criteria, the Discount Mechanism
led to throwaway bids, particularly among contractors with lower sustainability capabilities, as
incentives were insufficient to drive broad participation.

e Top-End Compression: Variance in evaluated markups was noticeably reduced at the upper
end of the competition, where capable contractors optimized their sustainability investments
to align with the discount structure.

e Higher Sustainability Gains: Contractors frequently exceeded the minimum requirements,
indicating a positive response to the sustainability incentives.

e Medium Cost for the Owner: Prices increased moderately as contractors absorbed some
sustainability costs. The upward trend in prices remained controlled, with no bids surpassing
a markup of 1.2.

The Scaling Discount directly ties incentives to sustainability performance, rewarding higher
sustainability investments. It achieves the highest sustainability outcomes but at a significant cost.
While it promotes widespread participation, it disproportionately benefits top-tier contractors,
creating equity concerns within the market. Key findings include:

e Encouraged Participation: The Scaling Discount significantly reduced throwaway bids, fostering
broader contractor participation across varying capability levels.

e High Variance Between Bids: Disparities between evaluated bids were substantial, as
contractors with advanced sustainability capabilities consistently dominated the competition.
This variance reflects an uneven competitive environment where less capable contractors
struggled to compete.

e Maximum Sustainability Gains: Contractors optimized their bids to achieve the highest
possible sustainability scores, often far exceeding the owner’s expectations.
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e High Cost for the Owner: Sustainability optimization resulted in the steepest increase in
markups, as contractors absorbed fewer sustainability costs. This translated to higher overall
project costs for the owner.

A critical factor influencing the price and markup development in the experiments is the way the owner
agent, project appraisal, and sustainability budgeting are modeled. In the simulation, the project
appraisal value is split into two components: a base project cost, representing the value of the project
“without sustainability,” and an additional sustainability cost that reflects the owner’s desired
sustainability goals. This separation aligns with how sustainability costs are often budgeted in practice
but also introduces specific considerations when interpreting the results.

A number of model parameters influence the sustainability investment ratio and expected outcomes:
the owner’s sustainability stringency (t-value), the desired sustainability score, and the baseline
appraisal value of the project and similarly on the contractor side the sustainability capabilities.
Under the Minimum Criteria, competitive pressures created unexpected outcomes. Contractors with
advanced sustainability capabilities strategically underbid the owner’s expectations, driving markups
below 1.0. This behavior, which appears counterintuitive, can be explained by the competitive
advantage these contractors hold. As seen in Figure 23, the contractors that bid most aggressively,
lowering their prices the most, were those with sustainability capabilities exceeding the owner’s
stringency or desired score. In essence, these contractors leveraged their superior capabilities to
optimize their chance of winning projects, even at reduced profit margins. While this benefits the
owner financially by reducing project costs, it highlights a key dynamic: sustainability leaders use their
advantage to compete on price in a highly competitive environment.

In contrast, the Scaling Discount mechanism shifted contractor strategies toward maximizing
sustainability scores rather than minimizing bid prices. Here, the incentive structure drove contractors
to prioritize sustainability performance, leading to significant cost escalations for the owner. This
outcome underscores the importance of aligning owner ambition (t-value) with appropriate incentive
mechanisms. If sustainability stringency is too high without adequate balancing measures, it can drive
up project costs as contractors focus on sustainability optimization over cost competitiveness.
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Figure 29: Conceptual Depiction of Model Version 3

In this final version of the model, two significant enhancements have been introduced to better
simulate a real-world bidding environment. These additions are depicted in the conceptual model in
Figure 29. First, the model now allows for multiple owners with different attributes to generate
projects simultaneously, reflecting the varied approaches between private sector and public sector
procurement criteria. This addition provides a more comprehensive representation of how different
ownership types influence project attributes and bid evaluations.

The second key feature is to implement contractor learning, or lasting sustainability investment as
reflected by an improvement of their t-value, when they win a contract that has sustainability criteria
they improve their t-value the larger the investment the better the improvement this is defined by the
following equation:

L. .
project

thew = toig — @ X (I—)

norm

Where:

thew is the updated t-value after winning and executing the project.
to1q is the original contractor t-value

a is the improvement rate

Iproject is the actual investment made by the contractor

L,orm is the desired investment made by the owner

The assumption is if a contractor submits a bid with a certain sustainability value they do not yet
necessarily have the means to do it at that quality, but will only for example acquire more sustainability
machinery or develop ways of building when they have a guarantee of future cashflow in the form of
a project lined up.




The third key feature is the implementation of a bid/no-bid decision mechanism. While earlier
simulations indicated contractor withdrawals through the submission of maximum or minimum bids,
these submissions distorted the historical bid data that contractors use to calculate their probability
of winning. This, in turn, could potentially alter their future bidding behavior. The new bid/no-bid
decision functionality refines the model by accurately representing contractors' willingness to engage
in a project without affecting the bid history. Analysis of this phenomenon and implementing it as a
feature also allows for a closer understanding of contractor behavior in the model, when faced with
varying award criteria. The following sections will detail the implementation and impact of the bid/no-
bid decision on the model.

Bid/No-Bid simulation and analysis
To comprehensively understand the conditions under which contractors choose to withdraw from bids,
the model tested with 2000 scenarios sampled across the following features:

Contractor perceived cost factor (perceived_cost_factor, the difference between the owner estimated
cost for the project and the owner appraisal value)

Number of contractors competing in the bidding (num_contractors)

Risk aversion of the contactor (risk_aversion)

Experience (experience, this is directly related to risk aversion in this model)

Financial Class (financial_class)

Award method (award_method_second_lowest, 1 when the second lowest bidder wins 0 when the
lowest bidder wins)

Contractor sustainability capability (contractor_t_value)

Owner sustainability criteria stringency (owner_t_value)

Desired sustainability score for the project by the owner (desired_sustainability_score)

To ensure realistic scenarios, the Latin Hypercube sampling method was adjusted using a normal
distribution, creating a representative contractor pool consistent with the data from Campo (2012).

The bids from those scenarios were then categorized using a clustering algorithm and manual
verification to classify them into "too high" bids, indicating contractor withdrawal, and "acceptable"
bids that remained competitive. Figure 26 below displays the markup distribution of all bids. The data
was further divided into four categories based on the sustainability criteria simulated in the model:
'None', 'Minimum', 'Discount’, and 'Scaling Discount'. The individual markup distributions (Appendix
9-12) and Table 8 indicate, similar to findings in experiments 5 and 6, that the minimum and discount
sustainability criteria result in more bid withdrawals compared to the other two criteria. Notably, the
minimum criterion leads to contractor withdrawal in nearly half of the simulated scenarios, suggesting
these criteria are more sensitive to triggering contractor exits.
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Figure 30: Markup distribution for all scenarios

Table 8: Percentage of bid withdrawals

Sustainability criteria Percentage of withdrawn
bids across all scenarios

‘None’ 6.29%

‘Minimum’ 47.44%

‘Discount’ 20.92%

‘Scaling Discount’ 9.00%

To deepen the analysis, four random forest models were trained on the data, achieving an accuracy
rate of over 91% across all sustainability conditions. This high accuracy demonstrates that the chosen
features can reliably predict contractor withdrawal.




Feature Importance Comparison Across Conditions
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Figure 31: Random Forrest Feature Importance for Bid/ No-Bid decision

Figure 30 highlights that the perceived cost factor is the most significant feature influencing contractor
withdrawal, regardless of the sustainability criteria applied. This indicates that contractors heavily
weigh the difference between the owner's estimated cost and the project's appraisal value when
deciding whether to bid. It also highlights the differences in feature importance across sustainability
criteria. The perceived cost factor is consistently the most significant driver of contractor withdrawal
across all conditions. Notably, minimum and discount sustainability criteria place a greater emphasis
on the owner’s desired sustainability score, reflecting stricter constraints that can lead to higher
withdrawal rates. In contrast, the scaling discount criterion shows a more balanced distribution of
feature importance and less reliance on the owner’s sustainability score, offering contractors more
flexibility and reducing withdrawal tendencies. The discount criterion stands out for its balanced
influence across all features, fostering a more competitive and adaptable environment. As expected,
the 'None' condition excludes sustainability-related features, focusing primarily on traditional factors
like perceived cost and project complexity. These distinctions emphasize how different criteria shape
contractor behavior and withdrawal patterns.

The impact of financial class is more pronounced in the 'Minimum' and 'Discount' sustainability
scenarios, aligning with findings that financially constrained contractors are more likely to withdraw
under stricter sustainability conditions. Interestingly, award method and the alignment between
contractor and owner t-values show relatively lower importance across the board, indicating that while
these factors contribute, they do not drive withdrawal decisions as strongly as the perceived cost factor
and project complexity do.

With this trained classifier, the model now incorporates a two-step bidding process. In the first step,
shall bid, the features relevant to the sustainability criteria of the project are input into the random
forest classifier. The classifier predicts whether the contractor is likely to withdraw if they choose to
bid, essentially determining if the project is worthwhile for the contractor. In the second step, submit
bid, contractors who decide to proceed calculate their optimal markup and sustainability investment
decisions based on the expected competition.




5.2 SCENARIO SIMULATIONS

Scenario setting

To address sub question 3 this section refers back to the literature review, which highlighted the
potential benefits of GPP in fostering healthy competition and guiding markets toward sustainability.
As discussed, GPP can be a powerful policy tool to align market practices with overarching climate
goals, such as achieving a net-zero or circular construction sector by specified target years.

Therefore, this simulation is designed to reflect a scenario in which the construction sector, like the
rest of the economy, must significantly cut emissions and enhance sustainability within the next 10
years and continue to progress toward 2050 targets. This aligns with the Dutch government’s climate
policy, which mandates a 49% reduction in emissions by 2030 and a 95% reduction by 2050. To model
this, the simulation setup included two owners: one representing public sector activity, accounting for
approximately one-third of the construction market, and the other representing the private sector,
responsible for around two-thirds of market activity.

e Owner 1 (Public Sector): Implemented a gradual increase in desired sustainability from 10 to
60 over a 10-year period increasing the desired sustainability score of the projects by 10 every
interval i (2 years) , initiating one project every four weeks.

e Owner 2 (Private Sector): Operated without sustainability criteria, releasing one project every
two weeks to represent standard market practices.

Four scenarios were designed to evaluate the impact of different sustainability criteria:

Minimum sustainability criteria.

Discount sustainability criteria.

Scaling discount criteria.

Optimized mix of criteria, grid search was performed in all 243 permutations of the scenario
to minimize the mean contractor t-value and maximize the mean number of bidders in the last
2 years.

PWNPE

For each scenario, the owner's t-value (representing the stringency of the sustainability criteria) was
kept relatively low to evaluate its impact under practical, moderate conditions. Additionally,
contractors have working limits, meaning if they accept 6 projects, they won't have the capacity to bid
on any more projects and projects with fewer than three bidders are canceled to reflect real-world
practices where insufficient competition leads to project cancellation. The table below summarizes the
contractor starting parameters, owner parameters, mean contractor t-value at the end of the
simulation, and mean number of bidders during the last interval, providing insights into how different
policy approaches influenced contractor sustainability investments and competition levels in the
market.

Table 9: Scenario contractor and owner parameters

Contractor Starting Owner Parameters mean Mean number of
Parameters contractor  t- bidders in last 2
value years
1)Minimum 10 Contractors 2 Owners 0.49 5.05
2)Discount t-value: 0.9 Owner 1: 0.70 0.0
3)Scaling Rest of the Desired 0.65 585
Discount parameters are set sustainability: S(i)=
4)Optimized: to a representative 10 +i*10 0.48 6.88
S-Criteria(i)= contractor pool = t-value: 0.9
{minimum, according to Campo = Generating 1/3 of
minimum, (2012) the project
discount, Owner 2:
Desired

sustainability: 0
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minimum,
scaling-discount}

5)Further
Optimized

Results

Generating 2/3 of
projects

Owner 1:

t-value:

{0.71, 0.17, 0.54,
0.29, 0.83}

0.40

8.1

The sustainability score and bid distributions of the public owner's projects across all scenarios are
shown in detail below. The graphs show the development across the scenario described in Table 9.
Each line represents one contractor’s bid for a project from the public owner. As sustainability
requirements change over the years, contractor's sustainability capabilities do too. This is signified
though the changing colour of the lines.
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Figure 32: Bid distribution Scenario 1
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Figure 32 illustrates scenario 1 the progression of sustainability outcomes when only minimum
sustainability criteria are applied to achieve sustainability goals. The observed behavior aligns with
previous findings: the minimum criteria lead to the exclusion of many contractors. However, those who
do participate, regardless of their sustainability capabilities, submit competitive bids and have a chance
to win. By the final two years of the simulation, up to six contractors are consistently submitting
competitive bids. This trend is reflected in the metrics shown in table 9, where the mean contractor t-
value is strong, indicating that a diverse range of contractors secured projects and increased their total
sustainability investment. This is also mirrored in the high mean number of bidders during the last two
years, demonstrating robust competition. Interestingly, in this scenario, the markup, which signifies
the actual cost of the project for the owner decreases over time on average, but price variability
increases. This means the contractors themselves are partly absorbing the extra costs for the increased
sustainability. This aligns with the results from section 4.4, which stipulates that the minimum criteria

is cheapest for the owner's side.




Discount Sustainbility Criteria over 10 Years (Owner 1)
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Figure 33 illustrates the outcome of Scenario 2, where discount criteria are used to achieve
sustainability goals. This approach performs poorly compared to other scenarios. It appears to
combine the drawbacks of contractor exclusion, similar to what is observed in the minimum criteria,
without achieving the benefit of leveling the playing field and encouraging contractor participation.
The criteria heavily favor contractors with only marginally better sustainability capabilities, which
results in fewer bids being submitted from the start and only a small number of contractors winning
projects. As sustainability score requirements increase, the number of bid cancellations rises due to
fewer contractors being able to meet the criteria or finding it worthwhile to bid. This leads to a
consistently low average contractor sustainability capability, and, by the end of the simulation, no bids
being awarded in the final two years. This is reflected in the x-axis (project sequence) not reaching the
full 60-100, no bids are being submitted anymore past project 20. There is also a trend toward higher

markups meaning it becomes more expensive for the public owner to finance sustainable projects.

Scaling Discount Sustainbility Criteria over 10 Years (Owner 1)
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Figure 34 illustrates the results for Scenario 3, which applies the scaling discount criteria. A key
observation is that the number of bidders remains high throughout the entire period, although only a
small subset bids competitively and secures project wins. Over time, the gap in competitiveness
between contractors widens. The scaling discount criteria effectively attract a large number of bids and
maximize project-specific sustainability. However, it does not promote equitable access or provide
opportunities for a diverse range of contractors. While participation is encouraged, the benefits are
concentrated among a limited group. Only 3 unique contractors are rewarded a project by the public
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owner. This limits broader contractor engagement and reward distribution. The price development as
seen by the markup graph in the middle is relatively neutral, with increasing variance in the later years.
It seems that around project 60 the three contractors that always win tried to increase their prices but
were pressured by the competition back to relatively normal prices.

Optimized Sustainbility Criteria over 10 Years (Owner 1)
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Figure 35: Bid distribution Scenario 4

Figure 35 presents the results of the final scenario, which uses a combination of all sustainability
criteria to optimize contractor engagement and sustainability investment. This approach begins with
the application of minimum and discount criteria, going back to minimum and transitions to scaling
discount criteria in the final phase to maximize bidding participation.

While the underlying mechanism behind its effectiveness is not immediately apparent, it is evident
that employing a mix of methods and adapting to market conditions can yield substantial benefits. The
strategy appears to initially segment contractors inclined to bid on sustainability projects by starting
with the minimum criteria, creating a form of market segmentation. It then broadens the award
distribution, creating and maintaining a smaller but competitive pool of contractors as the simulation
progresses. This scenario outperforms all others on both key metrics, demonstrating the potential of
a flexible and responsive approach to promoting equitable access and sustainability investment. It also
shows a very neutral price development, for the first 8 years, as seen in the middle markup graph.
When the switch to scaling discount criteria in the last 2 years the ‘unrivaled’ pool of just a few
contractors seems to cause a sudden price explosion, but competitive prices are quickly reestablished
though competitive pressures.
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Further Optimized Sustainbility Criteria over 10 Years (Owner 1)

0.0
1.8 15
701 1.4- 0.2
o ! 1.6 o
o 601 : S 1.3
@ ‘ =
50 1 i © 1.2 0.4
2 ' 214 =
‘S 40 "\ = < | S L1
AT | /
2 | s ‘ |, - . e “".‘V’\i 0.6
£ 30 | 1.2 4 Ll R AAAU I 51 L
o fl| LA '*”""}\w T © A Y
3 20 H BT MR 2 0.9
@ i| 1.0 | .\ Il .
10 | : I 0.8- I
WL AN |,
: T T . T T T T 0.7+ T T T 1.0
0 20 40 60 0 20 40 60 0 20 40 60 :
Project Sequence Project Sequence Project Sequence

Figure 36: Bid distribution Scenario 5

Figure 36 illustrates the outcomes of the further optimized policy scenario, where the owner t-value
(sustainability stringency of the owner) was adjusted over time using a genetic algorithm. This
approach enhances both sustainability scores and markup metrics, outperforming all previous
scenarios.

Notably, the results show that the optimized owner t-value decreased from the initial 0.9 across all
time steps, suggesting that stricter criteria were more effective in this context. This supports the idea
that an optimal policy doesn’t involve more lenient and forgiving criteria implementation even for the
metrics of contractor participation and sustainability investment. The theory of segmenting a smaller,
competitive pool of contractors and maintaining it through balanced project awards, seems to be
further supported. The findings further highlight that strategic adjustment of sustainability stringency
can foster sustained competition and increased sustainability investment among contractors.

Results and Findings

The findings from this section highlight the key trade-offs of different sustainability criteria
implementations and their effects on equitable access to sustainable construction opportunities.
These results, described in detail across the scenarios, reveal significant patterns in contractor
participation, sustainability outcomes, and project costs.

The minimum criteria ensured cost efficiency and fairness but limited sustainability gains, while the
discount criteria delivered moderate sustainability improvements with controlled costs but
discouraged broader contractor participation. In contrast, the scaling discount achieved the highest
sustainability outcomes but concentrated benefits among a small group of top-performing contractors,
reducing market inclusivity. The adaptive approach, combining all criteria dynamically over time,
emerged as the most effective policy. By segmenting the market initially with minimum criteria and
transitioning to scaling discounts, it maintained contractor engagement, promoted sustainability
investments, and balanced competition. An additional optimization of the owner’s t-value further
reinforced the effectiveness of stricter sustainability targets in achieving better outcomes.

While the experiments provided valuable insights, certain aspects remain unexplored. The controlled
nature of the model, such as simplified project and contractor attributes, constant bidder numbers,
and static market representation, does not fully capture the complexity of real-world procurement
markets or the differences between public and private sector dynamics. Additionally, more intricate
challenges in Green Public Procurement (GPP), such as substitution risk (Lundberg et al., 2015), where
increased public demand for sustainability may lead to unintended market consequences, were
beyond the scope of this study. The metrics developed to evaluate contractor behavior, mean
contractor t-value (sustainability capability) and mean number of bidders, offered a structured way to
assess competition and sustainability outcomes but are inherently subjective and simplified, reflecting
the specific needs and assumptions of this research.
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5.3 VALIDATION

The external validation process focused on assessing both the overall validity of the model and the
outcomes of the simulated policy scenarios. Semi-structured interviews with industry experts were
conducted guided by and Interview thread that can be seen in Appendix 1, to evaluate whether the
model accurately reflects real-world conditions and to gather feedback on the results of the selection
criteria scenarios. These interviews were essential in confirming the model's alignment with industry
practices and identifying any gaps in its assumptions. The inquiries were divided into two main topics:
the validity of various aspects of the model and the applicability of the model in conducting scenario
analysis and optimization, as well as potential industry uses for these analyses.

Table 10: Public owner side validation

Category Model aspect/use

Model Bid decision factors
aspects

Sustainability criteria
and logic

Estimating markup
and win probability

Owner side bidding
representation

Model Simulation results
uses

Real-world use for
strategy planning

Their use of simulation
tools

Medium

High

Medium

High

Medium

High

Medium

The owners generally agreed that the factors that
decide the contractor agent bid decision are relevant
but noted potential gaps. For example, the model
does not account for contractors’ tendency to submit
“false bids” or strategically low bids when they expect
limited oversight on their sustainability claims, as well
as not considering change orders.

Sustainability was viewed as accurately modeled but
noted that in practice, contractors do not always
achieve optimal efficiency (“bank for buck”). The
feedback also emphasized increased administrative
costs for more complicated sustainability tenders and
upfront sustainability investments that improve
contractor sustainability capability, spanning across
many projects. This is different from the ‘learning’
effect implemented in the current model.

Owners confirmed that competition strongly affects
bidding strategy, yet noted the model doesn’t account
for contractors’ multi-project thinking. Contractors
may spread their investment cost onto bid prices
across multiple projects to offset the upfront cost of
sustainable assets like electric machinery.

Aligns closely with real-world methods, owners often
budget for sustainability (e.g., % set aside) and will
accurately tune their sustainability criteria, but the
model lacks detail on specific goals or drivers for
sustainability value.

The contractor expressed that the up and down sides
of the different criteria expressed in the simulation
results seem to align with the real world, but the
usability is decrease because of the lack of integration
of factors such as administrative cost or ease of use of
the criteria.

Owner highlights the no simulation of multi-project
markets for cost-sharing strategies and strategic
bidding adaptations have been done and a model like
this might be useful to refine long term strategies to
reach sustainability goals.

Owners supported using simulations and expressed
some interest in the findings but highlighted that their
main use is individual project tenders rather than
through broader models. In their experience modeling
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isolated or single-project bidding behavior with
sustainability requirements has been effective at
optimizing their scoring rules and discount factors

The owner validation underscored several strengths of the model, such as its incorporation of
sustainability, the consideration of competitive dynamics in bidding, and the use of a diminishing
returns curve for sustainability investments. Owners found that these elements align closely with real-
world decision-making processes, suggesting that the model successfully replicates core aspects.

However, certain limitations were also identified. First, owners noted that contractors often submit
bids that do not fully account for actual project costs, especially when there is an expectation of limited
post-bid oversight. This strategic behavior, often resulting in "false bids," is not currently modeled and
may affect the accuracy of simulations where contractor integrity varies. Additionally, while the model
represents sustainability investment as a one-time decision per project the multi-project perspective
is limited to the sustainability learning mechanism, the owner emphasized that contractors tend to
balance sustainability investments across multiple projects. Integrating this feature would allow the
model to better reflect cost distribution strategies commonly employed by contractors, particularly for

costly assets like electric machinery.

The interviews also revealed areas where the model could be refined for specific purposes. For
instance, while the model accurately estimates win probability based on competition, it does not
account for the tendency of contractors to adjust bids based on anticipated future projects. In long-
term or recurring contract environments, contractors may modify their bidding strategy in response to
market trends and ongoing project pipelines. Introducing a market anticipation factor could enhance

the model’s realism for such scenarios.

Table 11: Contractor side validation

Category  Model aspect/use
Model Bid decision factors High
aspects
Sustainability criteria Medium
and logic
Estimating markup Medium
and win probability
Model Simulation results Medium
use

Their approach to evaluating tenders includes
multiple review stages and categorization based on
risk exposure. Tenders are assessed through
structured criteria (e.g., project size, client, logistics,
sustainability alignment) before committing,
reflecting a thorough bid/no-bid decision-making
process. The model is very accurate in this regard,
but many factors that are important on a portfolio
level are omitted in this model

The contractor emphasizes a strong commitment to
sustainability, guided by ambitious targets, such as
decarbonization goals by 2030. This means they
frequently avoid bids that lack sustainability
requirements, suggesting that contractors often self-
select projects based on alignment with their
sustainability standards. This multi-project thinking is
not included in the model and prioritization of
sustainable projects only partly.

Contractors use a multi-stage assessment for bid/no-
bid, factoring in project risk, sustainability, and client
compatibility, win probability ranks lower in the
considerations.

Contractor highlights that the prequalification step
often contributes much more to a bid/no bid decision
than the form of selection criteria. The optimized
scenario echoed their sentiment that the best




solution is flexible and based on contractor owner
contractor communication and relationship.
Real-world use for Medium @ The contractor stresses the importance of client
strategy planning collaboration and demand in driving sustainability.
They need project owner assurance that upfront
sustainability investment will pay off. If a model like
this can help owners make that decision they see a

use for it.
Their use of digital Low Tools like this are not as important as client
tools communication and relationships. Tender specific

calculation tools for best scoring are being used.

The interview with contractors provided practical insights into their approach to bidding, sustainability,
and client interaction. While the contractor’s approach is grounded in structured assessments and
extensive client communication, it also reflects challenges and strategies that are not fully captured in
the current model. The most common allocation scenario is not an auction but better described as an
auction with serial negotiation, a hybrid approach.

Firstly, contractors place significant emphasis on sustainability, integrating it as a core criterion for
bid/no-bid decisions. Their commitment to long-term sustainability aligns well with the model’s
sustainability focus, confirming its importance as a key factor in contractor behavior. However, the
contractors utilize a multi-stage decision process that considers portfolio alignment, evaluating how
each project fits into broader business objectives and resource distribution. This aspect suggests that
the model could be enhanced to include more dynamic bid/no-bid decisions that incorporate portfolio-
level thinking. They also emphasize that pre-qualifications are often more important than the selection
criteria themselves, as contractors highlighted that passing the pre-qualification phase often dictates
whether they will continue to bid.

The contractor’s feedback also emphasized the cost challenges associated with sustainability
investments, such as high upfront costs for equipment like electrified machinery. Although the model
accounts for sustainability investment, it could better capture the financial burdens contractors face
during the early stages, especially in markets lacking supportive infrastructure. Reflecting gradual
sustainability transitions and the distribution of costs across multiple projects could make the model
more realistic in these contexts.

Adaptability to client-driven project modifications is another area for potential improvement.
Contractors frequently collaborate with clients to adjust project specifications and include sustainable
features. The current model assumes fixed bid requirements, which limits its application in scenarios
where sustainability objectives evolve through client interaction. Merging client interaction insights
with these findings could enhance the model’s representation of collaborative, flexible project
adaptations. Real-world flexibility was a recurring theme in the interviews. Processes aren't as rigid as
the model may suggest, with contractors often needing to navigate changes and communicate
effectively with clients to adapt to evolving project requirements.

The validation process through interviews with both public owners and contractors has highlighted
that while the model effectively simulates key aspects of contractor bidding behavior and sustainability
integration, there are areas for refinement. The model’s strengths lie in its realistic representation of
bid decision factors, sustainability logic, and competitive dynamics. However, it could benefit from
enhancements to better reflect multi-project strategies, the significance of prequalification stages, and
the adaptability required for client-driven project modifications.

Crucially, the simulation results were supported by industry feedback, emphasizing that flexibility in
applying selection criteria and maintaining a competitive pool of contractors are key to effective
procurement strategies. The concept of market segmentation was positively echoed by contractors,
who noted that sustainable capabilities can be subcontracted or shared through partnerships, making
specialization and niche investment highly advantageous.
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7.1 DISCUSSION

This research set out to address key gaps in the literature by examining how the integration of
sustainability criteria affects contractor behavior in construction procurement, using a novel bidding
model as its foundation. To provide a comprehensive discussion, the research is broken down into
several interconnected components: (i) literature search and data collection, (ii) model
conceptualization and implementation, and (iii) simulation experiments, results analysis, and
recommendations. Each of these elements will be analyzed through the lens of the study’s outcomes
to highlight their contributions and implications.

Literature research and Data collection
This discussion begins by reflecting on the process of literature research and data collection. While
literature research is often seen as a foundational step that provides context for the subsequent
research part, in this case, it played a much more iterative role. The literature search not only set the
stage for identifying the research gap but also served as a guiding and validation instrument
throughout the entire research process.

Sustainable procurement is a multidimensional and interdisciplinary topic. This translates into many
key-works for a comprehensive search of the topics. As the study progressed, additional keywords
were incorporated into the search process to ensure a more detailed understanding of the literature.
A citation-based approach proved particularly invaluable in bridging gaps and uncovering overlooked
studies with empirical data, such as Campo (2012). The inclusion of such foundational data was very
important to this research, providing the empirical basis often absent in other studies applying auction
theory to construction procurement models such as Idrees et al. (2023). Campo’s dataset, while
foundational to this research, does have limitations. It is dated and focused exclusively on contractors
in Los Angeles participating in government contracts, which may introduce bias. Despite this, the utility
curves extracted from the data align with economic intuition and were validated through contractor
feedback, demonstrating their relevance to real-world contexts.

Challenges arose when seeking empirical evidence for contractor behavior patterns under
sustainability-driven criteria, particularly for POM. Many existing studies rely on qualitative
observations, with few providing isolated or measurable effects validated by empirical data.
Aggregation of data to support findings in studies often resulted in broad patterns rather than fine-
grained insights applicable to specific contexts, that could have been replicated in more detail to
validate the models more robustly. This was also the case for studies and data used to build the model,
the sustainability aspect of the model used patterns found in related studies such as sustainability cost
premium studies or sustainability optimization studies to imitate the identified common trends.

This approach makes the model more generalizable and adaptable, especially for exploring diverse
procurement scenarios. However, it also introduces a trade-off, as it limits the model’s ability to
capture the nuanced, context-specific dynamics of projects. However, for ABM methods, this balance
between generality and specificity is very important, as will be explored in the next section.

Model Conceptualization and Implementation

This section reflects on the modeling decisions made throughout the study, addressing the choices,
trade-offs, and their implications for the research outcomes. While detailed descriptions of models are
provided in earlier chapters, this discussion focuses on the rationale behind key decisions and their
consequences for the study’s theoretical and practical contributions.

A variety of modeling approaches were considered, including utility theory, game theory, and
behavioral models, all of which draw upon previous studies on markup strategies and bid/no-bid
decision-making. However, no single framework was found to provide bid predictions that aligned
consistently with all contractor behavior. Among the options, utility theory emerged as the most
promising, not only for its widespread use but also for its alignment with basic economic principles
that drive contractor decision-making. As an extension of utility theory, prospect theory was also




considered, but utility theory was favored due to its simplicity and adaptability to the bidding
environment simulated in this research.

An important aspect of the model to highlight is the treatment of budgeting and desired sustainability.
The model assumes that a project has a baseline appraisal value, the common value signal for bid
participants, essentially a project without any sustainability. The sustainability goals are budgeted and
accounted for separately in a second separate common value signal. This separation, briefly explained
in Section 4.4, reflects the current mindset in procurement practices, where sustainability goals are
often considered an additional cost layered onto traditional project budgets. While this approach
aligns well with how procurement systems currently function, it is inherently reductive. In reality, no
project is truly “without sustainability,” as every decision throughout a project’s lifecycle (design,
material selection, and construction methods) has environmental implications. This detail cannot be
fully captured in the current model, the current implementation has implication on how the simulation
results should interpreted as reflected in Section 4.4.

One of the most challenging aspects of the modeling process was incorporating the bid/no-bid
decision. Existing studies often rely on highly detailed data about project and contractor attributes,
which were not available for this purely economic auction model. A simplified approach was adopted,
where "throwaway bids" observed in simulations were used as a proxy for no-bid decisions. This
adjustment reflects behavior seen in practice and discussed in the literature, allowing the model to
capture key dynamics without adding unnecessary complexity.

Given the general-purpose nature of the model built for this research, simplifications were necessary
to incorporate assumptions and behavioral patterns from the literature into the model. This approach
worked well, as evidenced by validation feedback, which showed agreement from industry experts.
However, the breadth of this study also introduced limitations. A more focused approach tailored to a
specific project type, such as roadworks, could have enabled the use of more detailed datasets,
simplifying the modeling process and improving specificity. Feedback during the validation phase
echoed this sentiment, suggesting that narrowing the scope could improve the model's applicability
to real-world contexts.

This research not only explored the integration of sustainability criteria into construction procurement
but also addressed a critical gap identified in the literature review: the limited applicability of classical
auction theory to construction bidding models. However, there are many deviations from traditional
auction theory in construction that are highlighted in section 1.4. Drew (2010) highlights a fundamental
issue, that is also echoed in validation interviews. The misalignment stems from the complex and
context-dependent nature of construction procurement and the value theory — the worth of a project
to a contractor, which is difficult to capture in traditional auction models. He questions the feasibility
of directly applying auction theory to construction, given its assumptions about bidder behavior and
market dynamics, which may differ significantly from how contractors actually bid or submit tenders
in practice.

By incorporating utility theory and sustainability criteria into the bidding model, this study extends
auction theory beyond its conventional boundaries, providing a highly theoretical lens for
understanding construction procurement. While uncertainties remain regarding the
representativeness of all procurement nuances in construction, the model effectively captures key
economic principles. Modern applications of auction theory, as highlighted in the research gap (e.g.,
FCC spectrum auctions and carbon trading schemes), demonstrate high context dependence are not
always necessary to yield meaningful insights.

In this study, the agents behave according to established economic theories that align with real-world
company behavior, maximizing utility within the given parameters. By adding a layer of sustainability
complexity, the model reveals how utility-maximizing agents would respond to different auction setups
that use multi-dimensional scoring rules instead of price-only bid selection. This provides valuable
insights into the strengths and limitations of various sustainability criteria implementation.




The adaptability of the model developed in this study represents one of its key strengths. By
incorporating behavioral factors such as risk aversion and sustainability preferences, the model bridges
theoretical frameworks with practical considerations, offering insights applicable across various
contexts. However, a common challenge with Agent-Based Models (ABMs) is that increasing
complexity can introduce uncertainty, where results may become artifacts of the model’s intricate
design rather than genuine reflections of real-world behavior. This is an inherent limitation of bottom-
up modeling approaches, emphasizing the need to strike a balance between simplicity and complexity.
As discussed in the Methodology chapter, this research adhered to the KIDS and KISS principle,
ensuring the model remained robust and interpretable while still capturing meaningful patterns and
behaviors. Despite these challenges, the study contributes significantly to the literature by integrating
auction theory and sustainability criteria into construction procurement, providing a foundation for
future research to build upon and refine.

Simulation Experiments, Analyzing Results and Deriving Recommendations

The simulation experiments in this study served a dual purpose: to validate the model using POM
(Model 1 and Model 2) and to explore the effects of integrating sustainability criteria into contractor
bidding environments (Model 2 and Model 3). While the experiments were relatively simple in design,
this was partly dictated by the straightforward nature of the validation patterns due to the limited
literature and empirical data available, as discussed earlier. Nevertheless, the experiments effectively
captured key dynamics and patterns within procurement scenarios, that were also partly validated by
traditional auction theory like the monotonicity theorem. The analysis of simple bid patterns and
scenarios already provided foundational insights into contractor behavior under different sustainability
criteria.

In particular, Model 2 demonstrated significant variations in contractor responses to continuous,
discrete, and minimum sustainability criteria. These findings align with speculations in the literature
that procurement methods and selection criteria can influence contractors’ bidding strategies and
participation decisions. As pointed out in section 3.1 Ruparathna and Hewage (2015) and Sheamar et
al. (2023) highlight how different procurement practices can shape the competitive landscape,
affecting not only the number of contractors willing to bid but also their markup strategies and overall
bidding behavior. The model shows that this is also true for sustainability criteria implementation in
this research.

The final simulation experiment adopted a simplified design to isolate the effects of sustainability
integration within the bidding environment. Key features included a sustainability learning mechanism
for contractors, as well as controlled project and contractor attributes, ensuring clarity in interpreting
results. Although larger and more realistic simulations were possible, the focus on simplicity enabled
a more direct examination of the dynamics at play. The results revealed that maximal adoption and
investment in sustainability were most effectively driven by a smaller subset of contractors. This
challenges prevailing assumptions in the literature suggesting that market segmentation, often viewed
as a drawback, can actually foster a concentrated, competitive pool of contractors willing to invest in
sustainable technologies and practices and can do so without going against efficient allocation of
contracts. These findings align with concerns raised in the literature review, which highlighted how
sustainability criteria often favor larger, more capable contractors while excluding smaller firms
(Hwang et al., 2018; Upstill-Goddard et al., 2015). However, the results here suggest that strategic
segmentation, combined with balanced rewards, can actually have positive consequences when it
comes to achieving sustainability goals without compromising competition.

In general, it could be said that the developed theoretical framework seems to be quite effective for
explaining and predicting bid mark-up decisions. As for the effectiveness of the model, some
considerations are noteworthy, as follows:

e Effectiveness in Capturing Bid Dynamics
The framework’s utility-based foundation successfully modeled bid pricing in first-price blind
auctions, aligning well with established economic theories. This alignment provides
confidence in the model's ability to replicate core contractor behaviors under varied
procurement conditions. However, one notable limitation is the underrepresentation of
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prequalification stages. Validation feedback emphasized the importance of prequalification as
a decisive factor in contractor decision-making, often preceding considerations of bid pricing
or sustainability. Incorporating structured prequalification mechanisms in future iterations
could enhance the model’s realism and predictive power.

e Challenges in Representing Sustainability Nuances
While the sustainability component introduced innovation to contractor bidding simulations,
it relied heavily on aggregated patterns from literature. This approach, while practical, limits
the ability to capture the nuances of real-world contractor practices, such as region-specific
sustainability strategies or market-specific dynamics. Moreover, the policy scenario
simulations revealed the importance of tailoring sustainability criteria to encourage
meaningful contractor participation. Simulations showed that mixing and adapting
sustainability criteria fosters a more competitive bidding environment while maintaining
stringent sustainability demands, underscoring the need for flexible and context-aware criteria
implementation.

o Market Segmentation and Competitiveness
The findings from the final simulation challenge the conventional view in literature that market
segmentation hinders sustainability progress. Instead, the results suggest that concentrating
sustainability efforts among a smaller group of contractors can drive innovation without
compromising competitive pressures. This was further supported by insights from policy
scenario evaluations, which demonstrated that early market segmentation—if managed
strategically—can lead to effective sustainability investments while preserving competition.
Such segmentation rewards niche capabilities and promotes specialization, offering a pathway
to achieve sustainability objectives without diluting market competitiveness.

e Balancing Model Simplicity and Realism
A recurring theme in validation feedback was the trade-off between simplicity and realism.
While the simplified design of the simulations facilitated clear insights, it also highlighted the
limitations of a general-purpose approach. For instance, the static nature of bid requirements
in the model does not reflect the adaptability required in real-world procurement, where
client-driven project adjustments are common. Additionally, the absence of multi-project
strategic planning limited the model’s ability to capture economies of scale, which contractors
often leverage to offset sustainability investment costs. Future iterations of the model could
address these aspects by incorporating adaptive bid requirements and multi-project
strategies, thereby enhancing its relevance and applicability to diverse procurement scenarios.

Limitations, Representativeness and Biases

While this study makes meaningful contributions to the theoretical development and application of
bidding models in sustainability-driven construction procurement, several limitations warrant
discussion. These limitations relate to the model’s scope, the representativeness of the data, and
potential biases that influence the findings and their applicability.

This research presents an initial model that captures the integration of sustainability criteria into
construction procurement, supporting a subset of common bid scenarios. While the findings offer
significant theoretical insights into bid mark-up decisions and sustainability trade-offs, the model does
not aim to cover the full complexity of real-world procurement contexts. The use of simplified
assumptions constrains the model’s ability to simulate dynamic, multi-project bidding environments.
As such, while the study provides valuable starting points, it does not claim comprehensive coverage
of all scenarios. The while the limitations of the approaches and methods were already mentioned in
the corresponding chapters and sections, the following are limitations inherent to the model and the
and the experiment designs:

e Small-Scale Experiments: The experiments were constrained to simplified, small-scale
scenarios that controlled many variables. While this allowed for clearer identification of the
effects of sustainability criteria, it limits the model's applicability to large-scale, dynamic
procurement environments. For instance, real-world bidding often involves fluctuating
competition levels and project-specific complexities that could not be fully captured here.

e Static Project Attributes: The model assumes fixed project attributes across simulations,
omitting factors such as location, contract duration, and risk levels, which are frequently cited
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in literature as critical determinants of contractor behavior. Egemen & Mohamed (2007)
emphasize the strategic importance of certain projects, where factors like market expansion
or classification improvement influence bid/no-bid decisions. These attributes were not
modeled, restricting the ability to simulate varied strategic behaviors.

e Limited Contractor Heterogeneity: Contractor diversity in terms of size, risk appetite, and
resource availability was simplified, which fails to capture market heterogeneity. Shokri-
Ghasabeh & Chileshe (2016) illustrate that small, medium, and large contractors approach bids
differently, prioritizing client capability, project risk, or long-term growth strategies,
respectively. While the financial class modeler provides some differentiation, other factors—
such as operational capabilities or experience—were not explicitly modeled.

o Assumption of Full Bid Information: The model assumes that contractors have access to
complete bid histories to calculate their win probabilities using Friedman’s method. While this
simplifies the decision-making process, it does not reflect real-world conditions, where
imperfect information and strategic ambiguity influence bidding behavior. Empirical studies
like Drew (2010) highlight the gap between theoretical auction assumptions and the realities
of construction bidding, where information asymmetry is common.

e Single-Project Focus: The model simulates contractor behavior for isolated projects, ignoring
portfolio-level strategies where contractors distribute sustainability investments across
multiple projects to optimize long-term returns. As noted in Shokri-Ghasabeh & Chileshe
(2016), larger contractors often balance short-term financial goals with strategic priorities, an
aspect that would require multi-project dynamics to capture effectively.

e Simplified Auction Assumptions (Common Value Models): The model assumes a common
value auction framework, where contractors derive bid values based on shared cost estimates.
However, Drew (2010) argues that the assumptions of Independent Private Value (IPV) and
Common Value (CV) auction theories are often contested in construction procurement due to
the inherent uncertainty and strategic differences between contractors. The model does not
address these complexities, limiting its alignment with real-world bidding conditions.

Additionally, from an academic standpoint, this study highlights the need for further empirical
validation of the model across different procurement scenarios. While the current research
successfully integrates utility theory and sustainability considerations, its empirical grounding relies
heavily on limited datasets and generalized patterns from the literature. A broader and more diverse
dataset, particularly one encompassing different regions and project types, would enhance the
robustness of the findings. Moreover, integrating multi-project dynamics and adaptive contractor
strategies into the model could address key gaps in understanding how sustainability investments are
distributed over time and across portfolios.

However, from a practical standpoint, the model still demonstrates several strengths. Its qualitative
predictions offer owners actionable insights into how different sustainability criteria can be
implemented to balance environmental goals with competitive pricing. By illustrating the trade-offs
between continuous, discrete, and minimum sustainability criteria, the model equips policymakers
and procurement officials with tools to assess which approaches align best with their goals.
Furthermore, the model's flexibility in simulating diverse contractor behaviors ensures relevance
across a variety of procurement contexts.

Certain drawbacks were particular to practice identified. The reliance on aggregated data and
simplified bidding dynamics limits the model’s precision. For instance, the static bid requirements used
in simulations do not fully capture the iterative nature of real-world procurement, where client
feedback often shapes contractor decisions and change orders play a big part in the day to day between
owners and contractors. Additionally, the exclusion of administrative costs—such as the overhead of
sustainability reporting or prequalification compliance—may underestimate the full economic impact
of sustainability-driven procurement policies. Addressing these aspects in future research could
improve the model’s accuracy and practical relevance.

Linking Findings to Procurement Trends
The findings of this research directly align with key themes and challenges highlighted in the literature
and industry practices concerning sustainable construction procurement. As discussed in the
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introduction, the construction sector is under significant pressure to balance cost efficiency, market
competitiveness, and sustainability goals. This tension drives the need for innovative procurement
models that can integrate these competing priorities effectively.

The study contributes to ongoing trends in procurement by demonstrating how sustainability criteria
can influence contractor behavior and bid strategies. The insights derived from the final simulations
show that carefully designed sustainability incentives—such as continuous criteria and controlled
segmentation—can promote environmental investments without compromising competition. This
aligns with recent shifts in procurement operations that increasingly prioritize value-based
approaches, where sustainability and long-term environmental impact are considered alongside
financial performance.

Governments worldwide are advancing initiatives to integrate sustainability into public procurement.
For example, in May 2024, Germany’s Federal Ministry for Economic Affairs and Climate Action
launched its Green Public Procurement Initiative, targeting carbon neutrality by 2045. Among other
measures, the initiative aims to drive demand for low-carbon materials in key sectors such as
construction by developing clear definitions and labeling systems. However, these labels need to be
integrated into the incentive structure and the procurement processes. This directly aligns with this
research’s emphasis on sustainability criteria as a mechanism to influence market dynamics and
contractor behavior.

Ongoing efforts, such as Rijkswaterstaat’s MKI system in the Netherlands and Germany’s SNAP
methodology, further demonstrate the evolving landscape of procurement, highlighting the need for
flexible and context-specific strategies. Both approaches emphasize mixed methodologies,
incorporating minimum, continuous, and capped criteria to balance sustainability goals with
competitive bidding environments.

Effective procurement strategies, grounded in long-term sustainability objectives, are essential for
transitioning to a more environmentally responsible construction industry. By influencing contractor
behavior through well-designed incentives, public procurement can serve as a powerful tool to align
market dynamics with global climate goals. This research provides valuable insights into how these
strategies can be modeled and tested, offering a foundation for developing more effective and
sustainable procurement practices.
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8.1 CONCLUSION

This research sets out to integrate sustainability criteria into construction procurement through an
ABM, focusing on economic outcomes, contractor behavior, and equitable access under various policy
scenarios. The analysis provided key insights into how sustainability-driven procurement strategies
impact market dynamics and contractor engagement.
To conclude this research, we address the sub questions and the main research question.
e Sub-question 1: What is the state of the art of modelling bidding and procurement in
construction specifically ABM?

The use of ABMs in construction procurement remains a contested area of research. While many
studies have sought to model contractor bidding behavior, there is a level of skepticism for the practical
relevance of these efforts, highlighting a disconnect between theoretical models and the complex
realities of construction tendering (Drew, 2010). Despite these concerns, studies demonstrate that
contractor bid patterns can be effectively interpreted and explained using utility theory models, which
align with economic principles and observed behaviors (Awwad et al., 2014; Asgari & Kandil, 2016;
Awwad & Ammoury, 2019; Elsayegh et al., 2020).

The review also revealed that existing models, while insightful, often lack empirical grounding. By
integrating empirical data from Campo (2012), this research enhanced the ABM'’s realism, particularly
regarding financial health and risk aversion among contractors. This approach bridged a significant gap
by connecting bidding behavior with auction theory, a connection absent in most prior studies. The
study also contributed to advancing ABMs in construction procurement by validating model behavior
against patterns observed in practice.

e Sub-question 2: How can existing ABMs be adapted or extended to incorporate sustainability
criteria?

This research represents one of the first attempts to extend ABMs and auction models to include
sustainability criteria in construction procurement. While no prior models explicitly addressed this
challenge even in traditional auction theory scoring rule auctions with multi-dimensional bid
evaluation are rarely subject of research (Milgrom 2003). This study confronted key issues, such as the
inherent difficulty of reconciling sustainability goals with the lowest-bid winner logic of procurement
processes. The difficulty in measuring sustainability outcomes not only poses challenges in practice,
for which many sustainability frameworks have been developed, but also posed significant modeling
obstacles. The second challenge is the lack of clear commensurability between financial and
sustainability metrics, which is further complicated by the difficulty of embedding sustainability into
incentive structures and procurement processes for contractors. To address these challenges, this
research identified and modeled three commonly used mechanisms minimum criteria, discounts and
scaling discounts.

Despite these challenges, the study successfully developed an ABM that incorporates sustainability
considerations. By introducing mechanisms such as sustainability response curves and evaluation
methods, the model was able to simulate nuanced contractor decision-making. This approach offered
insights into how contractors balance sustainability investments with competitive pressures. However,
the model’s qualitative nature reflects both the limited availability of empirical data and the deliberate
methodological choice to balance simplicity and realism. This balance was key to maintaining
interpretability and ensuring the model’s applicability across diverse procurement contexts, even if it
meant sacrificing the precision of highly specific, quantitative simulations."

While the model proved effective in demonstrating important dynamics, the study identified
opportunities for improvement. For example, future adaptations could incorporate portfolio-wide
sustainability investments to simulate contractors’ longer-term strategies more accurately. This would
provide a more comprehensive view of how contractors balance sustainability goals across multiple
projects, aligning the model more closely with real-world practices.




e Sub-question 3: What policy scenarios are most effective in promoting equitable access to
sustainable construction opportunities?

The simulation experiments in this study offered valuable insights into the effects of different
sustainability criteria on contractor behavior, competition, and sustainability outcomes. While the
experiment design was small scale and controlled many variables of the experiments, limiting the
representativeness and realism of the model, the findings point to key dynamics that can inform policy
designs.

The optimized mixed-policy scenario emerged as the most effective strategy. By combining all
implementation methods over time, this adaptive approach fostered contractor engagement,
improved sustainability capabilities, and maintained healthy competition. The scenario demonstrated
that a dynamic policy design can balance sustainability goals with market inclusivity, illustrating the
potential for nuanced, multi-stage strategies to address the challenges inherent in sustainable
procurement.

While the experiments cannot provide definitive guidance for all situations, these findings highlight
the importance of context-specific and flexible policy approaches. They emphasize the value of
adaptive strategies that evolve alongside market conditions and contractor capabilities, ensuring that
both sustainability and equity objectives are addressed effectively.

e Main research question: What are the effects of different sustainability criteria
implementations on contractor bid behavior in construction procurement?

The findings of this research confirmed that the implementation of sustainability criteria significantly
impacts contractor behavior, competition, and economic outcomes in construction procurement. By
focusing on commonly applied criteria—minimum, discount, and scaling discount—the study
highlighted the advantages and limitations of each approach, shedding light on their effects within a
lump sum bidding environment.

Minimum Criteria: These promoted fairness among participants by establishing a baseline
requirement, ensuring that only contractors meeting sustainability thresholds could compete.
However, this approach reduced competition and resulted in moderate sustainability gains, illustrating
the trade-offs between inclusivity and environmental impact.

Discount Method: By providing incentives to all contractors based on their sustainability performance,
this method maintained broader participation but failed to drive significant improvements in
sustainability outcomes, underscoring its limited potential for achieving ambitious environmental
goals.

Scaling Discount: This approach encouraged higher sustainability investments, maximizing project-
specific sustainability outcomes. However, it disproportionately benefited more capable contractors,
raising concerns about equity and access for smaller or less experienced firms.

The optimized mixed-policy scenario emerged as the most effective strategy, demonstrating how an
adaptive combination of minimum criteria and scaling discounts can balance sustainability objectives
with competitive inclusivity. By starting with minimum thresholds and transitioning to more incentive-
driven mechanisms over time, this approach fostered contractor learning, enhanced sustainability
capabilities, and maintained healthy market dynamics.

While the research focused on these commonly found criteria implementations, it acknowledges that
they represent only a subset of possible strategies. The results suggest that targeted and adaptive
policy adjustments can align contractor behavior with sustainability goals while preserving
competition. However, further research is needed to explore additional criteria implementations and
their applicability across diverse project types and procurement models.

In conclusion, this study highlights the potential of empirically informed ABMs to provide meaningful
insights into the interplay between sustainability criteria and contractor behavior. The findings
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emphasize the importance of strategic, context-aware policy design to achieve a balanced and
competitive procurement environment that encourages sustainable practices in the construction
industry.

8.2 FURTHER RESEARCH

This study contributes to the growing body of knowledge on integrating sustainability into construction
procurement through agent-based modeling. However, it also highlights several areas for further
exploration, which can be divided into two categories: complementary research, addressing gaps and
challenges encountered during this research process, and further research, extending the scope of this
study to develop more targeted and impactful strategies.

Complementary research focuses on refining models and addressing gaps identified throughout this
study to enhance their practical applicability.

e Empirical Data for Sustainability Metrics in Construction Procurement: A significant obstacle is
the scarcity of comprehensive data, particularly concerning sustainability metrics, response
curves, and cost premiums. The lack of standardized data hampers the development of
accurate models and informed decision-making. Future research should prioritize the
collection and standardization of sustainability-related data to enhance model precision and
applicability.

e Auction Theory in Construction Procurement: Understanding contractor behavior in auction
settings is crucial for designing effective procurement strategies. Existing theories, such as the
Independent Private Values (IPV) and Common Value (CV) models, offer frameworks for
analysis. However, empirical studies, like those by Drew (2010), question their applicability in
real-world construction auctions. Further empirical research is needed to ascertain which
theoretical models accurately reflect contractor behavior, both at individual project levels and
across portfolios.

Further research builds on this study's findings to advance sustainable construction procurement in
more specific contexts.

e Multi-Project Strategy Modeling: Investigating how contractors allocate sustainability
investments across multiple projects can provide insights into long-term planning and
resource optimization. Modeling these strategies would reflect real-world scenarios where
contractors manage portfolios rather than isolated projects.

e Project-Type Specific Implementations: Tailoring models to specific types of construction
projects, such as roadworks or residential buildings, can enhance relevance and accuracy.
Different project types have unique sustainability challenges and opportunities; thus,
specialized models can better inform procurement strategies.

e Economic Implications of Sustainability Investments: Analyzing the financial impacts of
incorporating sustainability into procurement, including potential cost savings and return on
investment, can provide a compelling case for stakeholders. Understanding the economic
benefits is crucial for widespread adoption of sustainable practices.

Addressing these research areas will contribute to a more comprehensive understanding of
sustainable procurement in construction.

8.3 SUMMARY

This research examined how the integration of sustainability criteria influences contractor behavior
and pricing outcomes in construction procurement, utilizing an ABM as its foundation. The study aimed
to address gaps in the literature on bidding and procurement by extending traditional auction theory
and incorporating sustainability-driven mechanisms. The research not only contributes to the
theoretical understanding of contractor bidding behavior under sustainability criteria but also provides
practical insights for designing more effective procurement policies.
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The research involved developing a novel ABM to simulate contractor behavior under various
sustainability criteria implementations, such as minimum investment, discount, and scaling discount.
Empirical insights from studies like Campo (2012) were integrated into the model to enhance its
realism, focusing on key variables such as financial health, risk aversion, and sustainability investment
behavior. The study relied on a comprehensive literature review to identify existing gaps and validate
its approach, emphasizing the need for data on sustainability cost premiums and response curves in
construction.

Through a series of simulation experiments, this research explored contractor decision-making and the
implications of sustainability-driven procurement strategies. The findings highlight how different
criteria implementations impact market competition, contractor engagement, and sustainability
outcomes. Notably, the optimized mixed-policy scenario demonstrated the potential to balance
sustainability goals with market inclusivity, fostering both contractor learning and environmental
investments over time.

This study also revealed key challenges and limitations, such as the scarcity of standardized
sustainability data and the difficulty of modeling portfolio-wide contractor strategies. However, the
general-purpose nature of the model allows it to be adapted for various project types, offering a
foundation for future studies to refine and expand upon.

In conclusion, this research highlights the importance of strategic, adaptive policy design in public
procurement, showcasing how sustainability criteria can be leveraged to align contractor behavior with
broader environmental goals. By bridging theoretical insights with practical considerations, the study
lays the groundwork for future exploration into sustainable construction procurement, offering tools
and frameworks to guide both academic inquiry and policy development.




APPENDIX

Introduction to the Model
Our model simulates how contractors make decisions in the bidding process for construction
projects. Key features include:

e Decision to Bid: Contractors decide whether to bid on a project based on factors such as
their current workload, project size, complexity, and expected competition.

e Bid Calculation: Contractors estimate their costs and add a markup to determine their bid
amount. They may also decide how much to invest in sustainability measures, especially if
the project requires certain sustainability standards. From this they can estimate the profit
margin.

e Win Probability Estimation: The model calculates the likelihood of winning a bid using
statistical methods, considering the number of competitors and their expected bidding
strategies. Trying to balance profit maximization and win probability.

e Sustainability Considerations: Contractors evaluate the benefits and costs of investing in
sustainability features, affecting both their bid amounts and perceived chances of winning.

We aim to replicate real-world decision-making processes to understand and predict contractor
behavior in procurement auctions. Your feedback will help us validate and improve the model.
Section 1: Model Bidding Behavior

1. Alignment with Real Practices

o Question: Does the model's depiction of how contractors decide whether to bid on a
project reflect your experience?
o Grade (1-5): Please rate the alignment (1 - Not at all, 5 - Completely aligned).
o Comments: Are there any important factors or steps that the model misses?
2. Factors Influencing Bid Decisions
o Question: The model considers workload, project characteristics, and competition
when deciding to bid. Are these the main factors you consider?
o Grade (1-5): Rate the importance of these factors in your decision-making (1 - Not
important, 5 - Very important).
o Comments: What other factors influence your decision to bid?
Section 2: Sustainability Logic/Considerations
1. Impact of Sustainability Requirements
o Question: Does the model accurately represent how sustainability requirements
affect your bidding process and decision-making?
o Grade (1-5): Rate the accuracy (1 - Not accurate, 5 - Very accurate).
o Comments: How do sustainability requirements influence your bids in practice?

2. Deciding on Sustainability Investments

o Question: In the model, contractors decide how much to invest in sustainability
measures based on project demands and potential benefits. Is this consistent with
your approach?

Grade (1-5): Rate the consistency (1 - Not consistent, 5 - Very consistent).
Comments: How do you determine the level of investment in sustainability for a
project?

Section 3: Estimating Win Probability

1. Methods of Estimating Chances

o Question: The model uses statistical methods to estimate the chance of winning
based on the number of competitors. Does this reflect how you estimate your
chances?

o Grade (1-5): Rate the reflection of your practice (1 - Not at all, 5 - Very much so).

o Comments: How do you estimate your chances of winning a bid?

2. Influence of Competitors

o Question: Does the number of competitors significantly influence your bidding
strategy, as represented in the model?

o Grade (1-5): Rate the influence (1 - No influence, 5 - Strong influence).
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o Comments: How does the presence of competitors affect your bidding decisions?
Section 4: Simulation Method and Digital Tools
1. Appropriateness of Simulation Approach
o Question: The model simulates contractor behavior using statistical and
computational methods. Do you think this is an appropriate way to analyze bidding
behavior?
o Grade (1-5): Rate the appropriateness (1 - Not appropriate, 5 - Very appropriate).
o Comments: Do you think simulation models can capture the complexities of real-
world bidding?
2. Use of Digital Tools in Bidding
o Question: Do you use digital tools or software to assist in your bidding process?
o Grade (Yes/No): Please specify.
o Comments: How do these tools influence your bidding strategy?
Section 5: Simulation Results and Real-World Representation
1. Realism of Model Outcomes
o Question: The model suggests that contractors adjust their bids based on
competition and sustainability requirements. Does this reflect real-world behavior?
o Grade (1-5): Rate the realism (1 - Not realistic, 5 - Very realistic).
o Comments: Are there any discrepancies between the model's results and actual
industry practices?
2. Applicability of Model Insights
o Question: Do you find the insights from the model applicable to your bidding
strategies?
o Grade (1-5): Rate the applicability (1 - Not applicable, 5 - Highly applicable).
Comments: How could the model's insights be useful or improved?

APPENDIX 1: Interview Outline
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3rd Experiment - 10 bidder with poor estimation accuracy competing over high risk projects
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4th Experiment - 10 bidder with poor estimation accuracy competing over lowrisk projects
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