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Preface

Before you lies a report about the development of a sustainability assessment tool for assessing Dutch
highway designs, which is the graduation project of my MSc Construction, Management and Engineering
(CME) of the Faculty of Civil Engineering and Geosciences at Delft University of Technology.

In the past decades, sustainability has become increasingly important for the construction industry, in
particular highway infrastructure, as it can generate both positive and negative impacts on the social
and physical environment. As a result of the impact on the environment and the growing awareness of
environmental protection, the effects on society and economic development, there is a pressing need
and sense of urgency for the sector to become more sustainable. The need for delivering sustainable
highway infrastructure has motivated me to explore the concept of sustainability and ways in which
highway infrastructure can make a positive change to the preservation of the environment, well-being
of humans, economic prosperity for future generations and the transition of the sector towards
sustainable development.

Over the past eleven months, | had the fantastic opportunity to research the integration and assessment
of sustainability in the context of Dutch highway infrastructure. After joining Antea Group | embarked
on a journey to explore the concept of sustainability within the highway infrastructure. A large part of
this research was conducted during the COVID-19 pandemic, in which socializing was severely limited
and the graduation process felt lonely at times. Therefore, | want to acknowledge the moral support of
my committee members and my family who kept me motivated during the challenging times of the
pandemic. In addition, | want to thank all the committee members for their wonderful collaboration.

Paul, the knowledge, information and examples you shared with me on academic papers and research
helped me structure and organize my research. You helped me understand why and how research is
conducted by asking me in-depth questions about my own research, which greatly aided me in
formulating my research problem and objective. | am thankful for that. Maedeh, you have been a great
help to me throughout the graduation process. | could always reach out to you if | needed to talk, discuss
or reflect on my thoughts, ideas or progress, which helped me stay on track. Thank you for your
suggestions, guidance and assistance throughout this process, it helped me in achieving my research
objective. Daan, your feedback and comments made me reflect on my work from an academic point of
view. In addition, you gave me great tips and advice during the meetings on which methods to use in
my research. All of this was extremely helpful, thank you.

Angelique, you introduced me to the research topic, assisted me in contacting experts, helped me build
a network within Antea Group and gave valuable tips and ideas for conducting the research. | am deeply
grateful for your personal help during the graduation process. This gave me the confidence | needed to
succeed. Tom, throughout the process and especially when Angelique was on sabbatical, you assisted
me in the best ways possible. Thank you for your guidance, feedback and tips.

Finally, | want to acknowledge my friends and family for their support, Antea Group for providing me
the opportunity to conduct this research and the experts within Antea Group for their time, energy,
valuable input, opinions and feedback during the interviews and questionnaire survey.

This thesis gave me the opportunity to challenge myself, gain life-long knowledge and experiences, build
a network within Antea Group, create awareness for sustainability, enrich the literature on sustainability
and make it explicit for practice. | am herby proud to present my final results of the graduation thesis.

Dieko van Belzen
Delft, May 2022



[This page is intentionally left blank]



Executive Summary

There has been growing interest in the concept of sustainable development and its influence on highway
design. Highways are one of the most important infrastructures for bringing change to society, due to
their large investments and impact on the environment and existing communities. Highways can have
positive effects of increased accessibility, liveability, or enhancing regional growth and economic
competitiveness. Along with these benefits, highways can also have negative impacts, such as
unfavourable landscape changes, increased noise levels, air pollution, or damage to ecological functions.
Given that highway development can generate both positive and negative effects in surrounding areas
means that designers and decision-makers must consider a variety of complex issues when investing in
highway development. As a result of the high negative impact on the environment and the growing
awareness of environmental protection, the effects on society and economic development, there is a
pressing need and sense of urgency for the sector to become more sustainable. For a highway to be
truly sustainable it needs to take the social, environmental and economic dimensions of sustainability
(People, Planet, Prosperity) into account. Over the past decades, some sustainability assessment
approaches have been developed in an attempt to integrate sustainability in the assessment of
infrastructure projects. Despite these attempts, these sustainability assessment approaches do not
address all the dimensions of sustainability thoroughly and are biased to either an environmental or an
economic assessment, the social dimension is taken less into consideration. However, how designers
and decision-makers can integrate these dimensions into the assessments of highway design options is
less known. This lack of integration of the three dimensions of sustainability makes it impossible to
evaluate and assess the sustainability consequences of highway design choices and options and thus
represents a significant limitation. For this research, the following problem statement is proposed for
investigation:

There is a need to support designers and decision-makers in making well-informed highway design
choices and giving advice on design options to achieve progress toward sustainable development.

This research is carried out for the engineering consultancy firm Antea Group. To address the observed
problem, the main objective of this research is to not only provide designers and decision-makers with
a sustainability assessment tool that integrates the social, environmental and economic dimensions of
sustainability (People, Planet, Prosperity), but also with an understanding of how this can be used during
the planning- and design phase to decrease highways negative impact, to add value and make their
highway designs more sustainable and to move towards sustainable development.

Based on the problem statement and objective of this research, the main research question is
formulated as:

“How can the three dimensions of sustainability be integrated into one comprehensive sustainability
assessment tool for making integral design choices and assessing design options during the planning-
and design phase in the Dutch highway context?”

To answer the main research question, four sub research questions are formulated. The answers to
these questions provide the information needed to answer the main research question and to achieve
the objective of this research.

The first sub research question elaborates on a literature review on sustainability and sustainability
assessment approaches. The TBL (3Ps) theory coined by John Elkington, a well-known concept in
sustainable development was selected as a sound theory regarding the three interdependent
dimensions of sustainability. Subsequently, the literature review and analysis of the existing
sustainability assessment (SA) approaches took place. The findings showed that despite the numerous
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SA approaches available, none of them address sustainability as a whole. While there are positive
characteristics associated with each approach, some practical issues remain unsolved. The literature
review showed that there is no simple solution for the assessment of projects, specifically when tackling
the sustainability of highway projects. In other words, all SA approaches have their strengths and
weaknesses, but none of the tools and methods analysed are suitable for a comprehensive assessment
of the sustainability of highway design options that are currently available. However, the multi-criteria
analysis (MCA) approach seemed to be the most suitable for developing a new SA tool that integrates
criteria from the three dimensions of sustainability. Since, the MCA approach is (1) a flexible method to
assess sustainability; (2) allows decision-makers to account for a wide range of criteria; (3) can assign
weighting coefficients to the criteria, evaluate design options and finally provide a ranking of the design
options; (4) can comprehensively consider sustainability on the three dimensions of sustainability (TBL);
(5) can incorporate results from a wide array of techniques, tools and methods; and (6) is
straightforward for designers and decision-makers to use. In line with the results of the analysis of
existing SA approaches, it was concluded that combining results from existing SA approaches and SA
criteria in one comprehensive MCA SA framework could be beneficial for effectively integrating and
balancing all dimensions of sustainability (TBL) in the assessment of design choices and options.

The second sub research question elaborates on a literature review on SA criteria in the context of the
construction and infrastructure sector. The review of existing assessment frameworks and rating
systems shows that a large number of studies propose frameworks with SA criteria but fail to integrate
them into a unified and more comprehensive framework. In addition, only a few studies have looked at
highways, but not at identifying relevant SA criteria specific for the planning- and design phase (ex-ante
evaluation) and specific for the Dutch highway context, which is exactly the gap this research aims to
fill. A total of 64 SA criteria (22 environmental, 30 social and 12 economic respectively) from the
construction and infrastructure sector were identified through surveying recent literature, which
formed the preliminary list of criteria.

The third sub research question elaborates on conducting a filtering process on the SA criteria and
subsequently a questionnaire survey to establish which are relevant to the Dutch highway context. The
following steps were applied during the filtering process: (1) criteria with similar context (overlapping)
were merged, while sector-specific criteria were excluded and (2) criteria presented in rating systems
were included in de proposed SA framework. The filtering process resulted in a reduction to 34 SA
criteria. After this process, a questionnaire survey was sent to experts within Antea Group to check the
relevance of the SA criteria during the planning- and design phase of the Dutch highway context. The
proposed SA framework with 34 SA criteria was validated by 12 experts from Antea Group and while
two criteria were excluded from the list, an additional four criteria (namely: energy consumption
(construction & demolition), energy consumption (fuel), environmental cost indicator, material
production) were added based on expert opinions and experience. The survey resulted in the
development of the conceptual SA framework. This SA framework consists of 36 SA criteria, which are
categorised in their corresponding social, environmental and economic (3Ps) dimensions of
sustainability and related 9 themes (depicted below).
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The fourth sub research question elaborates on providing the assessment procedure for the conceptual
SA framework, to form the proposed SA tool. The SA tool is basically a design option analysis in which
the design choices and options are assessed on their contribution to sustainability. For this analysis, a
trade-off matrix (TOM) is utilized. The TOM consists of the themes and SA criteria presented in the
conceptual SA framework. In this SA tool, the best-worst method (BWM) (MCA approach) is used to
determine the weighting factors of the themes. For each project, the weighting must be determined in
consultation between the project team (consisting of experts from Antea Group), RWS and stakeholders
(e.g. local residents, landowners). The weights are not fixed in the SA tool. Each design option can be
assessed on the SA criteria so that a score is provided. In the SA tool, design options are compared to
each other to be able to give well-informed advice to RWS and make a carefully considered choice.

After developing the proposed SA tool, the SA tool is tested by applying it to a reference case (a highway
project in the Netherlands). Based on the results from the reference case, the functioning, applicability,
efficiency and possible implications of the proposed SA tool were evaluated by an expert involved in the
project. From the evaluation of the SA tool with the expert, some recommendations followed that need
further research.

Based on the knowledge and results acquired through answering the sub research questions, the main
research question can now be answered. In the developed SA tool, the social, environmental and
economic dimensions of sustainability (People, Planet, Prosperity) are integrated into one
comprehensive framework specific for the Dutch highway context. The SA tool can assess, compare,
evaluate and rank design options based on the relevant SA criteria. The SA criteria assess to what extent
a design choice and option contributes to the creation of sustainable added value and the realization of
sustainability objectives of Rijkswaterstaat (RWS) aimed at realizing a sustainable living environment
and rank them accordingly. In this SA tool, design options can be explicitly weighed upon all dimensions
of sustainability, related themes and corresponding SA criteria which can support the decision-making.

The conceptual SA framework can be used as an overview and frame of reference when making integral
design choices. To help substantiate design choices and tackle sustainability from the very first phases
to the implementation of a project. The SA framework offers a practical way to secure that sustainability
is an integral part of the design choices, considerations and effect determination during the regular
design process. This helps designers make a choice that leads to more sustainability. As a result, Antea
Group can realize that RWS (can) make integral decisions regarding sustainability so that sustainable
solutions can be included in the design options.

vii



The added value of the conceptual SA framework is that it provides a systematic overview of all possible
aspects of sustainability that can be taken into account during the planning- and design phase (MIRT-
Exploration and MIRT-Plan Elaboration phase) of a highway project. In addition, it can help designers
and decision-makers understand how the environmental, economic and social dimensions of
sustainability (People, Planet, Prosperity) can be used to decrease the negative impacts of highway
projects and embrace the principles of sustainability with respect to environmental protection,
economic profitability and human well-being, to make their highway designs more sustainable and to
contribute towards sustainable development (SD). With this, the objective of the research is achieved.

The main scientific contribution of this research is that the comprehensive SA framework based on the
concept of sustainability (TBL) helps tackle the research gap in the literature with regard to sustainability
integration into highway projects and the effectiveness of existing SA approaches. Ultimately, the
conceptual SA framework and proposed SA tool integrate the principles of sustainability and enables
new practical and theoretical solutions to help enhance the integration of sustainability within the
highway infrastructure sector.

Keywords

Triple bottom line, highway design options, sustainability assessment criteria, sustainability assessment
tool, sustainability assessment framework, best-worst method
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CHAPTER 1
INTRODUCTION




1 Introduction

This chapter gives an overview of the research conducted and is broken down into eight sections. The
first section introduces the key topics and background of the research (see 1.1): (1.1.1) introducing
sustainability, (1.1.3) sustainability in highway infrastructure and (1.1.4) sustainability assessment in
infrastructure. The second section describes the scope of the research. Besides, the role and company
profile of Antea Group is highlighted (see 1.2). The third section presents the problem statement, which
is based on the gap and key topics of the research (see 1.3). The fourth section elaborates on the
research objectives (see 1.4). Next, the research questions are presented which are formulated based
on the gap, problem and objectives (see 1.5). The sixth section describes the research strategy and used
methods (see 1.6). The seventh section presents the research structure (see 1.7). The eight section
shows the outline of this report (see 1.8).

1.1 Key Topics of the Research

In this section, three key topics in the context of this research are introduced: (1.1.1) sustainability,
(1.1.3) transition towards sustainable highway infrastructure and (1.1.4) sustainability assessment in
infrastructure, in which the knowledge gap of this research is explained.

1.1.1 Introducing Sustainability

The primary concept of sustainability, called ‘sustainable development’ (SD) emerged in 1972 during
the first United Nations (UN) Conference on the Human Environment held in Stockholm, which was
specifically aimed at the issues of the environment (United Nations, 2022). Since the emergence and
worldwide recognition of the concept of sustainability, many researchers, institutions and academics
have been trying to capture the definition of the holistic approach SD. Presented below is the definition
of ‘sustainable development’ (SD) used as a reference in the current research. The I1SO 26000:2010
standard and Brundtland Commission's definition of SD are stated in the UN report Our common future:

“Sustainable development is development that meets the needs of the present without compromising
the ability of future generations to meet their own needs” (UN World Commission on Environment,
1987).

SD is later incorporated into the three sub-principles of People, Planet and Profit (i.e. Triple-P, PPP, 3Ps)
to imply that SD is concerned with social conditions, economic vitality and protecting the environment
(Taselaar, 2009). Meanwhile, the concept of SD in its broadest sense has taken many forms and is used
in a variety of sectors, such as infrastructure and buildings. SD has broad support, but the concrete
implementation is often still a point of much discussion.

Several authors define sustainability as finding the right balance between current and future needs for
enviromental, social and economic dimensions, with a long-term concern, also referred to as the triple
bottom line (TBL) concept of sustainability (Elkington, 1997; Gudmundsson et al., 2016; X. Liu et al,,
2019; Mouter et al., 2021; Sala et al., 2015). The three dimensions/pillars: environmental, social and
economic define sustainability.

A historical review by Goh et al. (2020) shows that in the 1980s, the concept of SD started to come into
prominence and as a result increased in popularity and practical use. In 1994, Charles Kibert proposed
the term ‘sustainable construction’ (SC) defining this as “the creation and responsible management of a
healthy built environment based on resource efficient and ecological principles” (Kibert, 1994), to
support broader SD. Later in 2020, Goh et al. (2020) argued that SC must ensure a balanced and optimal
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delivery of environmental, social and economic sustainability, without one pillar dominating the others.
In the aforementioned studies, the concept of SCis considered a multidimensional issue.

1.1.2 Transition Towards Sustainability

Various sustainability transition movements can be found all over the world (Liu et al., 2019). Several of
these movements are driven by global agreements and agendas, such as the Sustainable Development
Goals (SDGs) presented in The 2030 Agenda for Sustainable Development and the Paris Accord (Jackson
et al., 2018). These movements arose to encourage and assist countries, national governments, public
agencies, organizations, businesses and individuals in realizing their sustainable ambitions, long-term
goals and strategic objectives by taking a holistic approach. For instance, The 2030 Agenda for
Sustainable Development which “represents a shared commitment by UN member states to address
development challenges in the national context, provides another means of conceptualising
sustainability objectives related to infrastructure” (Adshead et al., 2019).

Inturn, organizations embed their ambitions, goals and objectives towards sustainability in their mission
statement and working principles. The Dutch national government in that respect strives for long-term
prosperity and environmental protection for future generations while working in a sustainable way
(Green Deals, 2021). At the same time, Rijkswaterstaat (RWS), a major public client in the construction
industry in the Netherlands, strives to work on a clean, green, pleasant and sustainable living
environment, also for future generations. To realize a sustainable living environment, RWS has several
sustainability objectives for the following eight components (Rijkswaterstaat, 2020):

e (limate and energy: By 2030, RWS wants to be energy-neutral. That requires generating as much
energy as is consumed. In addition, they also aim to be completely climate-neutral by 2030, this
implies no net CO2 emissions and other greenhouse gases (GHG), not even by their contractors and
chain partners. This objective applies to the entire Ministry of Infrastructure and Water
Management (lenW). Finally, in 2050, the Netherlands will be as water-robust and climate-proof as
possible (Rijkswaterstaat, 2020);

e Circular economy: RWS wants to use 50% less raw materials by 2030 and work circularly. Circular
working implies reusing high-quality raw materials and producing as little waste as possible.
Minimizing the impact of materials is at the core of circular working. As a result, materials and
components produced sustainably contribute to a circular economy (CE) (Rijkswaterstaat, 2021g).
As the concept 'sustainability', 'circular economy' has quite different interpretations, to which a
great diversity of content is attributed. CE has been recognized in the literature as pursuing similar,
if not the same, goals as sustainability (Liu et al., 2019). In this research, CE means an economy
without waste, in which healthy materials and raw materials are reused in a high-quality manner,
without harmful CO2 emissions and in which natural resources are not exhausted (Rijkswaterstaat,
2019a). CE is still developing and evolving. In 2016, at the national government level, the cabinet
outlined, how the Dutch economy can be transformed into a sustainable, fully CE by 2050
(Rijkswaterstaat, 2021g);

e Sustainable area development: Sustainable area development means that before the (re)design of
an area, RWS first talks with partners such as municipalities, companies and residents, to optimally
coordinate developments. In addition, RWS combines user functions and provides space for
sustainable initiatives and solutions. When RWS works on a project, they already work closely with
the environment. However, they are still working on how to approach the project from an area
development perspective as well. Another achievement in 2017 is that sustainability has been made
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concrete for all construction projects. RWS has drawn up the Handreiking Verduurzaming MIRT-
projecten for this purpose. The guideline contains concrete tips on how sustainability can be given
a place in each phase of a project (Rijkswaterstaat, 2021c);

Sustainable mobility: Sustainable mobility is about solving mobility issues in an environmentally
friendly and future-proof way. For example, how traffic jams and congestions are reduced and cities
can be kept accessible. The aim is to reduce CO2 emissions while improving accessibility at the same
time. This is linked to a better, healthier living environment. More electric transportation, for
example, means cleaner air (Rijkswaterstaat, 2021f);

Sustainable water management: When working on water systems, RWS pays attention to the
chemical and ecological quality of water. Good water quality is not only important for our drinking
water, but also for the quality of life in our waters. The water quality of this water has a major impact
on plants, animals, nature and biodiversity. RWS achieves this goal together with all parties involved
in water- and nature management (Rijkswaterstaat, 2021b);

Sustainable procurement civil engineering: RWS can contribute to a large extent to environmental
improvements in the civil engineering sector. In addition to the price of products, services, or works,
sustainable procurement requires that you also pay attention to the effects of procurement on the
environment and social aspects. Sustainable procurement is also known as responsible and
sustainable procurement (RSP). By making sustainability a standard part of the procurement process
for civil engineering works and by collaborating with market parties, important contributions can be
made to CO2 reduction. The signing of the Green Deal Duurzaam GWW has been an important
achievement in this regard. Since 2020, sustainability has been given a place in all contracts with
market parties (Rijkswaterstaat, 2021a);

Natural capital and biodiversity: Together with area partners, RWS strives to preserve natural capital
and biodiversity, strengthen and where possible use natural capital sustainably. RWS tries to
combine functions and include natural capital early in the design of projects. RWS is increasingly
seeking out other parties to make the value of natural capital visible and measurable together.
Besides, RWS aims to use its land to protect biodiversity (Rijkswaterstaat, 2021e). Natural capital is
the stock of natural resources (soil, water, air) that can provide people with useful goods and
services. For instance, raw materials such as wood and bioplastics that can be used as construction
materials. This also includes services such as food, water storage, cooling, CO2-sequestration and
the generation of sustainable energy. Biodiversity, in the form of flora and fauna, makes an
important contribution to natural capital. Awareness is growing that natural capital and biodiversity
are vital. It is important to include natural capital as early possible in projects and decision-making
(Rijkswaterstaat, 2021e);

Healthy living environment: Organize the living environment in such a way that it contributes to
people's health by, for example, encourages exercising. This is another important goal that RWS is
working towards. In addition to the classic health aspects, such as clean air and noise reduction,
RWS is now also looking for ways to contribute preventively to the health of residents and users of
an area (Rijkswaterstaat, 2021d).

To summarize, sustainability is interwoven and anchored in the goals, objectives, or ambitions of
projects in various ways. Often an approach from RWS is requested that focuses on sustainable
objectives like: energy-neutral, climate-proof, circular and sustainable area development. For this
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research, given the above explanations, 'sustainable infrastructure' is about creating the best
infrastructure for the client and environment on an economic, ecological and socio-cultural level within
technical and process possibilities. This can be achieved with an active contribution towards
sustainability goals, by utilizing opportunities in projects and area development.

1.1.3 Transition Towards Sustainable Highway Infrastructure

There is a need for delivering sustainable infrastructure as sustainability becomes more important for
the construction industry (van Eldik et al., 2020). In the construction industry, highways are one of the
most important infrastructures for bringing change to society, due to their large investments and impact
on the environment and existing communities (Abdel-Raheem & Ramsbottom, 2016). In addition,
highway projects are complex, because of specific elements such as investments and materials and
highways involve and affect many stakeholders (Rogers & Enright, 2016).

The main purpose of a highway is to fulfill the transportation needs of society. To clarify, highways are
infrastructures that allow people to travel long distances and transport goods from one location to
another (Zakaria et al., 2013). They can have positive effects of increased accessibility or liveability
(Hamersma et al., 2017) or enhancing regional growth and economic competitiveness (Suprayoga et al.,
2020). Along with these benefits, highway development may have negative impacts, such as unfavorable
landscape changes, increased noise and air pollution, barrier effects from blocked views, or damage to
ecological functions such as flora and fauna (Hamersma et al., 2017). Given that highway development
can generate both positive and negative effects in surrounding areas, means that designers and
decision-makers must consider a variety of complex issues when investing in highway development
(Hamersma et al., 2017). As a result of the high negative impact on the environment and the growing
awareness of environmental protection, the effects on society and economic development, there is a
pressing need and sense of urgency for the sector to become more sustainable in their projects (van
Eldik et al., 2020).

Highway projects often involve considerable land use, need long-term investments, cause negative
impacts on the environment and use a huge amount of resources, materials and energy (Amiril et al.,
2014). This causes habitat fragmentation, change to society and intergenerational consequences
(Suprayoga et al., 2020). Especially in these large spatial projects, a relatively large amount of
sustainable benefit can be achieved.

Given the above argument, the involvement of highway development towards SD efforts is critical
(Amiril et al., 2014). Better integration of the SD dimensions is needed, if highway projects want to make
a positive change to the preservation of the environment, well-being of humans, economic prosperity
for future generations and the transition of the sector towards SD.

1.1.4 Sustainability Assessment in Infrastructure (Knowledge Gap)

Since the Brundtland Commission coined the sustainable development (SD) concept in 1987, there has
been a growing interest from national governments, organizations and researchers in developing a tool
called ‘sustainability assessment’ (SA) (Suprayoga et al., 2020), to help decision-making in infrastructure
projects towards sustainability. According to Verheem (2002), the primary goal of SA is to ensure that
plans and activities positively contribute to SD. The SA methodology ensures that decisions are made
comprehensively, taking into account all dimensions/pillars of SD (environmental, social and economic),
as well as indirect effects (Hacking & Guthrie, 2008; Sala et al., 2015). SA is applied in transportation
projects to evaluate whether a project “contributes to favor economic development and fulfill the
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transportation needs of the society in a manner consistent with ecological and human values” (P. C.
Bueno et al., 2015). According to Gibson et al. (2005), decision-makers not only need “criteria based on
the core requirements of sustainability and the particularities of the context”, but also appropriately
designed processes, guidance on the weighing of design options and suitable tools.

Bueno et al. (2015) found that over the past decades some approaches have been developed in an
attempt to integrate sustainability in the assessment of infrastructure projects, such as sustainability
rating systems, appraisal methods and tools for decision-making, impact assessment techniques,
different evaluation frameworks and models. Overall, these SA approaches are extremely useful for
providing structured information about the impacts of different infrastructure designs and choices.
However, the effectiveness of these tools and methods and the integration of the dimensions of
sustainability can still be improved. Bueno et al. (2015) concluded that these SA approaches do not
address all the dimensions of sustainability (economic, social and environmental) thoroughly and focus
on either an environmental or an economic assessment and are biased toward either one. SA
approaches usually focus more on the environmental and economic dimension rather than the social
one, which implies that the dimensions are not evenly considered during the assessment. In the same
vein, Abdel-Raheem & Ramsbottom (2016) noticed that in construction projects, the environmental
dimension has been given more priority and is usually considered before the economic and social
dimensions, recognizing the significance of the environmental dimension (Torres-Machi et al., 2014).
Additionally, Sierra et al. (2018) found that the evaluation of the social dimension in infrastructure
projects is taken less into consideration and that the assessment of these social aspects is still an
emerging topic. This lack of integration of dimensions makes it impossible to evaluate and assess the
sustainability implications of design choices and options. Thus this represents a significant limitation
(Berardi, 2012).

However, for a highway project to be truly sustainable, all three dimensions of sustainability are
required (Ahmadietal, 2017; Bueno et al., 2015; Mahmoudi et al., 2019). Until now, several researchers
have proposed SA frameworks and developed SA tools that include all three dimensions, although with
a greater focus on environmental sustainability. In addition, there is literature available regarding
sustainability in the construction industry and infrastructure sector, but a very limited number of studies
focused on the sustainability of highway projects (Abdel-Raheem & Ramsbottom, 2016), in particular in
the Dutch highway context (Molaei et al., 2021; Tamak, 2017).

Next to improving the effectiveness of the SA approaches and integrating the dimensions of
sustainability in highway projects, a widely accepted list of SA criteria against which design choices and
options can be assessed, evaluated and compared in the Netherlands is lacking, since none are
comprehensive and inclusive and are usually context-specific (Bueno et al.,, 2013). Integration of
separate frameworks with SA criteria into a comprehensive SA framework helping designers and
decision-makers incorporate sustainability into their highway designs is currently unavailable. The
existing SA criteria are still fragmented and have not been integrated into a comprehensive SA
framework.

From the above-mentioned studies, it can be concluded that in the assessment of highway design
choices and options the three dimensions of sustainability are not treated equally and have not been
integrated into one comprehensive SA framework. However, to reach true sustainability in a highway
project, all the three dimensions must benefit simultaneously (Liu et al., 2019). Although the existing SA
approaches provide useful support in the decision-making, they are widely seen as an area for
improvement.
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1.2 Research Scope

Sustainability, triple bottom line and sustainability assessment in the construction industry are extensive
topics in research. For this reason, the following choices for the boundaries are made to define the
scope in which this research will be conducted. The following boundaries and focus are set:

e Within the construction industry and transport infrastructure sector, the focus will be on highway
infrastructure projects. Since in the construction industry, highway projects can have significant
impacts on sustainability (see 1.1.3) and a relatively large amount of sustainable gain can be
achieved in these large spatial projects. In addition, Antea Group has a great deal of knowledge in
this area and has been supporting public and private parties for many decades in the development
and management of highway infrastructure (see chapter 4);

e The focus of this research will be on assessing and evaluating to what extent a design choice or
option (alternative or variant) contributes to the creation of sustainable added value and the
realization of sustainability objectives of RWS. To not develop a generic approach, the sustainability
assessment is adjusted to particular circumstances and context, in this case, the planning- and
design phase of highway development in the Netherlands;

e Inthe Netherland, roads are designed according to the Kader wegontwerproces 2.0, developed by
RWS. This framework indicates which products must be made at what time to properly implement
the road design process in a general sense and specifically in the MIRT-process. In the MIRT-process,
Antea Group has the task of designing the highway and giving advice to public clients, for instance,
RWS. Antea Group is involved in the MIRT-Exploration and MIRT-Plan Elaboration phase (i.e.
planning- and design phase of the road design process). Furthermore, since Antea Group advices
clients in the MIRT-Exploration and MIRT-Plan Elaboration phase, this research is conducted from
the engineering point of view, in this case specifically from the perspective of Antea Group (see
Figure 4.4, further explained in chapter 4).

1.2.1 Company Profile of Antea Group

This research is conducted with support from Antea Group, which will provide empirical information
and knowledge to be used and consulted in this research. Antea Group is an international engineering
and environmental consulting firm with over 60 years of experience in infrastructure, urban
development, water and the environment. As an engineering consultancy firm, they use their high-
quality knowledge by applying a pragmatic approach to create solutions that are feasible and
implementable, with an eye for sustainability. Antea Group’s consultants and engineers know what it
takes to design, engineer and realize civil engineering structures. Whether it concerns roads, tunnels,
bridges, viaducts, locks, or pumping stations: thanks to their versatile knowledge, they offer clients
solutions that are cost-effective, feasible and maintainable. For this reason, governments and
contractors have been calling on their expertise for more than 40 years (Antea Group, 2020). Antea
Group offers broad support in products, projects and services for clients like Rijkswaterstaat, provinces,
municipalities, contractors and privates parties. For this research it is important to know that Antea
Group assists and advises clients in making well-informed choices and considerations within projects,
based on information, experience and expert knowledge.

When looking at sustainability, Antea Group has sustainable ambitions, they work on sustainability using
design principles, one of its design principles is: “focusing on sustainable solutions at the front-end of
projects” (Antea Group, 2021a). To help make this ambition a reality, they are looking for ways to make
sustainability explicit and be able to include it from the start of projects, so that integral solutions can
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be created. In addition, they want to develop new sustainable applications, products, services,
innovations and processes to offer sustainable solutions to clients. With their knowledge and expertise,
they want to support their clients in finding a balance between People, Planet, Prosperity/Profit (PPP)
in their projects.

Antea Groups strives to provide well-informed advice about Dutch highway designs regarding their
sustainability. They want to be able to substantiate why a certain design choice or option is more
sustainable compared to others during the planning- and design phase. However, this is still limited
within Antea Group. They would like to give their firm advice about what is needed to achieve
sustainability goals. They see that governments easily set goals (for example, energy-neutral and circular
in 2050), with insufficient focus on measures to achieve these goals. If Antea Group has more internal
knowledge, they can give more specific advice, for instance “these measures are necessary to indeed
become sustainable”. To summarize, they want to expand their knowledge so that they can give better
advice about what is needed in the field of sustainability. For further information on Antea Group, please
refer to chapter 4.

1.3 Problem Statement

In literature numerous studies are aimed at assessing the dimensions of sustainability, however, only a
few address these two points: (1) identification of relevant SA criteria for highway development in the
Netherlands and (2) propose a comprehensive list of SA criteria (environmental, economic and social
dimension) that are integrated into one SA framework for assessing highway design choices and options
in the early phases of the project. Over the past decades, some sustainability assessment approaches
have been developed in an attempt to integrate sustainability in the assessment of infrastructure
projects. Despite these attempts, these sustainability assessment approaches do not address all the
dimensions of sustainability thoroughly and are biased to either an environmental or an economic
assessment and the social dimension is taken less into consideration. However, how designers and
decision-makers can integrate these dimensions into the assessments of highway design options is less
known. This lack of integration of the three dimensions of sustainability makes it impossible to evaluate
and assess the sustainability consequences of highway design choices and options. Therefore,
represents a significant limitation. For this research, the following problem statement is proposed for
investigation:

There is a need to support designers and decision-makers in making well-informed highway design
choices and giving advice on design options to achieve progress toward sustainable development.

1.4 Research Objective

To address the observed problem, the main objective of this research is to not only provide designers
and decision-makers with a sustainability assessment tool that integrates the social, environmental and
economic dimensions of sustainability (People, Planet, Prosperity), but also with an understanding of
how this can be used during the planning- and design phase to decrease highways negative impact, to
make their highway designs more sustainable and to move towards sustainable development.

The aim of the research is achieved by (1) stating the importance of sustainability in highway projects,
(2) reviewing existing SA frameworks and tools from literature and practice, (3) identify SA criteria
relevant to assess, evaluate and compare design choices and options in the planning- and design phase
within the Dutch highway context and (4) propose a SA tool that can be used by designers and decision-
makers to compare different design options.
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The purpose of the SA tool is to:

e Give sustainability an important place in making integral design choices and evaluating options;

e Provide an overview and frame of reference when making integral design choices, when ambitions
are focussed on sustainability; and

e Tackle the issue of assessing, comparing and ranking design options regarding their contribution to
sustainability;

1.5 Research Questions

In order to achieve the main research objective and fill the knowledge gap, the following main research
guestion is formulated:

“How can the three dimensions of sustainability be integrated into one comprehensive sustainability
assessment tool for making integral design choices and assessing design options during the planning-
and design phase in the Dutch highway context?”

To be able to answer this main research question, four sub research questions are derived. These
questions guide conducting the research. Related sub research questions leading to answering the main
research question:

SQ1: What are the existing sustainability assessment approaches used in the construction industry
and infrastructure sector that attempt to integrate the three dimensions of sustainability ?

SQ2:  What are the sustainability assessment criteria from the literature that cover all the three
dimensions of sustainability to form a preliminary list?

SQ3:  Which sustainability assessment criteria are relevant for the Dutch highway context to form the
comprehensive sustainability assessment framework?

SQ4:  How can the sustainability assessment tool be applied in practice?

1.6 Research Methodology

To answer the main research question and four sub research questions, it is key to use the right research
strategy and methodology for data collection, analysis and interpretation. This section explains the steps
followed and the methodologies used in this research. For further details and explanations on the
research methodology, please refer to chapter 3.

Step 1: Literature review — Selection of a sound theoretical concept to be used in the research

The first step will be conducting the literature review. In this review, background information about
sustainability emergence, sustainable development, triple bottom line, sustainable construction and
sustainability assessment will be presented, which forms the basis of the research. Main principles and
definitions of sustainability related to the research will be explained to form a sound theory to be used
throughout the research.

Step 2: Literature review — Review existing sustainability assessment approaches

The second step is to review and analyze existing SA approaches to find out if they can provide a suitable
framework for integrating sustainability dimensions into one comprehensive SA framework.
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Step 3: Literature review — Form the preliminary list of sustainability assessment criteria

The third step is to identify potential SA criteria by reviewing previous literature (existing SA tools,
methods and frameworks from several industries (e.g. construction industry and infrastructure sector),
transport rating systems and RWS documents to form the preliminary list of SA criteria.

Step 4: Filtering process — Development of the sustainability assessment framework
The fourth step is to conduct a filtering process on the SA criteria to form the proposed SA framework.
Step 5: Questionnaire survey — Development of the sustainability assessment framework

The fifth step is to conduct a questionnaire survey to establish which SA criteria are relevant to the
Dutch highway context to form the conceptual SA framework.

Step 6: Assessment procedure — Development of the sustainability assessment tool

The sixth step is to providing the assessment procedure for the conceptual SA framework, to form the
proposed SA tool.

Step 7: Testing the proposed sustainability assessment tool — Development of the sustainability
assessment tool

The seventh step of the research is applying the proposed SA tool to a reference case to test the
applicability.

Step 8: Evaluate the proposed assessment framework by expert interview — Development of the
sustainability assessment tool

In the eight step of the research the proposed SA tool will be evaluated by expert interview.
Step 9: Conclusion, discussion and recommendations

Last but not least, the findings, implications and results of the research will be presented. Answers to
the research questions will be followed by a discussion, conclusion and recommendations for future
research.

1.7 Research Structure

The research structure below, is a schematic and visualised representation of the steps that need to be
taken in order to achieve the research objective, with the method, strategy and approach mentioned.
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1.8 Report Outline

The report is structured as follows:

Chapter 1: Introduction: introduces the topic and background of the research, presents the problem
statement, the knowledge gap, relevance and research questions composed based on the research
objective.

Chapter 2: Literature Review: presents a review of the current knowledge in literature about
sustainability concepts, existing sustainability assessment (SA) methods, tools and frameworks and the
preliminary list of SA criteria used to assess design options on the three dimensions of sustainability
(TBL) found in literature.

Chapter 4: Company Review: explains the role of the engineering consultancy firm Antea Group and the
highway design process that they follow.

Chapter 5: Development of the Sustainability Assessment Framework: shows how the conceptual SA
framework is developed by performing a filtering process on the preliminary list of SA criteria and
subsequently conducting a questionnaire survey to validate the conceptual SA framework.

Chapter 6: Development of the Sustainability Assessment Tool: shows how the proposed SA tool is
developed by providing an assessment procedure for the conceptual SA framework, to form the
proposed SA tool.

Chapter 7: Reference Case: the proposed SA tool will be tested by applying it to a reference case to
evaluate the applicability, barriers and implications of the proposed SA tool when implementing it into
current practice and real-world project of Antea Group. In addition, it will be evaluated by an expert
who is involved in the case and in the field of infrastructure and sustainability.

Chapter 8: Conclusion, Discussion and Recommendations: answer will be given to the main question of
the research and a set of conclusions, key findings, final reflections and recommendations for future
research on this topic will be presented.

References: presents the references cited in the research.

Appendices: contains important additional or extensive information on the text and contents of the
research and includes information on the interviews with experts, framework, tool and reference case.

The following chapter will focus on the literature review conducted in the context of this research.
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2 Literature Review

This chapter is broken down into three sections. The first section (see 2.1), which is divided into five
subsections, introduces sustainability for the selection of a sound theoretical concept to be used in the
research. The second section (see 2.2) shows the review of existing SA approaches used to assess
sustainability in infrastructure and which can provide SA criteria for the assessment of highway projects.
The review presents in which phase the SA approaches can be applied and if they can provide SA criteria
or be integrated in the new SA tool. The third section (see 2.3) presents SA criteria found in the literature
of the construction industry and infrastructure sector that form the preliminary list of SA criteria.

2.1 Main Definitions and Principles of Sustainability

Before reviewing the existing SA approaches and identifies SA criteria for the assessment of design
choices and options, it is helpful for the reader to understand what is meant with the term sustainability
and what the concept entails. This section gives a clear definition of the concept of sustainability to be
used in the research.

2.1.1 Sustainable Development

This research uses the definition of ‘sustainable development’ (SD) as the primary concept of
sustainability presented in subsection 1.1.1. In a nutshell, SD is about attempts to create short-term
improvements while avoiding long-term negative consequences (Mansell et al., 2019). This subsection
provides a brief overview of the concept's introduction. According to a historical review by Goh et al.
(2020), the concept of sustainable development (SD) grew in popularity and use in the 1980s, after it
was published in the Brundtland report in 1972. Later, in 1992 and 2002 the UN held two other
important conferences. Namely, the first UN Conference on Environment and Development (UNCED)
held in Rio de Janeiro at the 1992 Earth Summit (Fernandez-Sanchez & Rodriguez-Ldpez, 2010), which
resulted in The Rio Declaration and Agenda 21 and the World Summit on Sustainable Development
(WSSD) convened in Johannesburg in 2002, which resulted in the additional Millennium goals. In this
period the concept began to go beyond the environmental aspect and started to include economic and
social aspects (C. Bueno et al., 2013). In between these conferences the term ‘sustainable construction’
(SC) was introduced by Charles Kibert in 1994, further explained in (2.1.3). All of these conferences and
events have let towards the formulation of the concept SD. The basic requirements for SD can be seen
as environmental preservation, social development and economic development. To adhere to this, a
sustainable project needs to be socially involved, socially responsible, economically attractive,
environmentally friendly and future-proof.

Nowadays, the concept of sustainability has contributed to strengthening the need of bringing balance
between the human needs and preservation of natural resources. Present day there are many
definitions of sustainability found in literature, two of them are globally accepted. One of them is about
finding the right balance between environmental, social and economic aspects, also referred to as the
triple bottom line (TBL) concept of sustainability by John Elkington, which encourages to treat
environmental and social issues in the same way as economic aspects in project and business practices
(Kivila et al., 2017). The other one is about the intergenerational balance between current and future
needs, which takes special attention for reducing the use of natural resources (Mouter et al., 2021). The
TBL concept was introduced by Elkington to indicate that an organisation's results should be measured
along the interrelated dimensions of sustainability (environmental, economic and social) (Elkington,
1997), further explained in subsection 2.1.2. Several academics argue that SD can only be achieved when
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the three dimensions of sustainability are brought into balance with each other (Liu et al., 2019; Sabini
et al., 2019; Silvius & Schipper, 2014) or when there is a trade-off between these three dimensions
(Mansell et al., 2019).

2.1.2 Triple Bottom Line & People, Planet, Prosperity

Initially, the triple bottom line (TBL) framework was used as an accounting framework that tried to
include environmental and social dimensions into the traditional finance-centric measurement of
business performance (Elkington, 1994). Later, the concept of TBL (i.e. 3BL) evolved to support the
delivery of SD and measure sustainability performance (Goh et al., 2020). TBL is now the extension of
the traditional economic profitability framework considering social and environmental aspects
(Marcelino-Sadaba et al.,, 2015) and translates sustainability into three measurable dimensions;
economic, social and environmental sustainability (Elkington, 1997).

Within literature there is a common agreement that sustainability can be divided into three individual,
but equally important and interrelated dimensions of sustainability: economic (profit), social (people)
and environmental (planet) (Elkington, 1997). The TBL dimensions are also frequently called the Triple-
P, PPP or 3Ps (People, Planet and Profit). 3Ps is a widely used term in SD. Within the TBL, the dimensions
People and Planet have been the same over the last decades, but the Profit dimension has been adjusted
to Prosperity, at the Johannesburg World Summit on Sustainable Development (2002). The UN stated
that the social profits weigh just as much as the financial profits, so Prosperity is broadening the concept
of Profit to extend this dimension beyond economic development. People, Planet and Prosperity can be
described as follows:

Planet: treats the (living)environment, it aims to restore, protect and maintain the harmony between
the natural/biological and the built environment for the entire lifecycle of a project (Sjostrom & Bakens,
1999). More specifically, it is about ensuring that infrastructure solutions do not disrupt or dissociate
the natural cycle and that it is integrated into the (natural)environment as well as possible.

People: treats society and people's wishes and examines community development, social and cultural
systems, user comfort, public engagement, health and safety, equality and diversity within a project
(Goh, 2018). When looking at infrastructure, the origin and initiation of projects often or partly come
from the People dimension. After all, infrastructure is realized because there are (social and/or
economic) needs, for instance better traffic flow.

Prosperity: encompasses the financial costs and benefits over the life cycle of a project and also refers
to maximising the financial gains and flow of income from projects for the benefit of project
stakeholders (Abidin, 2010). Budgets are decisive in the realization of infrastructure projects. The extent
to which sustainability can be included in this, is therefore partly depended on the costs that this
requires. However, sustainable does not necessarily mean more expensive. On the contrary, through
efficient and cost-saving measures in the life cycle, sustainability can actually save costs.

According to Liu et al. (2019), there is an interdependence among the TBL dimensions of sustainability.
In addition, the authors mentioned that in order to reach true sustainability, all the three dimensions
should benefit simultaneously, this is true when all dimensions overlap in the center of the Venn
diagram, as shown in Figure 2.1. The resultant of all dimensions must be as positive as possible. What is
positive, is project and ambition specific. In a sustainable design there is a balance that matches the
sustainable goals, objectives and ambitions of the client. The three dimension set the principles of SD.
If one of the dimensions is disregarded, it would threaten the sustainability (Ciegis et al., 2009). To
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clarify, sustainability does not only demand attention for the environment. People and Prosperity are
equally important. It is about the ideal balance and harmony between People, Planet and Prosperity.
The domains of the Venn diagram and harmony between the dimensions of sustainability are described
according to the interpretation of (Tamak, 2017):

Equitable: this domain is indicated as the harmony between the social (People) and economic
(Prosperity) dimensions of sustainability, meaning that for the involved stakeholders, the economic
value generated must be fair and long-term oriented;

Bearable: this domain is indicated as the harmony between the social (People) and environmental
(Planet) dimensions of sustainability, meaning that environmental preservation is considered by all the
involved stakeholders in order to evaluate society's and the environment's bearing capacity; and

Viable: this domain is indicated as the harmony between the economic (Prosperity) and environmental

(Planet) dimensions of sustainability, meaning that environmental preservation must be carried out
while taking into account the economic factors that make it viable.

Bearable A i 4 Equitable

Sustainable

Viable

Figure 2.1 - The TBL (3Ps) dimensions of sustainability (based on Elkington, 1997; Liu et al., 2019)

Given the above explanations, designing sustainable is in fact nothing more than making conscious
choices for People, Planet and Prosperity. The degree to which you choose to counteract negative
effects or to bring about positive effects and contribute to realizing sustainability is the degree of
sustainability in your design. This means that sustainability is about making smart combinations within
a project. Sustainability is an integrated approach, looking at how projects in their area contribute to
the People, Planet and Prosperity mindset.
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Given the explanation above regarding sustainability, the author selected the concept of triple bottom
line (TBL) i.e. People, Planet, Prosperity as a sustainability theory to be adopted in the research to define
a sustainable highway and explore sustainability in highway designs and move towards sustainable
development. The definition of a sustainable highway is explained in 2.1.5.

2.1.3 Sustainable Construction

In 1994, Charles Kibert proposed the term ‘sustainable construction’ (SC) during the first international
conference on SC held in Tampa, USA, defining this as:

“the creation and responsible management of a healthy built environment based on resource efficient
and ecological principles” (Kibert, 1994).

During the conference, Kibert presented a comparison of the traditional design criteria of quality, cost
and performance with the sustainability design criteria of creating a healthy environment, minimization
of environmental degradation and resource depletion, applying this to the construction process phases
of planning, design, operation, renovation and demolition to incorporate the basic matters of
sustainable development (SD). As a result, new project targets and criteria were added to the traditional
project criteria of time, quality and cost. The transition to sustainability can be viewed as a paradigm
shift (see Figure 2.2). In order to achieve SC, Kibert (1994) stated that it is important to maintain
harmony between the three dimensions of SD (economic, social and environmental). The concept of SC
entails applying sustainability in the construction phases over the entire project life cycle perspective.
Bueno et al. (2015) on the other hand defined SC “as a building process that incorporates the basic
principles of sustainable development”, which implies that SC is a subset of SD. So, the practices of SC
should also address the three pillars of sustainability. Later in 2020, Goh et al. argued that “sustainable
construction must ensure the delivery of environmental, social and economic sustainability in a balanced
and optimal manner, without one pillar dominating any others”. According to the aforementioned
authors, the concept of SC is a multidimensional issue.

To conclude, SC can be seen as a construction undertaken by applying SD principles throughout the
entire project life cycle.

Minimize depletion of resources

Cost

Quality Cost

»

Quality Time

Traditional project criteria
Conserve natural Tifiie Reduce harmful emissions
areas of and maintain healthy
biodiversity Sustainable project criteria environement

(new paradigm)

Figure 2.2 - Challenges of sustainable construction (SC) (adapted from Kibert, 1994)
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2.1.4 Sustainable Design Principles

In recent years, Rijkswaterstaat has developed sustainable design principles in collaboration with
Witteveen+Bos (engineering consultancy firm) that can be used during the MIRT-Elaboration and MIRT-
Plan Elaboration phase (see Table 2.1). The main principles focus on prevention, value preservation
(existing objects/systems) and value creation (new construction), which are translated into a total of 8
design principles. They offer guidance for designers to apply sustainable design principles at object level
during the MIRT-process, for both existing objects and new projects. This research adopts the design
principles which can be used in making sustainable design choices related to road design, civil
engineering structures and road lay-out to limit the environmental impact.

Table 2.1 - Sustainable design principles (Rijkswaterstaat, 2019a)

Main principles \ Design principles MIRT-process
Prevention 1. Prevent: don’t do what is not necessary MIRT-
Initiative
Value 2. Extend the service life of existing objects MIRT-
retention 3. Make sustainable use of existing objects, materials, raw materials and natural | Exploration &
processes MIRT-Plan
Value creation | 4. Design for multiple life cycles Elaboration

5. Design future-proof

6. Design for optimal management and maintenance

7. Design for sustainable material use

8. Design for minimal raw material and energy consumption in construction and use
phase

During the MIRT-process the emphasis is placed on different design principles (Rijkswaterstaat, 2019a):

e MIRT-Initiative: in this phase the emphasis is on prevention, because that is how the greatest
benefits can be achieved. For example, think of ways to make better use of existing infrastructure,
resulting in improvement of the traffic flow without extra asphalt; and

e  MIRT-Exploration & MIRT-Plan Elaboration: in these phases, it is determined how the project can
contribute to value preservation and value creation. For example, for value preservation you can
think of ways to utilize the value of (existing) infrastructure in the next life cycle, in terms of value
creation, one can think of ways to create as much long-term value as possible with using as little
material as possible.

In addition to these examples, there are far more possibilities that can be considered or applied. These
will be examined and presented as practical examples in the SA framework.

2.1.5 Sustainable Highway

In this subsection the TBL (3Ps) theory is applied to define a sustainable highway. The TBL (3Ps) theory
coined by John Elkington, is a well-known concept in sustainable development (SD) and a sound theory
regarding the three interdependent dimensions of sustainability. The author proposes the following
definition of a sustainable highway based on the TBL (3Ps) theory:

“A highway is truly sustainable if all dimensions of sustainability (economic, environmental and social)
are taken into account, while embracing the principles of sustainability in terms of environmental
protection, economic profitability and human well-being.”
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The TBL theory will form the basis of the new SA framework which integrates the three dimensions to
allow designers and decision-makers to evaluate how design choices and options affect and/or
contribute to the creation of sustainable added value, shifting the focus away from the iron triangle of
cost, time and quality and toward broader impacts such as sustainability in the design process and
decision-making (Silvius & Schipper, 2014).

Now that the sustainability theory is selected and a definition of a sustainable highway presented, the
next section will explore which existing sustainability assessment approaches are used in the
construction industry and infrastructure sector that try to integrate the three dimensions of
sustainability. To establish which approach seems to be the most suitable for developing the SA tool
that can integrate the three dimensions of sustainability.

2.2 Sustainability Assessment

In general, sustainability assessment (SA) approaches are appraisal and evaluation techniques that can
be used to compare different design choices and options (Gasparatos & Scolobig, 2012) and also make
decision-making easier (Bond et al., 2012). According to Bond et al. (2012) SA is emerging everywhere
as a key decision-making tool. The following section will explain when and how SA can be performed.

2.2.1 Sustainability Assessment in Different Phases

Bueno et al. (2015) argued that sustainability can be a part of the ‘ex-ante appraisal and decision-
making’ or part of an ‘ex-post sustainability evaluation’. The terms ‘appraisal’ and ‘evaluation’ are
regularly used as synonyms in the literature. To clarify, Table 2.2 explains the differences between the
terms and shows how sustainability may be used as an ex-ante or ex-post evaluation in assessment. In
general, “appraisal’ represents project ex-ant evaluation and ‘evaluation’ represents project ex-post
evaluation” (Dimitriou et al., 2016).

Table 2.2 - Sustainability as an ex-ante or ex-post evaluation

Ex-ante sustainability (appraisal) Ex-post sustainability evaluation Source
evaluation
Project life cycle | Planning and design (front-end) Realisation, operation & maintenance | (Bueno et al., 2015;
phase (implementation) Rogers & Duffy, 2012;
Ugwu et al., 2006)
Sustainability is | The appraisal and the decision- The monitoring process, after (Bueno et al., 2015;
part of making of alternatives on the implementation of the selected Rogers & Duffy, 2012;
basis of all the data and design alternative for evaluation of Ugwu et al., 2006)
information gathered (i.e. analysis | the effective outcomes and thus
of documents) pre- obtain relevant data and useful
implementation feedback on the whole process
Sustainability Forward-looking and thus rely Backward-looking and are concerned (Bueno et al., 2015;
activities are extensively on forecasts, with assessing in a retrospective Rogers & Duffy, 2012)
estimates and predictions sense and on the basis of direct

observations, the performance of a
project, after it has been

implemented
Sustainability Supporting the selection of the Quantifying sustainable practices (Boardman et al., 2017;
aims at best alternative that maximizes associated with the construction and Bueno et al., 2015;
beneficial outcomes on all maintenance processes. Sustainability | Gihnemann et al,
dimension of sustainability can be used to certify and monitor 2012; Rogers & Duffy,
infrastructure projects 2012; Ugwu et al,

2006)
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Means by which
sustainability
can be used

A process where sustainability is
used to provide guidance on
appraisal and decision-making:

(1) After identifying the impacts of
the alternatives on the TBL
dimensions, compare, evaluate
and rank the alternatives, for
instance with the use of a multi-
criteria approach;

(2) Obtain the ranking order of the
design alternatives and select the
alternative with the highest
sustainability performance.

Sustainability as monitoring tool can
be used in different processes to:

(1) Evaluate the project against
original objectives it was designed for
and expected benefits at the time;
(2) Assess, compare and award the
constructed alternative, depending
on its performance against relevant
criteria earlier defined;

(3) Improve current practices in
construction (i.e. learn from the past)
and do more than the minimum
requirements;

(Boardman et al., 2017,
Bueno et al., 2015;
Guhnemann et al.,
2012; Rogers & Duffy,
2012; Ugwu et al.,
2006)

(4) Suggest best practices and
procedures in future projects, due to
the retrospective character it implies.

Meex et al. (2018) observed that most SA tools are developed for end-product ex-post sustainability
evaluation. This means that the assessment is only possible when the design phase or even the
construction phase is finished. However, decisions that have the highest impact on the sustainability of
the design are often made in the front-end phase (C. Bueno et al., 2018; C. Bueno & Fabricio, 2018).
According to (Reid et al., 2013), it is critical to consider sustainability early in the planning and design
(i.e. front-end) phases of a project's life cycle, because opportunities to incorporate sustainability in the
project change and eventually diminish as the project progresses through its life cycle. For instance,
significant operational cost savings can be realized in the future if sustainability is considered early in
the planning and design phases (Tsai & Chang, 2012). In addition, Bueno et al. (2015) argued that SA
should start with the appraisal and decision-making, the reason is that designers and decision-makers
can significantly influence the future sustainability performance of the project early in the planning- and
design phases. Consequently, they must understand the impact of their designs and decisions upon
sustainability. In principle, this understanding can be achieved by systematically analysing the long-term
benefits and negative effects offered by a highway design option (Tsai & Chang, 2012). Mouter et al.
(2021) concluded that the planning, design and construction phases of a transport infrastructure project
are critical for considering sustainability, because decisions made at these phases will affect the project's
entire life cycle. However, in reality, in the implementation phase the design options are often so clearly
defined that sustainability eventually turns out to be overlooked, i.e. has not received the required
attention.

While a number of years ago, due to a lack of experience and knowledge, difficult discussions had to be
made, much more is now known about how potential sustainable added value can be achieved. The
greatest difficulty in giving a project-specific sustainable interpretation during the design is still in fitting
sustainable solutions within the ambition of the client.

To summarize, integrating TBL dimensions in the assessment of highway projects at the planning- and
design phase is more effective then after construction. Inti & Tandon (2021) observed that certain
highway phases require a greater focus on sustainability than others. Therefore, it can be extremely
valuable to focus on the early design phases of a highway project, because design choices at the
beginning of the life cycle are very important for realizing sustainability in later phases. Hence, this
research focuses on the ex-ante appraisal of sustainability during the planning- and design phase of
highway projects. The planning is show as the second step and the ex-ante evaluation (appraisal) is the
third step in the project life cycle (see Figure 2.3). This is the phase in which design choices and different
design options are assessed against assessment criteria (Dimitriou et al., 2016). After this phase the
implementation of the project follows, where the selected preferred design option is realised.
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Figure 2.3 - The project life cycle (Dimitriou et al., 2016)
2.2.2 Overview of Available Approaches for Sustainability Assessment

In literature, many academics characterize sustainability assessment (SA) approaches differently. This
research adopts the classification of Bueno et al. (2015), to investigate how SA is applied in practice to
guide designers and decision-making in different project phases. Bueno et al. (2015) classifies the
methods and tools in the SA of transportation projects into three distinct approaches: (1) (2.2.2.1)
project appraisal methods for decision-making, being (2.2.2.2) cost-benefit analysis (CBA) and (2.2.2.3)
multi-criteria analysis (MCA); (2) (2.2.3) methods for impact assessment, being (2.2.3.1) environmental
impact assessment (EIA), (2.2.3.1) life cycle assessment (LCA), (2.2.3.3) social life cycle assessment
(SLCA), (2.2.3.4) life cycle costs (LCC) and (3) (2.2.4) international rating systems. The SA approaches are
discussed in the following sections. In this literature review, the author gives a general description of
the main SA approaches, especially when assessing sustainability.

2.2.2.1 Appraisal Methods and Tools for Decision-Making

In this section, the appraisal methods and tools for decision-making are briefly examined. First, the cost-
benefit analysis (CBA) is studied and afterwards the multi-criteria analysis (MCA) method. They both are
used as ex-ante evaluation appraisal methods to assess, compare, evaluate and select design options
once it has been decided to implement a highway project (Suprayoga et al., 2020). These methods and
tools are now the most commonly used in the decision-making processes of transport project appraisal
and they are evolving towards the introduction of sustainability aspects and criteria (P. C. Bueno et al.,
2015).

2.2.2.2 Cost-Benefit Analysis

Cost-benefit analysis (CBA) supports sustainability by providing a tangible and rational assessment of
the benefits and costs of project design options (Damart & Roy, 2009), so mainly from the economic
point of view. According to Beria et al. (2012), CBA can be used as a comprehensive and useful
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methodology in decision-making processes. CBA is based on the ability to monetize both positive
(benefits) and negative (costs) effects (Bueno et al., 2015), which makes it a useful support tool because
it is a rigorous, transparent and formal appraisal tool.

Conversely, there has been considerable research aimed at identifying substantive problems when
appraising the sustainability of transport projects with a CBA. By examining the prospect of CBA
application in promoting or demoting sustainable development (SD), (P. C. Bueno et al., 2015) found
“abundant arguments disfavouring the application of CBA, represented by limitations such as: (i) trying
to evaluate what are often not ‘evaluable,” that is, non-economic values and (ii) limited considerations
regarding distributional equity (including inter-temporal equity)” (Omura, 2004, p. 44). Given these
drawbacks, it can be concluded that CBA suffers from the objectivity/subjectivity dilemma. In other
words, the technique can be classified as ‘pseudo-objective’ since it still has difficulties in quantifying
non-market goods. According to (Bueno et al., 2015) CBA has still serious problems in evaluating
incommensurable goods.

In the Netherlands, social cost-benefit analysis (SCBA) is used as an information tool that supports the
policy process and political decision-making. The SCBA helps, in substantiating a preferential decision
(voorkeursbeslissing) in  the Multi-Year Program Infrastructure and Spatial Planning
(Meerjarenprogramma Infrastructuur, Ruimte en Transport (MIRT)) by relating the costs incurred to
realize a project to the welfare benefits for Dutch society. In a SCBA, the effects are expressed in
monetary terms as much as possible. This makes the effects mutually comparable and makes it possible
to estimate the total effect on prosperity. The Ministry of Infrastructure and Water Management
(Ministerie van Infrastructuur en Waterstaat (lenW)) has been using SCBAs in decision-making for the
MIRT, during the MIRT-Exploration (MIRT-Verkenning) of a MIRT-project (e.g. road- and highway
projects - both national- and large regional projects). A SCBA assesses all relevant aspects that have an
effect on welfare in society, these aspects are taken into account in the decision-making process. The
SCBA can also provide insight into where effects end up. Often the most important impact
determinations for the SCBA are the available data on cost estimates, the traffic or other analyzes
performed and the data from the environmental impact assessment (EIA) (milieueffectenrapportage
(MER)).

Overall, it can be concluded that the CBA is unable to include the TBL in a precise and narrow manner
because the intangible items' monetization process is questionable. There is more uncertainty in
measurement, forecasting and evaluation when the approach tries to price ’priceless things’.
Furthermore, typical CBA does not consider the entire life cycle of a project, for example, end of life
aspects are rarely included. The output and results of this method can however be integrated in the SA
tool in the economic dimension.

2.2.2.3 Multi-Criteria Analysis

Over the past decades, the use of multi-criteria analysis (MCA) has been increasing in literature (C.
Bueno et al,, 2013). MCA is applied when several criteria (including criteria that are difficult to monetize
and quantify) are considered simultaneously (Beria et al., 2012). Compared to CBA, the MCA can cover
project impacts comprehensively (i.e., the environmental, social and economic impacts) and allow
stakeholder participation by including their subjective judgments (Pope & Morrison-Saunders, 2013).

Generally a MCA concerns the making of choices using multiple and often conflicting, criteria, in efforts
to arrive at pre-considered desired outcomes. MCA in particular, looks to deciding on preferences by
choosing among design options (Ward et al., 2016). The MCA process, is as follows (Soltani et al., 2015):
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e Define the problem and the assessment structure;

e Determine the weights/importance of the criteria that integrate the assessment structure;
e Evaluate the different design options with respect to each criterion;

e Evaluate the design options against the weight of each criterion.

e Select the preferred design option.

The MCA approach can provide a good framework for dealing with sustainability, but the assessment
process can become very subjective. Because qualitative assessment and the imputation of value-laden
weightings to assumptions can lead to subjective biasing (Beria et al., 2012). According to (P. C. Bueno
et al., 2015) it has to do with the transparency of decisions and their impact on the MCA's final results.

The MCA approach, which can be multi-disciplinary, could be a very suitable approach given the need
to comprehensively capture the economic, environmental and social dimension. Because it can
integrate criteria into one framework, incorporate results and input from other tools and methods, give
weights to the criteria and finally compare and evaluate design options using a ranking method. To
conclude, the MCA approach can be used to develop a SA tool that addresses sustainability thoroughly.

2.2.3 Methods for Assessing Environmental-, Cost- and Social Impacts

Methods considered in the analysis to assess the economic, environmental and social impacts of
transport project design options include: the environmental impact assessment (EIA), life cycle
assessment (LCA), social life cycle assessment (SLCA) and life cycle costs (LCC). These methods tend to
focus on either economic, environmental or social topics only, they are usually integrated or combined
with other tools for a complete.

2.2.3.1 Environmental Impact Assessment

The purpose of an environmental impact assessment (EIA) (milieueffectenrapportage (MER)) is to
include environmental effect in decision-making for activities and plans that may have negative
environmental consequences, such as the construction of a new highway. Certain negative
environmental effects can be avoided or limited by mapping out the possible environmental impacts
prior to making a decision on an activity. The EIA has been legally formed in the Netherlands by the
Environmental Management Act and the Environmental Impact Assessment Decree 1994 (Wet
milieubeheer en het Besluit milieueffectrapportage 1994) (Rijkswaterstaat, 2019b). An EIA is drawn up
during the MIRT-Exploration, in which solution directions (oplossingsrichtingen) and promising
alternatives (kansrijke alternatieven) are examined. In the MIRT-Plan Elaboration, this is sometimes
supplemented with extra information. These two parts then jointly form the project-EIA
(Rijkswaterstaat, 2019b).

To conclude, in the EIA, design options are analyzed so that the option where the environmental impact
is the lowest can be selected (Broniewicz & Ogrodnik, 2020). In this method, selection is based on most
favourable design option from the environmental point of view. EIA is only undertaken for certain
projects and at a more developed stage of feasibility study. Sustainability objective and criteria from
other dimensions are not incorporated in the assessment. Bueno et al. (2013) argued that there is a
need for integrating the EIA with other assessment tools and that the EIA is seen by many as a first step
towards a sustainability assessment tool. For this reason, factors (such as soil, air, water, climate)
described and assessed in the EIA can be useful to form assessment criteria in the new SA tool for the
environmental dimension.
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2.2.3.2 Life Cycle Assessment

Life cycle assessment (LCA) is part of the life cycle considerations (Mattinzioli et al., 2020). LCA is one of
the most used methods for evaluating and calculating the environmental impact of a product, service,
project or entire contract over certain life phases or entire life cycle (Marcelino-Sadaba et al., 2015) by
guantifying the potential environmental impact of (raw) material use, energy consumption, waste
generation and produced emissions (Meex et al., 2018). However, an LCA provides more information in
one project than in others and its application remains tailor-made and depends on the project.
Calculating and testing an LCA takes quite a lot of time and requires considerable effort. An LCA is
therefore only proportional in large projects, like highway projects (PIANOo, 2022). An LCA for
construction works and -products consists of four life phases:

Table 2.3 - Life phases of a product, service or work (PIANOo, 2020)

Life phases of a product, service or work | Detailed

A. Production Al. Resource extraction
A2. Transport to producer
A3. Production process

A. Construction A4. Use product
A5. Maintenance

B. Use B1. Use of product
B2. Maintenance
B3. Repair

B4. Replacement, wear of parts

B5. Renovation

B6. Energy consumption of product
B7. Water consumption of product
C. Demolition C1. Demolition

C2. Transport to waste processing
C3. Waste treatment process

C4. Deposit

D. Reuse D1. Recovery of materials

An LCA can be calculated for a full life cycle (A-D) or partial life cycle (e.g. A and B). An LCA with a limited
scope looks at parts of a life cycle, for example the environmental impact during the production and
construction phase (A1-A5). To compare the environmental impact, a full life cycle assessment is the
most comprehensive. A full LCA calculates to what extent all used materials can be reused after the life
cycle. From a theoretical point of view, this is always preferable. However, in a practical sense, it is not
always feasible or desirable to request an entire LCA (PIANOo, 2020).

For instance, if the demolition or reuse phase is still very uncertain, then a limited LCA with a focus on
a sustainable production phase (A1-A3) or efficient transport movement is sometimes sufficient to
compare the environmental impact between different design options.

In the Netherlands, clients like Rijkswaterstaat and ProRail are increasingly interested in procuring
sustainable solutions. They can do this by taking into account the environmental impact in addition to
the price. With this, the client challenges the market to become more sustainable. At the same time,
this contributes to objectives with regard to CO2-reduction and the circular economy (CE) (PIANOo,
2020).

In order to assess and compare the environmental impacts of a service, delivery or work, an objective
measure is used. Environmental impacts can be expressed using the Environmental Cost Indicator (ECI)
(hereafter: milieukostenindicator (MKI)), which is an outcome of a life cycle assessment (LCA) expressed
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in euros [€]. The MKI expresses this environmental impact in a single value. The MKI-value can be
considered in various phases, namely construction, use, maintenance and end of life. This financial value
represents the expected social costs (maatschappelijke kosten) if the environmental impacts that occur
have to be reversed using known solutions. We call this the 'shadow costs' (schaduwkosten). Including
shadow costs in the procuring process is not only useful, but also necessary to meet the climate targets.
It can also help to monitor progress towards these goals (PIANOo, 2020).

MKl is increasingly used as a measuring tool for construction works and -products. As indicated earlier,
Rijkswaterstaat and ProRail use the MKI as standard for tenders. By co-adding for the lowest possible
environmental costs (milieukosten), market parties are encouraged to reduce the environmental impact
of their solution. A well-known sustainability tool in the Netherlands is Duurzaam bouwen calculator
‘DubocCalc’ developed by Rijkswaterstaat to calculate and compare the sustainability and environmental
costs of tenders (PIANOo, 2022), which uses MKIl-data to arrive at a score (PIANOo, 2020). This
calculated MKI-value is a good indicator for external environmental costs (PIANOo, 2016). DuboCalc
calculates all the effects of material and energy consumption from cradle to grave, or from extraction
to the demolition and reuse phase. All relevant environmental effects during the entire life course are
included in the calculation. The method is based on the LCA methodology in accordance with the
ISO14040 standard and on Bepalingsmethode Milieuprestatie Gebouwen en Bouwwerken.

Another useful tool recently developed is the materials passport (materialenpaspoort). A materials
passport contains a lot of measurable data, such as the financial value and the circularity index
(circulariteitsindex). In a materials passport, the residual value of a certain material must be measurable,
so that the discussion can shift from 'not throwing materials away' to 'careful harvesting of materials'.
This also changes the design process (PIANOo, 2022). However, the materials passport is still in its early
stages of development for the civil engineering sector.

To conclude, because LCAs primary purpose is limited to the assessment of the environmental impacts
of a given activity, work or product, this method cannot measure all three dimensions of sustainability.
Although LCA results should be integrated into other assessment tools, it is an insufficient tool for
assessing all three dimensions of sustainability on its own. As a result, integrating LCA results in other
assessment tools can be seen as a particular step towards the development of a comprehensive
sustainability assessment tool.

To summarize, LCAs cannot measure all three dimensions of sustainability because their primary
purpose is to assess the environmental impacts of a given activity, work, or product. However, LCA
results should be integrated into other assessment tools. As a result, integrating LCA results into the
new SA tool can be useful to form assessment criteria for the environmental dimension.

2.2.3.3 Social Life Cycle Assessment

The evaluation of social impacts has been implemented by using several different approaches. In this
light, one study conducted by Jgrgensen et al. (2008) found that the perception of social impacts is very
variable across the SLCA method. Furthermore, these authors recognized “SLCA is in an early stage of
development where consensus building still has a long way”.

In conclusion, the inclusion of social aspects into LCA, called the SLCA, is still under development and
has not been well integrated into the decision-making process. There is currently no standardized
method for evaluating the social and distributional effects of highway projects, for example. Even
though social impacts are considered as part of an impact assessment, economic and environmental
factors still receive more attention.
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2.2.3.4 Life Cycle Costs

Life cycle costs (LCC) is based only on the economic dimension sustainability. LCC is a method for
mapping the financial costs and benefits of a system or project. LCC requires a different view of the cost
structure, in which the investment-, engineering-, maintenance- and disposal (demolition) costs
associated with the entire life cycle of a certain project are made comparable (PIANOo, 2016). LCC is
the sum of all types of costs incurred over the entire life cycle of a project discounted to the present.
The objective of LCC is to select the most cost-effective (least cost) approach among various design
options to achieve the lowest long-term cost of ownership (i.e. total costs of ownership (TCO)) (Mangili
et al., 2019). In this way it becomes clear which design option provides the most value and, as a result,
how public funds (investments) are best spent (PIANOo, 2016).

Simply put, it is advisable to use LCC if there are cost types in the project that can differ greatly over the
entire life cycle. For example, for highways, groundwork, thickness of the asphalt layer, noise barriers
and civil structures (e.g. bridges and tunnels) are very decisive for the LCC of the highway. It is therefore
sensible to consider the construction- and maintenance costs of these of various objects and cost types
to compare and score them accordingly in different design options (PIANOo, 2016).

LCC can be used not only to reduce direct LCC, but also to reduce environmental costs, provided these
costs can be estimated and monitored (PIANOo, 2016). In the Netherlands, the Standaardsystematiek
Kostenramingen 2010 (SSK-2010) is used as an unambiguous system for making cost estimates.

To conclude, the primary purpose of LCC s limited to the assessment of the economic impacts of a given
project. Hence, for the same reasons as for the LCA method there is a need for integrating LCC results
into the new SA tool for the economic dimension.

2.2.4 Rating Systems

Rating systems are self-evaluation tools developed for the construction industry (P. C. Bueno et al.,
2015). In 2012, there were already more than 600 rating tools and 170 evaluation criteria in the building
industry, the most popular are LEED and BREEAM (Berardi, 2012). However, compared to the building
industry, the development of infrastructure rating systems has been relatively slow (Liu et al., 2018).

In the early 2000s, it became clear that there was a lack of tools like LEED and BREEAM for infrastructure
projects. This initiated the development of the CEEQUAL rating system. Currently, CEEQUAL is an
integral part of the UK's construction industry and its strategy towards SD (Griffiths et al., 2018). At the
moment, CEEQUAL is by far the most used rating system for infrastructure sustainability (Amiril et al.,
2014). The infrastructure rating systems are based on the more established building rating schemes.
Other countries developed similar rating systems that are often tailored to specific agencies to fit the
local context and needs (Liu et al., 2018). Rating systems that evaluate the sustainability of transport
infrastructure include: Greenroads, GreenLITES, INVEST and I-LAST (C. Bueno et al., 2013).

The philosophy of rating systems is based on various categories, each of which explains one
sustainability attribute and subcategories that cover various topics (C. Bueno et al.,, 2013). The
aforementioned authors found that all the SA and award schemes work in the same way. They are
intended to assess, compare and award a planned or existing project, depending on its performance
against relevant sustainability criteria.

To summarize, the aim of rating systems is to provide an objective and comprehensive method for
evaluating a broad range of sustainability attributes in a consistent way. The main characteristics of the
rating systems are shown in Table 2.4.
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Table 2.4 - Rating systems (based on Bueno et al., 2015; Clevenger et al., 2013; Griffiths et al., 2018; Mouter et al., 2021; van
Eldik et al., 2020)

Focus area \ Rating system Main categories and topics

Roads GreenLITES (Green Leadership in Transportation and | Sustainable sites, water quality, material
Environmental Sustainability) resources, atmosphere, innovation
GreenRoads Project requirements; access and equity; material

and resources; pavement technologies;
construction activities; environment and water;
custom credits

|-LAST (llinois Livable and Sustainable | Planning, design, environmental water quality,

Transportation) transportation, lighting, materials and innovation
BE2ST-In-Highways™ (Building Environmentally and | Greenhouse Gas Emission (GGE), energy use,
Economically Sustainable Transportation- | waste reduction (in-situ/ex-situ), water
Infrastructure-Highways) consumption, hazardous waste, traffic noise,
social requirements and social cost of carbon
saving
Civil ENVISION Leadership; quality of life; resource allocation;
infrastructure natural world; climate change and risk, Life cycle
(e.g. airport-, cost (LCC)
road-, plant-, | CEEQUAL (Civil Engineering Environmental Quality | Project strategy; PM; people and communities;
pipeline- and | Assessment and Award Scheme) physical resources; land use and landscape; the
rail historic environment; ecology and biodiversity;
construction) the water environment; transport
LEED (Leadership in Energy and Environmental | Sustainable sites, water efficiency, energy and
Design) atmosphere, materials and resources, indoor

environmental quality, innovation in design,
regional priority

IS rating system Management and governance; people and places;
using resources; materials and waste; ecology;
innovation

Buildings Building Research  Establishment  Environment | -

Assessment Method (BREEAM)

In general, as we can see in Table 2.4, the rating tools have comparable categories even though there
were differences in weighting systems and indicator values. Even so, the rating systems contain some
common issues that can be grouped into the following sections: environment, water, energy, material
and technological and strategic innovation to improve the environmental performance. Despite the
assessment tools have fixed weights and benchmarks reflecting their own criteria, at the end they are
based on similar methodological approaches (C. Bueno et al., 2013).

Doan et al. (2017) found that there are large differences in scopes of the rating systems. While some
systems only cover the environmental dimension of sustainability, others include social and economic
aspects as well. However, no rating system thoroughly assesses all three dimension. In addition, Lee et
al. (2011) criticized its use by indicating that “they lack transparency and objectiveness in the criteria
selection and weighting process and are not based on a standardized methods of performance
measurement”. In spite of this, there will have to be some subjectivity due to the wide nature of projects,
there location and externalities (C. Bueno et al., 2013).

To conclude, rating systems can be implemented at the planning stage and then continue through
design and construction phases. However, in EU countries they are not used to assist with designing or
in the decision-making process. Therefore, rating systems are not applied to conduct a comparison
among different design options. Presently, CBA and MCA are the most common methods used in EU
countries to make decisions (P. C. Bueno et al., 2015). All in all, the rating systems can still provide
valuable information and criteria to be integrated in the new SA tool for the different dimensions.
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2.2.5 Dutch Standards and Guidelines

Most countries have their own and therefore different road design guidelines (C. Bueno et al., 2013). In
the Netherlands, the design of road and highway infrastructure is obliged to comply with some
requirements and standards to suit local requirements. The following guidelines apply to the
Netherlands: the MIRT-process and Kader wegontwerp 2.0. These guidelines are considered as
recommendations for any road infrastructure project under the authority the Ministry of Infrastructure
and Water Management.

2.2.6 Conclusion on Existing SA Approaches

As outlined above, despite the numerous SA approaches available, none of them address sustainability
as a whole. While there are positive characteristics associated with each tool, some practical issues
remain unsolved (Bueno et al., 2013). As the literature has shown there is no simple solution for the
assessment of projects, specifically when tackling sustainability of highway projects. In other words, all
SA approaches have their strengths and weaknesses, but none of the tools and methods analysed are
suitable for a comprehensive assessment of the sustainability of highway design options as they are
currently.

However, it is concluded that among the existing tools and methods, the MCA approach seems to be
the most suitable, for developing an new SA tool that integrates criteria for the three dimensions of
sustainability. Since, the MCA approach is (1) the most flexible method to assess the socio-economic
and environmental viability; (2) allows decision-makers to account for complex problems through for a
wide range of multiple criteria (Pope & Morrison-Saunders, 2013); (3) can assign weighting coefficients
to the criteria, evaluates design options and finally provide a ranking of the design options (Beria et al,,
2012); (4) several criteria can be taken into account simultaneously in a scheme to comprehensively
consider sustainability on the three dimensions of sustainability (TBL); (6) can incorporate results from
a wide array of techniques, tools and methods (complementary attributes) (Bueno et al., 2015); (7)
simple to use and apply by designer and decision-makers (Pellicer et al., 2016).

In line with the results of the analysis of existing SA approaches, it is concluded that combining results
from existing tools, methods and SA criteria in a one comprehensive MCA assessment framework could
be beneficial for effectively integrating and balancing all dimensions of sustainability (TBL) in the
assessment of design choices and options. In addition, MCA frameworks can be tailor-designed for
particular context (Ward et al., 2016), in this case Dutch highway context. In the next section, existing
assessment frameworks will be consulted and assessment criteria for sustainability will be identified
through available literature.

2.3 Preliminary List of Sustainability Assessment Criteria

In this section a thorough analysis of the existing assessment frameworks, rating systems and RWS
documents will be performed to identify assessment criteria for sustainability in the construction
industry and infrastructure sector. This will form the preliminary list of criteria to be integrated in the
SA framework for assessing, evaluating and comparing the impacts and effects of different highway
design choices and options on the dimensions of sustainability. The TBL theory (3Ps) will be used for the
SA framework to identify criteria and themes which enable assessment of highway design options
regarding sustainability. First, existing assessment frameworks focused on the construction industry and
infrastructure sector will be discussed. These are either specific (e.g. roads, railways, highways) or
generally applicable to any type of infrastructure or construction project. Furthermore, these
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frameworks differ in terms the dimension (TBL) they focus on and the assessment type (quantitative or
qualitative). The existing assessment frameworks identified and studied during the literature review will
serve as a basis for the development of a new, integrated SA tool (see 2.3.1). Next, the criteria from
these frameworks were identified for the three dimensions of sustainability in the construction industry
and infrastructure sector to form the preliminary list of SA criteria (see 2.3.3).

2.3.1 Existing Assessment Frameworks

Over the past years, many assessment frameworks have been developed in an attempt to extend the
TBL theory, which evaluates environmental, social and economic dimensions, to measure the
sustainability of construction projects. Through literature reviews and empirical research, researchers
have identified essential metrics, indicators and criteria for assessing sustainability (B. Liu et al., 2021).
In particular, ecological challenges, economic performances, environmental influences and social
impacts are all issues to consider. While several assessment frameworks with assessment criteria exist,
many of the frameworks focus on a particular dimension of sustainability, for instance, on the
environmental dimension or are sector specific (e.g. roads, railways, buildings etc.). While sustainability
can be divided into three individual dimensions, they are still equally important and interrelated
dimensions of sustainability. Thus, an assessment framework covering all dimensions simultaneously
should be adopted. The studies summarized in Table 2.5 provide the most assessment criteria for
sustainability.

Table 2.5 - Relevant contributions and assessment frameworks covering assessment criteria for sustainability

. Source of assessment framework Sector Economic  Environmental \ Social

1 Inti & Tandon (2021) Quantitative | Highway infrastructure X X

2 Mahmoudi et al. (2019) Qualitative Urban transportation X X

3 Amiril (2014) Qualitative Railway infrastructure X X

4 Broniewicz & Ogrodnik (2020) Qualitative Transportation X X
infrastructure

5 Bueno & Vassallo (2015) Quantitative | Transport X X
infrastructure

6 Mansourianfar & Haghshenas | Quantitative | Urban transportation X X

(2017)

7 Sierra et al. (2018) Qualitative Infrastructure X

8 Suprayoga et al. (2020) Qualitative Road infrastructure X X X

9 Fernandez-Sdnchez & Rodriguez- | Qualitative Construction industry X X X

Lopez (2010)

10 | lbrahim & Shaker (2019) Qualitative Highway infrastructure | x X X

11 | Koo et al. (2009) Qualitative Underground X X
infrastructure

12 Liu et al. (2021) Qualitative Infrastructure X X X

13 Lin et al. (2021) Qualitative Infrastructure X

14 | Pakzad et al. (2016) Qualitative Infrastructure X X

15 | Rooshdietal. (2014) Qualitative Highway infrastructure X

16 | Shenetal. (2011) Qualitative Infrastructure X X

17 | Ugwu & Haupt (2007) Qualitative Infrastructure X X X

18 | Yuetal. (2018) Qualitative Construction industry X X

19 | Sahely et al. (2005) Quantitative | Construction industry X X X

2.3.1.1 Existing Assessment Frameworks for the Construction Industry Analysed

There exist numerous studies on measuring the sustainability with the use of assessment frameworks.
First, we discuss the frameworks from the construction industry, then from the infrastructure sector
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and at last the rating systems. In general, the frameworks of Ferndndez-Sadnchez & Rodriguez-Lépez,
2010; Sahely et al., 2005; Yu et al., 2018 were found to be most prominent in the literature and relevant
for this research.

The paper of Fernandez-Sédnchez & Rodriguez-Lépez (2010) analysed problems in sustainability. Based
on ISO 21929-1 and risk management standards, the authors developed a methodology for identifying,
classifying and prioritizing sustainability indicators. They developed a set of indicators for construction
projects that focused on the three dimensions of sustainable development (regarding environment,
social integration and social economy). The proposed methodology is a first step toward standardizing
the identification and selection of sustainability indicators in construction projects.

Yu et al. (2018) presents an effort conducted in Taiwan to propose a Construction Project Sustainability
Assessing System (CPSAS) that takes into account the three dimensions of sustainability based on the
theoretical backgrounds from the literature and former successful sustainable projects. They developed
a sustainability evaluation framework for construction projects that considered the project life cycle
based on the concept of Labuschagne et al. (2005).

The study of Sahely et al. (2005) developed a framework for assessing the sustainability of urban
infrastructure systems throughout their life cycle. The framework focuses on key interactions and
feedback mechanisms between infrastructure and surrounding environmental, economic and social
systems. One way of understanding and quantifying these interacting effects is through the use of
sustainability criteria and indicators. The authors propose a generic set of sustainability criteria and sub-
criteria, as well as system-specific indicators. The research also included a list of sustainability criteria
and sub-criteria for various infrastructure systems.

2.3.1.2 Existing Assessment Frameworks for the Infrastructure Sector Analysed

Next we analyse the assessment frameworks specific for the infrastructure sector. Amiril et al., 2014;
Broniewicz & Ogrodnik, 2020; Bueno Cadena & Vassallo Magro, 2015; Inti & Tandon, 2021; Koo et al,,
2009; Lin et al., 2021; B. Liu et al., 2021; Mahmoudi et al., 2019; Mansourianfar & Haghshenas, 2018;
Pakzad & Osmond, 2016; Rooshdi et al., 2018; Shen et al., 2011; Sierra et al., 2018; Suprayoga et al.,,
2020; Ugwu & Haupt, 2007; Ibrahim & Shaker, 2019 were found to be most prominent in the literature
and relevant for this research.

Amiril et al. (2014) have reviewed, synthesized and developed an integrated framework of relationships
between sustainability factors and sustainability performance for Malaysia railway infrastructure
projects. The results from the literature show that, sustainability factors and performance can be
categorized under environment, economic, social, engineering/resource utilization and project
management. The authors identified 27 sustainability factors specific to transportation infrastructure
projects.

Broniewicz & Ogrodnik (2020) examined the possibility of using multi-criteria methods in order to select
the route alternative most favourable for the environment. They also gave an overview of transport
infrastructure’s negative impacts on the environment to be assessed when comparing different route
alternatives.

Bueno & Vassallo (2015) presented sustainability criteria for transport project appraisal. In addition,
they suggested eliciting criteria weights based on both expert preferences and the importance that the
sustainability criteria have in the geographical and social context where the project is developed. This
novel methodology is applied to a real case study to quantify sustainable practices associated with the
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design and construction of a new roadway in Spain. The authors take into account the opinion of
evaluators through the AHP method and the contextual conditions.

In their study, Inti & Tandon (2021) integrated LCCA (economic), E-LCA (environmental) and S-LCA
(social) to assess each road design systematically and comprehensively and 12 measurable indicators
were thereby recommended for assessing specific road designs to select the sustainable design. They
noted that these measurable indicators are not all-inclusive and it is likely that new ones will emerge
that will further change the sustainable landscape. In addition, the application of the proposed approach
was demonstrated by selecting a sustainable road design for El Paso, Texas.

Koo et al. (2009) focuses on the development process of a sustainability assessment model (SAM) suited
for application during an underground infrastructure project. Sustainability assessment indicators to be
used for underground infrastructure projects were identified and the development of a modelling
framework is described. Forty-seven sustainability indicators representing sustainability issues
constitute the framework of the SAM.

Lin et al. (2021) constructed an evaluation framework, including four dimensions and related ten
criteria, using a new hybrid-modified multiple attribute decision-making (MADM) model for developing
and improving the green infrastructure (Gl) for promoting environmental sustainability.

Liu et al. (2021) reviewed infrastructure assessment studies and international rating systems, this study
identified 50 metrics measuring infrastructure sustainability (IS). The proposed IS metric system consists
of 4 measurement dimensions integrating the triple bottom line (TBL) (economic, social and
environmental sustainability) and managerial sustainability. It is claimed that, on the one hand, the IS
metric system is formal enough to accommodate 4 dimensions, 15 criteria and 50 metrics required for
lifecycle IS evaluation.

Mahmoudi et al. (2019) identified evaluation criteria for sustainability in all aspects including economic,
social and environmental dimensions of urban transportation network (UTN) and evaluating importance
of these criteria. While most researches have only focused on economic aspect of transportation
systems, this paper considers economic, social as well as environmental dimensions. Then a framework
based on Best-Worst method (BWM) to make decisions in the different MCDM problems, has been
proposed to evaluate and prioritize sustainability dimensions and evaluation criteria. To show the
usefulness of the proposed model, it is applied to a real-world case study of transportation in Isfahan,
Iran. The paper presents a list of most used sustainability criteria related urban transportation networks
based on previous papers.

In the study of Mansourianfar & Haghshenas (2018) the objective was to assess the sustainability of
infrastructure projects on urban transportation systems and evaluate their compliance with principles
of sustainable development (SD). They proposed a framework that can assist policy-makers and traffic
engineers to evaluate the sustainability of urban transportation infrastructure projects. The paper
presents a list of sustainable transportation indicators.

Pakzad & Osmond (2016) presented a conceptual framework to facilitate the development of an
inclusive model for the sustainability assessment of green infrastructure (Gl). The framework focuses
on key interactions between human health, ecosystem services and ecosystem health. This integrated
framework was then applied to develop a composite indicator-based assessment model to measure and
monitor performance of green infrastructure (Gl) projects and support future studies. The outcome of
the study is the development of a set of performance indicators aimed at enhancing project outcome
and funding opportunities.
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The paper of Rooshdi et al. (2019) aims to explain the determination of weightage for criteria of design
and construction activities of highway infrastructure in order to categorize which criteria most
contribute to the green practices based on the priority. They presented a list of criteria of sustainable
design and construction.

Shen et al. (2011) found that, although existing studies have suggested various methods for practicing
sustainable development principles in the process of implementing infrastructure projects, effective
assessment indicators are unavailable, which presents a barrier to the effective assessment of
infrastructure project sustainability. The study introduces key assessment indicators (KAls) for assessing
the sustainability performance of an infrastructure project. A procedure for using the KAls is
demonstrated by a case study. These research findings provide an alternative solution to appraise the
sustainability of infrastructure projects. The study presents a list of assessment indicators for
infrastructure project sustainability.

Sierra et al. (2018) conducted a review on multi-criteria assessment of the social sustainability of
infrastructures. They reviewed the current state of multi-criteria infrastructure assessment studies that
include social aspects. The authors presented a list of 23 social criteria used in the assessment methods.

At the road scale, Suprayoga et al. (2020) recently evaluated the degree of application of sustainability
assessment to road infrastructure projects in terms of the environmental, economic and social
dimensions. Based on 31 analysed papers, they found that the “project appraisal” method covers the
most extensive criteria and is recommended as the most suitable approach for decision-making. They
presented a list of integrated indicators to assess the sustainability of road infrastructure projects.

Ugwu & Haupt (2007) proposed an indicator system with key performance indicators (KPls) and
assessment methods for assessing infrastructure sustainability focusing on the project operation stage
in the South African construction industry.

Ibrahim & Shaker (2019) developed a sustainability index for Egyptian highways construction projects
that reflects the amount of sustainable choices highways engineers, mangers and highways agencies
need to implemented during both the construction and maintenance processes. This paper presents a
scoring sheet for determining a sustainability index for highway construction projects for design and
construction.

2.3.1.3 Rating Systems for Transportation Infrastructure Analysed

In a previous section 2.2.4 the author already discussed the backgrounds and weaknesses of rating
systems, created by third-party certification institutions. In this section analysis is done on the transport
rating systems in particular. As mentioned earlier, most assessments are defined for a certain country
or state. In response, some institutions developed new innovative approaches for project assessment,
these are called ‘rating systems’ that measures sustainability. Sustainability efforts are often measured
in six categories by rating systems: environment, energy, materials, water quality and use, transport and
waste (Clevenger et al., 2013; Mansourianfar & Haghshenas, 2018). The most important rating systems
for transportation infrastructure include GreenLITES, BE2ST-In-Highways™, Envision, I-LAST and
GreenRoads (P. C. Bueno et al.,, 2015; Clevenger et al., 2013), see Table 2.6.
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Rating system

Origin

Rating method

Table 2.6 - Most important rating systems for transportation infrastructure

Criteria categories, themes and topics

Sources

GreenlLITES USA Sum of credit | Sustainable sites; Water quality; Materials & | (Bueno et al.,, 2015;
criteria resources Energy & atmosphere; Innovation/ | Clevenger et al.,
Unlisted 2013; Mattinzioli et
al., 2020)
GreenRoads USA Cumulative total | Project requirements; Environment & water; | (Bueno et al., 2015;
of credits | Construction activities; Materials & design; Utilities | Clevenger et al.,
awarded & controls; Access & liveability; Creativity & effort; | 2013; Mattinzioli et
Life Cycle Assessment (LCA) al., 2020)
|-LAST USA Sum of credit | Planning, Design, Environmental water quality, | (Clevenger et al.,
criteria Transportation, Lighting, Materials and Innovation 2013)
BE2ST-In- USA Quantitative Greenhouse Gas Emission (GGE), energy use, waste | (Bueno et al., 2015;
Highways™ assessment reduction (in-situ/ex-situ), water consumption, | Clevengeretal,
hazardous waste, traffic noise, social requirements, | 2013; Mattinzioli et
Life Cycle Cost (LCC) and social cost of carbon saving al.,, 2020
ENVISION USA Sum of credit | Leadership; Quality of life; Resource allocation; | (Bueno et al., 2015;
criteria Natural world; Climate change and risk and | Clevengeretal,
resilience, Life Cycle Cost (LCC) 2013; Mattinzioli et
al., 2020)

The rating system approach is not perfect and some weaknesses are acknowledged about it when
dealing with the concept of sustainability. First, most SA approaches, like rating systems are often
tailored to specific agencies to fit the local context (varying geographical) and needs (Liu et al., 2018).
In addition, the differences within the weighting scheme make the use outside of the origin of the
country problematic. Therefore, a “one size fits all” solution would not be applicable (Mattinzioli et al.,
2020). Second, they have large differences in scopes (Doan et al., 2017). Third, they lack transparency
in the definition of criteria and selection of weightings, which are not based on standardized methods
of performance measurement (Lee et al.,, 2011). For example, the percentage weighing of the
environmental sub-criteria differ greatly: Envision has the highest percentage of related sub-criteria
(36%). While in the other systems: I-LAST, Greenroads and GreenLITES the following percentages of sub-
criteria are included 22%, 10% and 6% respectively (except for BE’ST-In-Highways™, the percentage is
determined by the project team). Fourth, despite that these approaches can be implemented at the
planning, design and construction phases, European Union (EU) does not apply them to support the
decision-making process. Finally, the most important weakness of rating systems is that most systems
only cover the environmental dimension of sustainability and often neglect the economic and social
dimensions, therefore, represents a huge limit for the rating systems (Berardi, 2012). To conclude, no
rating system thoroughly assesses all three dimensions of sustainability (TBL). However, these systems
still provide valuable information on how to assess transportation infrastructure. For this reason, the
rating systems CEEQUAL, GreenLITES, BE2ST-In-Highways™, Envision and GreenRoads will be consulted
to identify assessment criteria for sustainability. Consequently, this research will try to comprehensively
integrate different criteria of transport rating systems from various countries into one framework.

2.3.1.4 Rijkswaterstaat Documents

It is worth noting that a MCA can be employed to integrate CBA and EIA results, as well as other types,
within its framework, to support full integration and become more comprehensive and inclusive
(Dimitriou et al., 2016). The documents of Rijkwaterstaat (RWS): MIRT en m.e.r., verkenning en
planuitwerking and Werkwijzer MKBA bij MIRT-verkenningen provide information about the EIA and CBA
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used in the Dutch highway context. Each of these assessment methodologies examines design options
under a different lens (environmental or economic).

First, the document MIRT en m.e.r., verkenning en planuitwerking is analysed in order to derive
environmental criteria, used in the EIA to assess design choices and options from the environmental
viewpoint. Then the document Werkwijzer MKBA bij MIRT-verkenningen is analysed to derive economic
criteria, used in the CBA to assess design options from the economic viewpoint. The framework for the
SA tool will integrate the criteria of these various approaches, which seem appropriate for evaluating
the sustainability of highway design options. In this way, a number of SA criteria are considered in
parallel focussing on the environmental and economic dimensions.

2.3.2 Conclusion on the Existing Assessment Frameworks

The review of existing assessment frameworks and rating systems presented above shows that, a large
number of studies propose frameworks with SA criteria but fail to integrate them into a unified and
more comprehensive framework. In addition, only a few studies have looked at highways, but not at
identify relevant SA criteria specific for the planning and design phase of the Dutch highway context,
which is exactly the gap this research aim to fill. This means that there is currently no MCA framework
that ensures that sustainability is integrally included when making design choices and comparing design
options in order to create sustainable added value in the Dutch highway development. The following
section will identify the SA criteria and combine them into a single, more comprehensive framework
that thoroughly addresses all dimensions of sustainability (TBL).

2.3.3 Identification of Sustainability Assessment Criteria

The aim of this subsection is to identify and develop a preliminary list of SA criteria based on recent
literature considering sustainability in the construction industry and infrastructure sector. This is done
by surveying the literature.

According to Lin et al. (2021) sustainability embodies a multidimensional concept (TBL), which must
consider and integrate economic (Prosperity), social (People) and environmental (Planet) criteria. This
line of reasoning is followed during the research. In general, assessment criteria (e.g. measures of
performance) are criteria by which design choices and options are assessed during assessment and
evaluation (Ward et al., 2016). In this research, SA criteria need to be identified, which are defined as
the basic fundamentals or principles used to judge, compare and evaluate the sustainability (Bueno
Cadena & Vassallo Magro, 2015). They can be grouped into different dimensions of sustainability (TBL),
namely economic, social and environmental. It is important to note that SA criteria that in one way or
another may influence sustainability over the life cycle of the highway should be integrated in de SA
tool.

With the use of the ‘qualitative content analysis” method, all criteria found in the literature were
grouped based on the dimension they relate to, to develop an integrated set. After surveying and
reviewing 19 studies, 5 transport rating systems and RWS documents for analysis, 64 SA criteria from
the construction industry and infrastructure sector, These criteria will form the list of SA criteria found
in literature identified for the three dimensions of sustainability (TBL), which are presented in the tables
below, see Table 2.7, Table 2.8, Table 2.9 (full list of SA criteria with references are available in the
appendix B.1):
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Table 2.7 - Environmental (Planet) assessment criteria according to the literature

\\[o} Environment (Planet) Criteria Total no. of sources
Env. 1 | Energy consumption 17
Env. 2 | Energy efficiency 9
Env. 3 | Generation of renewable energy 5
Env. 4 | Material balance with circular economy (CE) 9
Env. 5 | Sustainable procured materials 6
Env. 6 | Reusability 4
Env. 7 | Non-renewable materials consumption 5
Env. 8 | Life-Cycle Assessment (LCA) 2
Env. 9 | Recycled materials 9
Env. 10 | Design for disassembly 1
Env. 11 | Surface and groundwater quality 17
Env. 12 | Buffers for ecological land 6
Env. 13 | Climate adaptation (flooding) 10
Env. 14 | Stormwater runoff & drainage 6
Env. 15 | Climate adaptation 8
Env. 16 | Soil quality 12
Env. 17 | Soil consumption 8
Env. 18 | Biodiversity 14
Env. 19 | Waste 10
Env. 20 | Ecosystem functions 17
Env. 21 | Protected natural areas 7
Env. 22 | Streams, wetlands, waterbodies and their riparian areas 5

Table 2.8 - Social (People) assessment criteria according to the literature

Social (People) Criteria Total no. of sources

Soc. 1 | Reliability 5

Soc. 2 | Adaptability 5

Soc. 3 | Robustness 7

Soc. 4 | Agricultural land 7

Soc. 5 | Development land 6

Soc. 6 | Archeological & historic sites 7

Soc. 7 | Landscape structures 12
Soc. 8 | Brownfields 6

Soc. 9 | Wayfinding 6

Soc. 10 | Residential, recreational and working areas

Soc. 11 | Aesthetics & degradation 2

Soc. 12 | Spatial and visual quality 12
Soc. 13 | Vulnerability from vandalism & sabotage 1

Soc. 14 | Traffic safety

Soc. 15 | Local character 7

Soc. 16 | Emissions and air quality 20
Soc. 17 | Noise pollution and vibration 17
Soc. 18 | Light pollution 10
Soc. 19 | Cultural heritage 12
Soc. 20 | Stakeholder involvement & participation 8
Soc. 21 | Connectivity between functions and communities 8
Soc. 22 | Public support 4
Soc. 23 | Traffic flow 7
Soc. 24 | Economic efficiency 6
Soc. 25 | Pedestrian & bicycling facilities 3
Soc. 26 | Flexibility 3
Soc. 27 | External safety 6
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Soc.28 | Nuisance during construction

Soc. 29 | Construction safety
Soc. 30 | Utility services

Table 2.9 - Economic (Prosperity) assessment criteria according to the literature

. Economic (Prosperity) Criteria Total no. of sources
Econ. 1 | Cost-effective design 1
Econ. 2 | Innovation 6
Econ. 3 | Infrastructure network 4
Econ. 4 | Accessibility to employment 3
Econ. 5 | Management and maintenance costs (LCC) 8
Econ. 6 | Financial risks 4
Econ. 7 | Construction costs 8
Econ. 8 | Road operating costs 4
Econ. 9 | Social cost-benefit analysis (SCBA) 3
Econ. 10 | Residual value of structure 1
Econ. 11 | Local economy 11
Econ. 12 | Regional development 8

SA approaches such as: life cycle assessment (LCA), life cycle costs (LCC), social cost-benefit analysis
(SCBA) and environmental impact assessment (EIA) have been presented in some studies as criterion.
LCA, LCC, SCBA and EIA are as we have mentioned in 2.2.3 recognized methods which help to achieve
sustainability over the entire life cycle. The outcomes of these approaches can be integrated as a
criterion in the SA tool. The author already established in 2.2.6 that incorporating results from other
tools and methods could be beneficial for effectively integrating and balancing all dimensions of
sustainability (TBL). For a more comprehensive SA of highway design choices and options. For these
reasons, this research does include them in the SA framework. The next subsection 2.3.4 summarizes
the conclusions of this chapter.

2.3.4 Conclusion on the Preliminary List of Sustainability Assessment Criteria

The outcome of this chapter is the preliminary list of 64 SA criteria that were identified in the existing
SA frameworks, rating systems and RWS documents reviewed. The list presented in appendix B.1,
integrates SA criteria from the social, environmental and economic dimensions of sustainability (People,
Planet, Prosperity).

The list is critical input for the development of the SA framework, because it provides the point of
departure to investigate the SA criteria relevant for the Dutch highway context. In chapter 5, a filtering
process will be performed on the list to eventually compile a final list (proposed SA framework) for
validation during a questionnaire survey, the validation will result in the conceptual SA framework. The
next chapter presents the methods used in this research (see chapter 3).
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3 Research Methodology

This chapter presents the research methodology and approach that will be followed to meet the
objectives of this research. This chapter is broken down into four sections. The first section introduces
the different parts within the research (see 3.1). The second section explains the first part of the
research (see 3.2). The third section explains the second part of the research(see 3.3). Finally, the last
section explains the third part of the research (see 3.4). After that the company is introduced and
background information on the highway design process is provided based on exploratory interviews
held with experts within Antea Group (see chapter 4).

3.1 Introduction

This research is divided into three parts and follows a mixed approach of qualitative and quantitative
research. The first part addresses the theoretical background on sustainability, sustainable development
(SD) and the triple bottom line (TBL) to select a sound theoretical concept to be used in the research.
This part also includes a review of existing sustainability assessment (SA) approaches as well as the
identification of SA criteria in literature. The second part describes the methodological steps taken to
develop the new SA framework and collect empirical evidence to adjust and validate the conceptual SA
framework. The third part describes the methodological steps taken to develop the SA tool and test it
on a reference case. Then, the proposed SA tool is evaluated by expert interview. Finally, the results
from all these parts help to answer the main research question.

The research framework below, is a schematic and visualised representation of the steps presented in
section 1.6 that need to be taken in order to achieve the research objective, with the strategy and
approach mentioned. This research framework serves as a point of reference for the reader to
understand the sequence of this research. The following sections provide in-depth explanations of the
different parts mentioned earlier.
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Figure 3.1 - Research Framework (own illustration)

3.2 Part 1: Form the Preliminary List of Sustainability Assessment Criteria from Literature

This section explains the methodological steps to form the preliminary list of SA criteria.

3.2.1 Literature Review

The research begins with an introduction which introduces the research topics, problem, gap and
objective of the research. After that a thorough literature review followed. In-depth knowledge about
sustainability, TBL, 3Ps, SA approaches and SA criteria up to now was acquired through scientific
information found in scientific databases (including journals, articles, papers etc.) with the use of
keywords, related to the topic of the research. To perform the search, the following keywords were
used in combinations, see Table 3.1 (from 1994 to the present, because in 1994 the TBL framework of
Elkington was introduced). These keywords were looked up in both single and plural forms. The author
included papers that present SA criteria from other infrastructure projects such as railways, waterways,
etc. in the selection.
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Table 3.1 - Synonyms and replacement words for the search of keywords

Sustainability Sustainability assessment (SA) Highway infrastructure projects
Sustainable Assessment tool Transport infrastructure
Sustainable development (SD) | Assessment method Road
Sustainable construction (SC) | Assessment framework Freeway
Triple bottom line (TBL) Sustainability appraisal Motorway
People, planet, profit (PPP) Sustainability impact assessment | Construction industry (Cl)
Sustainability evaluation Construction project
Sustainability rating tool Transport project
Decision support tool (DST)
Ex-ante/Ex-post evaluation

These keywords were used in the following search engines: Scopus, ScienceDirect, ResearchGate, Web
of Science and Google Scholar. Scopus, Web of Science and Google Scholar cover most scientific fields
(Falagas et al., 2008). The focus was on using Scopus as a starting point, because Falagas et al. (2008)
who studied the differences between PubMed, Scopus, Web of Science and Google Scholar concluded
that “Scopus is the database that indexes a larger number of journals than the other three databases
studied”. In addition, literature can be searched based on: abstracts, authors, citations in the advanced
search option to get more valid results (TITLE-ABS-KEY) and a citation analysis can be performed. For
these reasons, Scopus is the best available research tool with the largest database for searching
electronic literature (journals-, research articles, reports, manuals, guidelines and books) that are
published after 1995. Within these found sources, references and citations to other work were also
reviewed when relevant. The papers found during the literature search were reviewed for their content
and significance to the research objectives. The output of this part is the selection of a sound theoretical
concept to be used in this research, a review of existing SA approaches and frameworks and a integrative
list of preliminary SA criteria for all three dimensions of sustainability.

3.2.2 Exploratory Interviews

For gathering background information, in-depth information and starting a dialog with experts a suitable
qualitative interview type can be used. There is a variety of ways qualitative interviews can be
categorized. The most well-known categorization is: unstructured, semi-structured and structured
(DiCicco-Bloom & Crabtree, 2006). Semi-structured interviews are the most suitable for this research,
because semi-structured (in-depth) interviews are generally organized around a set of predetermined
open-ended questions, with other questions emerging from the dialogue between interviewer and
interviewees. According to DiCicco-Bloom & Crabtree (2006), the semi-structured interview format is
the most widely used for qualitative research and in-depth interviews and can occur either with an
individual or in groups. Structured interviews are useful when complete knowledge of the subject is
available and data that is to be gathered is specifically determined. Unstructured interviews on the other
hand are of an open-ended form, due to the absence of predetermined questions. This form is based
on the interaction of the interviewer and interviewee to guide the interview. Both the unstructured and
structured interview forms do not apply to this research, because this research is in the form of

39

Developing a Sustainability Assessment Tool for Assessing Dutch Highway Designs



exploratory research, where information is searched based on in-depth questions around a certain
subject.

In the following chapter, exploratory interviews are going to be conducted with experts within the Antea
Group to gather background information on the design processes that Antea Group follows to help set
the scope of this research. Exploratory interviews in the form of semi-structured interviews can be seen
as preliminary research consisting of interviews with several experts involved in the field (Verschuren &
Doorewaard, 2010). For this research, semi-structured interviews seemed suitable for the purpose of
exploring the role of the engineering consultancy firm Antea Group in developing sustainable and
integrated solutions, the highway design process they follow in the Netherlands, the tools and methods
they use in practice and to find out how and where the intended SA framework and tool can be applied
in practice.

The interviews are going to be recorded with the permission of the participants. A brief summary of the
research and objective is going to be sent out prior to all of the interviews. Because of the implications
of COVID-19 that occur during this research, face to face communication is not an option. Therefore,
the author is going to use the business communication platform Microsoft Teams to conduct the
interviews. This method of communication seems appropriate considering the situation.

3.3 Part 2: Develop and Validate the Sustainability Assessment Framework

This section explains the methodological steps to develop and validate the SA framework.

3.3.1 Filtering Process

After literature review and conducting of exploratory interviews, a filtering process will be performed
on the preliminary list of SA criteria resulted from the literature review. The number of SA criteria used
depends on the nature of the project being evaluated, in this case highway projects, as well as the
evaluation purpose. It is critical to choose not only relevant SA criteria, but also to avoid using SA criteria
that could lead to duplication. Currently there are many filtering criteria for SA criteria selection, on the
basis of findings from the previous studies, four filtering criteria (approaches to reduce the number of
SA criteria in the proposed SA framework) are presented below:

e Qverlapping: merge (combine) SA criteria that are overlapping or covered by other criteria to avoid
duplication, for instance on similarity and correlation between SA criteria;

e Specific to other sectors: SA criteria that are specific to other types of construction projects, for
instance, railways will be excluded;

e Frequency of appearance in literature: SA criteria that are mentioned less than 5 times (<25% of the
reviewed studies) will be excluded;

e Present in transport rating systems: SA criteria that appear in existing transport rating systems will
be included. In subsection 2.3.1.3, a list of the most important transport rating systems was
provided.

3.3.2 Questionnaire Survey

After the filtering process, a questionnaire survey will be conducted, because it is capable of gathering
data that answers research questions and adheres to specific data types (Liu et al., 2021). A series of
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closed-ended and open questions are going to be asked to the respondents to reflect on and be able to
give feedback. The purpose of the survey is to establish whether the SA criteria that form the proposed
SA framework are relevant for the Dutch highway context. For this survey, experts with experience with
sustainability and road design will be contacted via email to fill in the questionnaire on Microsoft Forms.
The questionnaire is designed to assess their agreement with the SA criteria in the planning- and design
phase of highway development in the Dutch context. To collect empirical evidence and opinions from
different experts in the field to determine and establish which SA criteria are relevant for the specific
context and should therefore be included in the conceptual SA framework. The experts also have the
opportunity to suggest criteria that should be included as well. The output of this part is the
development of the new conceptual SA framework.

3.3.2.1 Data Collection and Procedure

In the email a short summary of the purpose of the research is sent along with the link to the
guestionnaire. The questionnaire consists of a series of questions to collect information and data from
experts within Antea Group. All respondents will receive the same list of SA criteria. This questionnaire
is designed via Microsoft-Forms on Antea Groups SharePoint. The expert is asked whether they want to
complete the list in their own time or to discuss it together, so that they can indicate their own
preference. The potential experts are selected based on two reasons. Firstly, the expert are qualified
and experienced professionals with rich expertise in developing construction projects within Antea
Group. Second, they have a multidisciplinary background, such as sustainability, road design, energy
transition, project management, etc.

The experts may complete the questionnaire within one weeks. For those who do not respond within
the time limit, the links will be emailed again to remind them to complete the questionnaire. For those
who completed a questionnaire with errors or missing data, further explanation will be provided and
the respondent will be asked to revise or complete their answers.

3.4 Part 3: Developing the Sustainability Assessment Tool

This section explains the methodological steps to develop and evaluate the new SA tool, the application
of the proposed SA tool to a reference case and the evaluation with a decision-making expert in the
field of road design. This will be done to test the findings from the literature review and examine the
applicability of the proposed SA tool. Clearly, the development of such a SA tool will be an iterative
process requiring numerous rounds between development and testing. However, due to the scope of
this research and time constraints, the applicability of the proposed SA tool will be investigated only
once and the findings from applying it to the reference case and evaluating it with an expert will be used
to assess the applicability and usability of the proposed SA tool.

3.4.1 Design Option Analysis

This SA tool aims to provide the project team of Antea Group with a tool to carry out a design option
(alternatives & variants) analysis from the sustainability viewpoint. A design option analysis is a method
for making careful design choices and ensuring that they are traceable and transparent for everyone in
the future, as to which options were considered and why certain choices were made during the design
process. For this analysis, a trade-off matrix (TOM) is utilized. A TOM consists of a table (matrix) in which
design options are compared to each other to be able to make a carefully considered choice. The SA
tool uses a combination of SA criteria to provide an overall picture of how the design options contribute
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to sustainability. The design option analysis as described in this method is a form of multi-criteria
analysis (MCA). In this research, it means that design options are weighed against each other using
different themes and SA criteria. In this SA tool, an MCA method is used to determine the weighting
factors of the themes.

34.1.1 MCA Method

There are several MCA methods developed to acquire the weighting factors of the themes, such as the
Analytic Hierarchy Process (AHP) (Saaty, 1977), Analytic Network Process (ANP) (Saaty, 2005) and best-
worst method (BWM) (Rezaei, 2015, 2016) to name a few. The selection of most suitable MCA method
will be based on the number of themes, SA criteria and the advantages and disadvantages of the
different MCA methods. The reasoning and selection of the most suitable MCA method will take place
during the development of the SA tool.

3.4.2 Evaluation of the Proposed SA Tool

After realizing the conceptual SA framework, the assessment procedure with the selected MCA method
is incorporated to form the proposed SA tool. The proposed SA tool will need to be evaluated on the
applicability and usability. This is done with the use of a reference case including an expert interview.
Due to time constraints, the proposed SA tool will only be used once on a highway project to test its
applicability and usability. Selection of a suitable reference case is based on the following requirements:

e The highway project needs to be in the design phase to ensure that the project adheres to the scope
of this research; and

e The author should have access to project information of the reference case and access to an expert
involved in the reference case who is familiar with the content and research topics.
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4 Company Review and Design Process

This chapter provides background information based on exploratory interviews held with experts within
Antea Group. These interviews were held for setting the scope of the research and to gather information
about the design processes that Antea Group follows. This chapter is broken down into two sections.
The first section explains the exploratory interviews (see 4.1). The second section presents the findings
of the interviews (see 4.2). The exploratory interview questions and answers can be found in appendix
A.land A.2.

4.1 Exploratory Interviews

Exploratory interviews in the form of semi-structured interviews can be seen as preliminary research
consisting of interviews with several experts involved in the field (Verschuren & Doorewaard, 2010), in
this case road infrastructure and sustainability. For this research, semi-structured interviews seemed
suitable for the purpose of exploring the role of the engineering consultancy firm Antea Group in
developing sustainable and integrated solutions, the highway design process they follow in the
Netherlands, the tools and methods they use in practice and to find out how and where the intended
SA tool can be applied in practice. Information was gathered through interviews with 4 experts with
different expertise’s. The interviews were recorded with the permission of the participants. A brief
summary of the research and objective was sent out prior to all of the interviews.

Because of the implications of COVID-19 that occurred during the time of the interviews, face to face
communication was not an option. Therefore, the author used the business communication platform
Microsoft Teams to conduct the interviews. This method of communication seemed appropriate
considering the situation. The interviews lasted about 60 minutes and were conducted in accordance
with the interview protocol (see appendix A.1), which served as a guide (question list) for the interview.
During the interview, discussion was not limited to these questions, instead, depending on the
responses, questions from the protocol were followed by in-depth questions to encourage participants
to share more information that would help in gaining a better understanding of the topics.

The potential experts for these interviews were selected based on the purpose of this research and their
knowledge and experience in the research field of sustainability and road infrastructure design. The
experts were contacted through email communication. To maintain confidentiality among the
participants, the experts' identities are coded into numbers. Quotes from the interviewees that are
given in this research will be referred to the interviewee numbers which are shown below (see Table
4.1).

Table 4.1 - Exploratory Interview Participants

Interviewee Function \ Department

Interviewee 1 | Project manager Infrastructure (roads)
Interviewee 2 | Advisor for sustainability and circularity | Infrastructure (roads)
Interviewee 3 | Cost expert and value engineer Infrastructure (roads)
Interviewee 4 | Coordinator preparation Infrastructure (roads)

4.2 Exploratory Interviews Findings

This section presents the findings of the exploratory interviews. The findings are presented and
structured based on the discussed topics. First, the company profile of Antea Group is presented. After
that, the role of Antea Group in the design process is presented. The information presented below is
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either based on answers given by the experts, referral to the appropriate documentation inside the
company or information found in Rijksoverheid and Rijkswaterstaat reports and publications.

4.2.1 Company Profile of Engineering Consultancy Firm Antea Group

This research is conducted in cooperation with Antea Group, which will
provide empirical information, knowledge and evidence to be used
and consulted in this research. Antea Group offers broad support in
products, projects and services for Rijkswaterstaat, provinces,
municipalities, contractors and privates parties. For this research it is
important to know that Antea Group assists and advises clients in
making well-informed choices and considerations within projects,
based on information, experience and expert knowledge.

In (sustainability) transition issues, they connect chain partners and
work towards integrated and sustainable solutions. Antea Group advises their clients at strategic level
to put sustainable development on the agenda (Antea Group, 2021a). The mission of Antea Group is as
followed:

“Antea Group is a leading partner in the development and application of sustainable and integrated
solutions in our living environment. Sustainability is never the end point, but a continuous process with a
positive impact on the living environment as the starting point. That starts with the motivations within
our organisation, because sustainability comes from within and thus works through the chain. We believe
in sustainable and innovative services on the one hand and socially responsible business operations on
the other” (Antea Group, 2021a).

Antea Group has embedded in its mission statement that it wants to be a leading partner in developing
sustainable and integrated solutions for our living environment. Of course Antea Group also takes
responsibility for making its own business operations more sustainable. Finally, Antea Group wants to
be an employer where people are proud and happy to help their clients and partners to realize the next
step in sustainability. It is about total sustainability, i.e. continuous improvement in strengthening the
balance between the environment, economy and social aspects.

Antea Group, focusses their efforts on seven SDGs, which are closest to them. This focus, a step-by-step
and targeted approach, makes them more powerful and be able to create more impact. In their
approach to contributing to the SDGs, they focus on their internal organization as well as on their
projects, products and services. The seven SDGs Antea Group focusses on are (Antea Group, 2021a) are

shown in Figure 4.1.
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Figure 4.1 - SDGs Antea Group focusses on in their products and services (Antea Group, 2021b)
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In addition, Antea Group offers customers 'green offers' with which they want to further develop
awareness and sustainability. In this way, Antea Group stimulates and facilitates sustainability in the
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chain through green offers, offering sustainable solutions, alternatives or working methods (Antea
Group, 2021a).

4.2.2 Highway Design Process in the Netherlands

In the Netherlands, the design of road and highway infrastructure is obliged to comply with some
requirements and standards. The following guidelines apply to the Netherlands: the MIRT-procedure
and Kader wegontwerp 2.0. These guidelines are considered as recommendations for any road
infrastructure project under the authority the Ministry of Infrastructure and Water Management.

4.2.2.1 MIRT-process

In the Netherland, the Dutch government works together with other agencies on safety, accessibility
and quality of life in the Netherlands. They do so by investing in better roads, rail connections and
waterways, these investments are included in the Meerjarenprogramma Infrastructuur, Ruimte en
Transport (MIRT), the program that supports the major infrastructure projects of the Ministerie van
Infrastructuur en Waterstaat (lenW). All major infrastructure projects are found in the MIRT. Provinces
work in a similar way with N-roads, but different method.

The Tracéwet applies to the realization of new highways or the adaptation of existing highways. The
Tracéwet regulates which spatial procedures must be followed when adapting or expanding main roads.

In a MIRT-process, the involved parties work phase by phase to substantiate the tasking in increasingly
concrete terms. Every MIRT phase ends with a political -administrative decision on the subsequent
phase:

MIRT
Onderzoek
MIRT MIRT MIRT : MIRT MIRT MIRT
‘ Exploration Plan Elaboration Realisation Gebledsagenda Verkenning Planuitwerking Realisatie

1 ! 1 r 1 1 |

Initial Preferential Project Acceptance Start- Voorkeurs-
Decision Decision Decision Decision ¥ 2

Figure 4.2 - MIRT-process (Rijkswaterstaat, 2016)

For major roads, the extensive MIRT-procedure with sectoral structural vision is followed. The regular
procedure has three decision moments, namely the Initial Decision (Startbeslissing), the ontwerp-
Tracébesluit ((O)TB) and the Tracébesluit (TB). In addition to the extensive procedure, a formal decision
moment about the preferred alternative (voorkeursalternatief (VKA)) with a structural vision is added,
as the conclusion of the MIRT-Exploration (MIRT-Verkenning). This is a step-by-step procedure. This
means that a (design) structural vision is first made in which the preferred solution is included. This
environmental impact assessment (EIA) (milieueffectenrapportage (MER)) provides the environmental
information when choosing a preferred solution (voorkeursoplossing). After the (design) structural
vision ((D)SV) ((ontwerp-)structuurvisie ((0)SV)), in the following MIRT-Plan Elaboration (MIRT-
Planuitwerking) phase, the preferred solution is worked out in detail and ultimately laid down in a
ontwerp-Tracébesluit ((O)TB).

The MIRT-process explained, according to (Rijkswaterstaat, 2018):
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MIRT-Study: may result in a task for a MIRT-Exploration based on a Startbeslissing. With the
Startbeslissing in the MIRT, taken by the Minister of Infrastructure and the Environment and the
relevant administrators, the MIRT-Exploration phase begins;

MIRT-Exploration: The aim of the MIRT-Exploration is to arrive at a smart, sustainable and climate-
proof solution by examining a task broadly, concretising the objective and problem analysis and
making an insightful assessment. In this phase, linkage opportunities (meekoppelkansen), measures
(maatregelen), area information etc. need to be integrally included. The cost-benefit analysis (CBA)
and plan-EIA are mandatory in the MIRT-Exploration to provide the necessary decision information
with regards to the environmental consequences and cost of measures. This decision information
is determined on the basis of the alternatives, the plan and study area (plan- en studiegebied), the
assessment method and the assessment framework (mapping out the impact and cost of solutions
based on criteria). This information helps substantiating the Preferential Decision
(Voorkeursbeslissing): a well-substantiated choice for the best solution, the legal procedure and the
financing method. After decision-making, the preferred alternative (voorkeursalternatief (VKA)) is
laid down in the Preferential Decision and then further elaborated in the MIRT-Plan Elaboration
phase in order to prepare the realization. The MIRT-Exploration ends with a political-
administratively supported Preferential Decision.

MIRT-Plan Elaboration: follows the (adaptive) preference decision from the MIRT-Exploration
phase. In the MIRT-Plan Elaboration phase further elaboration of the preferred alternative will take
place. Despite the fact that one preferred alternative has been chosen, several technical variants
are possible. In addition, the parties substantiate the design in sufficiently concrete terms to be able
to tender the project. The MIRT-Plan Elaboration is completed with a Project Decision
(Projectbeslissing) in the form of a Tracébesluit (TB). The Project Decision paves the way for its
realisation;

MIRT-Realisation: leads to an Acceptance Decision (Opleveringsbeslissing). To this end, the
Tracébesluit (TB) that has been laid down in a Project Decision is worked out into a VO, DO and UO
to carry out the work on that basis. The Tracébesluit (TB) is the decision arising from the
Infrastructure (Planning Procedures) Act. In the procedure under the Tracéwet, the products that
are delivered in the MIRT-Plan Elaboration phase are the ontwerp-Tracébesluit ((0)TB) and the EIA.
The EIA is then an annex to the ontwerp-Tracébesluit ((O)TB. The Minister of Infrastructure and
Water Management determines the ontwerp-Tracébesluit ((O)TB and Tracébesluit (TB).
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Road Design Process in the Netherlands
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Figure 4.3 - Road design process (Rijkswaterstaat Ministery van Infrastructuur en Waterstaat, 2019)

In the road design process, choices are made in the steps from Functional Design (Functioneel Ontwerp

(FO)) to Implementation Design (Uitvoeringsontwerp (UQ)). All considerations and choices are recorded

and made transparent in the design note (ontwerpnota). For each choice, it is described which

consideration has been made and on the basis of what the choice was made. The following design stages
in the road design process are explained (Rijkswaterstaat Ministery van Infrastructuur en Waterstaat,

2019):
The Functional Design (FO): concerns longitudinal lane schemes, with metering of discontinuities.
The FO is the input for traffic research (verkeersonderzoek (NRM)), with all traffic engineering, road

[ ]
safety considerations and choices recorded in the design memorandum. The FO is the basis for

traffic engineering effect studies (I/C values, delay factors, travel times, etc.);
The Elementary Design (EO): the geometric design is made to see what the impact of a geometric

[ ]
guideline-compliant road is on the environment;
e The Fitting Design (Inpassend Ontwerp (10)): is a technically feasible and adaptable design that is
input for impact studies. This design serves to demonstrate that the road is technically compatible
and feasible. The choices about physical integration are weighed up using matrices and recorded in

a bottleneck analysis (knelpuntenanalyse) and can influence the choices made in the FO and EQ;

The Integral Integrating Design (Integraal Inpassend Ontwerp (110)): in this the design is further
elaborated into an integral design. The result is a working traffic system that is not only spatially but

[ ]
also legally and environmentally integrated into the environment. Choices are weighed up using

matrices and recorded in a measure analysis;

e The Preliminary Design (Voorlopig Ontwerp (VO)): the main geometry is determined for the detailing
of the road design. The result is a design in which design principles are laid down that form the basis
for further detailed elaboration. Choices are made by means of matrices;

e The Final Design (Definitief Ontwerp (DO)): all partial designs are worked out integrally. Before and
after elaboration of the partial designs, an interface analysis is performed on the interfaces between
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all road design elements. The result is a design in which details are laid down that form the basis for
further materialization. Choices are made by means of matrices;

The Implementation Design (Uitvoeringsontwerp (UO)): the DO is translated into materialization.
Materialization of the DO means that for each design element it is indicated from which materials
(and therefore with which physical properties) the design element will be executed outside. All
details resulting from the materialization have been worked out in partial designs by the UO. The
result is a design that can be implemented.

4.2.2.3 The Road Design Process in the Different MIRT Phases

The starting point is an extensive Tracéwetprocedure (Rijkswaterstaat Ministery van Infrastructuur en
Waterstaat, 2019):

MIRT-Study: in this phase, policy is funneled to a number of solution (alternatives) that are included
in the Initial Decision. There is no formal road design process and/or test process involved;

MIRT-Exploration: in the 1st sieve (eerste zeef) Exploration, the infrastructural alternatives that can
reasonably be considered from the MIRT-Study are elaborated in more detail. A FO is worked out
for each alternative. In the 2nd sieve (tweede zeef) Exploration, we are working towards a VKA. EOs
and |0s are drawn up for this purpose. EOs are an important tool for recording explicit choices with
regard to integration. In this phase, the drafting of EOs is explicitly taken together with the drafting
of 10s in order to set up an |0 that is aligned with the environment in one phase. After all, an 10
cannot be set up without bottleneck analysis on an EQ. After the bottleneck analysis has been
completed, the 10s are drawn up for the promising solutions. These |0s show the spatial feasibility
of the solutions. The I10s are then input for the assessment of effects (plan-EIA and SCBA) and overall
assessment. These products ultimately lead to the establishment of a VKA.

MIRT-Plan Elaboration: In the preparatory part of the MIRT-Plan Elaboration, the FO and the 10 from
the Exploration are updated or re-developed. The Plan Elaboration leads to a TB. To this end, the
updated |0 is elaborated into an 110 for a OTB and then into an 110 for a TB;

MIRT-Realisation: The realization leads to an Acceptance Decision (Opleveringsbeslissing). To this
end, the TB that is laid down in a Project Decision is worked out into a VO, DO and UO to carry out
the work on that basis.

4.2.2.4 Highway Design Options

In practice, misunderstanding sometimes arises between the terms design alternative and design
variant. This research focusses on both, but to clarify, the terms are explained below (Rijkswaterstaat,
2019b):

Alternatives: are the main choices. MIRT projects mainly concern route and location choices. These
will be investigated in the MIRT-Exploration, for example in a plan-ElA;

Variants: are further elaborations of parts within alternatives. These are often more technical
aspects, small differences in exact positioning or, for example, choices between possible mitigating
measures.
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Figure 4.4 shows the highway design process in the Netherlands and the focus of the research indicated

in red:

Project life cycle

Planning- and design phase

MIRT-process

Decisions

Road Design
Steps

Sustainability
assessment

Involved parties

MIRT-Study MIRT-Exploration MIRT-Plan Elaboration MIRT-Realisation

Initial Decision Preferential Project
Decision Decision

o e e b e
|OTB|TB|—

Integrating sustainability in design choices and
options

Antea Group (Engineering consultancy) I Contractor

Rijkswaterstaat (Initiator/Client)

EO
z%.&
5 3
S
10 §>~
L ©
£Z
|[e} =

VO

DO

- -

oTB

B

alternatives)

Functionality of the higway fixed

Function to shape - Different situations (on ground level, elevated, in excavation and on or under a civil structure (e.g. bridge,
tunnel)) a design can be made (required space)

Bottleneck analysis with existing functions in the area, to link with the spatial quality and design of the highway

Delivers concept highway design alternatives with the associated use of land, which is the input for the impact studies
(landscape, spatial quality and cultural history, water, soil, noise, nature, air, cables and pipelines, external safety, costs, etc.)

Start by detailing the design of the chosen highway design alternative (different technical variants of an alternative}, results in
main geometry of the pavement and groundwork

Detailing and fine-tuning of interfaces between road surface and civil structures

Materialization is worked out in sufficient detail
for implementation and realisation of the highway design

In accordance with the General Administrative Law Act {Algemene Wet bestuursrecht), interested parties/stakeholders can
submit an opinion on a draft route decision (ontwerp-tracébesluit), for example if they do not agree with the decision, or if they
wish a different implementation. After receipt of the views, they are answered by the initiator

A part of the MIRT process according to the Route Act (=tracébesluit), which describes which adjustments are required in the
environment for a highway project. The preferential decision is worked out in a route decision (tracébesiuit)

Figure 4.4 - Highway design process (focus of the research indicated in red) (adapted from (Rijkswaterstaat Ministery van

Infrastructuur en Waterstaat, 2019))
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4.2.3 Integral Project Team

Within this design process Antea Group uses Integrated Project Management (IPM) roles, the roles
together form the integral project team:

e Project Manager (PM);

e Project Controller (PC);

e Technical Manager (TM);

e Project Environment Manager (PEM);
e Contract Manager (CM).

Antea Group's integral project team is led by the PM. The other IPM roles are his responsibility. TM is
the central role within IPM and is the only role that interacts directly with all other role holders. In the
next chapter the development of the SA framework is elaborated.
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5 Development of the Sustainability Assessment Framework

In this chapter, the development of the SA framework takes place. This chapter is broken down into
three sections. The first section explains the filtering process applied to the preliminary list of SA criteria
from subsection 2.3.2 to form the proposed SA framework (see 5.1). The second section show how a
guestionnaire survey with experts from Antea Group was used to validate the proposed SA framework
(see 5.2). The last section addresses the findings of the questionnaire survey and presents the
conceptual SA framework (see 5.3). After that a suitable MCA method will be proposed to determine
the importance of the themes for a specific project (see chapter 6).

5.1 Sustainability Themes and Assessment Criteria

The intended result of this section, is to propose a framework consisting of a list of SA criteria to evaluate
and compare environmental, economic and social sustainability in design choices and between design
options.

5.1.1 Filtering Process

For establishing the proposed SA framework it is critical to choose not only relevant SA criteria for the
specific context, but also to avoid using SA criteria that could lead to duplication. As mentioned in
subsection 3.3.1, the filtering process of SA criteria is carried out based on four filtering criteria
(approaches to reduce the number of SA criteria in the final list) which are: overlapping, specific to other
sectors, frequency of appearance in literature and present in transport rating systems. During the
filtering process, the SA criteria to be included in the proposed SA framework will be indicated in green,
merged will be in orange and excluded will be in red. Some examples of the filtering process are given
below.

Include

“Surface and groundwater quality (Env. 11)” is included in the proposed SA framework, because the SA
criteria appears in almost all of the existing frameworks, it is used in rating systems and therefore placed
in the theme “Water & Climate”.

Merge

“Soil consumption (Env. 17)” is mentioned eight times in literature and present in the rating systems,
however, it is part of and covered by the SA criterion “Material balance with circular economy (CE) (Env.
4)” and therefore merged (= Env. 4) in the proposed SA framework.

Exclude

“Vulnerability from vandalism & sabotage (Soc. 13)” is only mentioned once in the literature and not
present in the analysed rating systems and therefore excluded for the proposed SA framework.

A total of 64 SA criteria identified found in the literature, were reduced to 34 SA criteria and grouped
into the corresponding sustainability dimensions (economic, environmental and social) and themes
(proposed heterogeneous themes based on literature and rating systems for evaluating sustainability)
(see Table 5.1, Table 5.2, Table 5.3). There are 9 SA criteria dealing with economic sustainability, 18 with
social sustainability and 7 with environmental sustainability. The 34 SA criteria that are the result of the
filtering process are going to be presented to experts within Antea Group with the use of a questionnaire
survey.
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Table 5.1 - Determination of criteria to include in the SA framework (environment - Planet)

Environmental (Planet) criteria

Used in
rating
system

Env. 1 Energy consumption 17 Yes Include Energy

Env. 2 Energy efficiency 9 Yes

Env. 3 Generation of renewable energy Yes Include Energy

Env. 4 Material balance with circular economy (CE) 8 Yes Include Materials
Env. 5 Sustainable procured materials 6

Env. 6 Reusability 4

Env. 7 Non-renewable materials consumption 5 Yes

Env. 8 Life-Cycle Assessment (LCA) 2 Yes

Env. 9 Recycled materials 9 Yes

Env. 10 Design for disassembly 1

Env. 11 Surface and groundwater quality 17 Yes Include Water & Climate
Env. 12 Buffers for ecological land 6 Yes

Env. 13 Climate adaptation (flooding) 10 Yes Include Water & Climate
Env. 14 Stormwater runoff & drainage 5 Yes

Env. 15 Climate adaptation (drought and heat stress) 8 Yes Include Water & Climate
Env. 16 Soil quality 12 Yes Include Ecology & Nature
Env. 17 Soil consumption 8 Yes

Env. 18 Biodiversity 14 Yes

Env. 19 Waste 10 Yes

Env. 20 Ecosystem functions 17 Yes Include Ecology & Nature
Env. 21 Protected natural areas 7 Yes Include Ecology & Nature
Env. 22 Streams, wetlands, waterbodies and their 5 Ves

riparian areas

Table 5.2 - Determination of criteria to include in the SA framework (social - People)

Used in
Social (People) criteria rating
system
- Mobility &
Soc. 1 Reliability 1 Yes Include Accessibility
- Mobility &
Soc. 2 Adaptability 4 Yes Include Accessibility
Soc. 3 Robustness 4 Yes Include Mob|l|.t\/. &
Accessibility
Soc. 4 Agricultural land 5 Yes
Soc. 5 Development land 5 Yes
Soc. 6 Archeological & historic sites 5 Yes
Soc. 7 Landscape structures 6 Yes Include Culture &
Landscape
Soc. 8 Brownfields 5 Yes
Soc. 9 Wayfinding 4 Yes Exclude
Soc. 10 | Residential, recreational and working areas 4 Yes Include Culture &
Landscape
Soc. 11 | Aesthetics & degradation 1
Health &
.12 i i i Incl .
Soc Spatial and visual quality 7 Yes nclude Well-being
Soc. 13 | Vulnerability from vandalism & sabotage 1 Exclude
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Soc.

14

Traffic safety

Yes

Include

Health &

Well-being
Soc. 15 | Local character 5 Yes
. ) ) Health &
Soc. 16 | Emissions and air quality 15 Yes Include Well-being
Soc. 17 | Noise pollution and vibration 12 Yes Include Health'&
Well-being
Health &
. i i Incl
Soc. 18 | Light pollution 6 Yes nclude Well-being
Soc. 19 | Cultural heritage 9 Yes Include Culture &
Landscape
Soc. 20 | Stakeholder involvement & participation 7 Yes
Soc. 21 Connectl'vl'ty between functions and 8 Ves Include Culture &
communities Landscape
) Health &
Soc. 22 | Public support 3 Yes Include Well-being
Soc. 23 | Traffic flow 4 Yes Include MObIII.tY &
Accessibility
Soc. 24 | Economic efficiency 5 Yes
Soc. 25 | Pedestrian & bicycling facilities 2 Yes
Soc. 26 | Flexibility 2 Yes
Health &
Soc. 27 | External safety 3 Yes Include Well-being
Soc. 28 | Nuisance during construction 2 Yes Include Health .&
Well-being
Soc. 29 | Construction safety 1 Yes Include Health .&
Well-being
Soc. 30 | Utility services 1 Yes Include Culture &
Landscape

Table 5.3 - Determination of criteria to include in the SA framework (economic - Prosperity)

Economic (Prosperity) Criteria

Total
ref.

Used in
rating
system

Econ. 1 | Cost-effective design 1
£ -
Econ. 2 | Innovation 4 Yes Include conomic
development
Econ. 3 | Infrastructure network 3 Yes
Econ. 4 | Accessibility to employment 2 Yes
) Costs &
Econ.5 | Management and maintenance costs (LCC) 6 Yes Include
Investments
Econ. 6 | Construction costs 5 Yes Include Costs &
Investments
Econ. 7 | Financial risks 1 Yes Include Costs &
Investments
Econ. 8 | Road operating costs 4
) ) ) Costs &
Econ. 9 | Social cost-benefit analysis (SCBA) 1 Yes Include
Investments
Econ. 10 | Residual value of structure 1
£ -
Econ. 11 | Local economy 8 Yes Include conomic
development
Economic
Econ. 12 | Regional development 5 Yes Include

development
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5.1.2 Sustainability Themes

Criteria are often grouped, usually on substantive grounds, in this case in themes. For each theme, it is
possible to look at how a design choice or option can contribute to the sustainability objectives of RWS,
like: sustainable area development, circular economy (CE), energy, etc. (described in 1.1.3). In this
research, we look at sustainability from the perspective of 9 themes. These themes are the result of
qualitative content analysis performed on the examined literature in chapter 2 and focused on the
sustainability objectives of RWS. The themes are listed below (see Table 5.4). Each of the 9 themes has
its own focus on how a highway can contribute to a more sustainable living environment. In this way,
sustainability can be made explicit in highways. When the themes are deployed early in a highway
project, they add the most value to the project. The description of the themes is presented below:

Table 5.4 - The sustainability themes

Theme Description

A highway can contribute to the energy transition and a sustainable living environment, by
Energy exploiting opportunities in highway development for energy conservation and the generation of
sustainable energy.

A highway can contribute to the transition of circular economy (CE), by minimizing the use of
materials and negative environmental impacts arising from the use of materials in highway
development. Closing material chains and limiting the production and processing of materials
and raw materials for construction and maintenance play an important role in this.

Materials

Water that is safe, clean and healthy in the vicinity of a highway is an essential component of a
sustainable living environment. This requires extra attention for a changing climate. Reduce the
vulnerability of highways to climate change by exploiting opportunities for climate adaptation,
for example by taking into account the increasing risk of flooding, heat and drought and the
consequences of flooding in the design.

Water &
Climate

Well-functioning ecosystems and varied habitats are part of a sustainable living environment. It

Ecology & is important to preserve and, where possible, strengthen the current ecological values and

3’ Nature natural processes around the highway. This is a precondition for a healthy biodiversity. In

u addition, careful handling of the soil around the highway also contributes to a sustainable living
environment by taking pollution, disturbance and subsidence of the soil into account.

Careful use of space around the highway is of great importance for a sustainable living
environment. By arranging the available space as efficiently and multifunctionally as possible and

' Landscape by preventing the expansion of the built-up area as much as possible. In addition, a recognizable
‘/ landscape and attractive use of the area and (visible) cultural, archaeological and historical values
contribute to spatial quality and can serve as inspiration for the design of an area.

Culture &

A safe, clean and sustainable living environment on and around the highway contributes to the
well-being and health of users and local residents. In this way it protects people against illness
and accidents. In addition, a sustainable living environment around the highway promotes
healthy behaviour, such as exercise and recreation, a healthy lifestyle, social safety and social
interactions.

Health &
Well-being

It is critical to develop a robust traffic system in order to improve an area's accessibility.
/\/f} Mobility & Therefore, making efficient use of existing and new infrastructure is needed in order to achieve
= Accessibilit this and as a result, save space, fuel and time. Accessibility can continue to be increased by means

{“\!\ y of an adaptive highway. In which the possibilities to respond to future changes play an important
role. Highway projects must be able to adapt to current and future traffic demands.

Costs & In sustainable development, investments of the highway are in balance with the benefits. Not
only the investment costs, but all the costs and benefits for the construction and use during the
life cycle of a project are important. Sustainable financing is necessary to make short-term and

Investments
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long-term developments possible and profitable. In addition to financial returns, revenues also
include social benefits and future value.

A highway can contribute to a sustainable (regional) economy by improving the business climate
Economic in the region, which relates to economic activity in the region on the one hand and the economic
/ I vitality of the population on the other. An attractive business climate is a precondition for an
[ | I development economically vital environment. Furthermore, integrating innovative solutions and the smart use
of innovative techniques in a highway can contribute to the sustainability of a highway.

These themes and related SA criteria are integrated into one comprehensive framework shown in Table
5.5, the so-called sustainability assessment framework. The SA framework is a visual representation of
the sustainability themes and the associated SA criteria, which collectively integrate the relevant
sustainability aspects of the 3Ps as much as possible. The SA framework focuses on themes and SA
criteria for which the design choices and options are expected to have an effect or added value on
sustainability and which may be important for decision-making. The SA framework is based on an
integrated approach to sustainability. By providing insight into the various facets of sustainability, it
becomes clear how a highway project can have maximum contribution to realizing the vision.

Sustainability is subdivided in the framework into the three sustainability dimensions (TBL), i.e. People,
Planet, Prosperity, which in turn are collectively subdivided into 9 themes and 34 corresponding SA
criteria. For the SA framework, clustering criteria in a hierarchical form, helps to check the relevance of
the criteria, simplifies the process of calculating weights and facilitates the emergence of higher-level
views of the issues, especially regarding trade-offs between objectives (Ward et al., 2016). In this
research, the themes and SA criteria are organized in a hierarchical manner as a value tree. In this way,
the following hierarchy levels can be recognized: dimension level, theme level and SA criteria level (see
appendix B.2 and Table 5.5). The table below explains how each theme and SA criteria can be assessed,
for further details is referred to Table 6.3:

Table 5.5 - The proposed sustainability assessment framework

Theme Criterion | Assessment criteria Creating sustainable added value
code
T1 Energy C1 Energy consumption The extent to which the design contributes to energy
savings during the life cycle
Cc2 Generation of renewable | The extent to which the design contributes to the self-
energy generation or supply of renewable, sustainable energy
in the use phase
T2 Materials Cc3 Material balance with The extent to which the design contributes to material
circular economy (CE) savings, sustainability and CE during the life cycle
T3 Water & c4 Climate adaptation The extent to which the design contributes to the
Climate (flooding) realization of a sustainable and robust water system
C5 Surface and groundwater | The extent to which the design contributes to
quality improving surface and groundwater quality
C6 Climate adaptation The extent to which the design contributes to

(drought and heat stress) | improving resilience to climate change

T4 Ecology & c7 Ecosystem functions The extent to which the design contributes to the
Nature preservation and strengthening of biodiversity (flora
and fauna), coherence between ecosystem functions
and the stimulation of natural capital
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C8 Protected natural areas The extent to which the design contributes to the
protection and restoration of the protected nature
areas (Natura 2000 areas and Natuurnetwerk
Nederland)

c9 Soil quality The extent to which the design contributes to
improving soil quality

T5 Culture & Cc10 Cultural heritage, The extent to which the design contributes to the
Landscape archaeological and preservation and protection of cultural heritage,
historical values archaeological and historical value

C11 Landscape structures The extent to which the design contributes to
preserving and reinforcing typical features of the
landscape and different areas

C12 Residential, recreational The extent to which the design contributes to

and working areas improving the quality of life in residential, recreational
and working areas

C13 Utility services The extent to which the design contributes to
improving cable and pipeline networks for utilities

C14 Connectivity between The extent to which the design contributes to

functions and improving connections and connectivity between
communities existing functions and communities in an area
T6 Health & Well- | C15 Noise pollution and The extent to which the design contributes to reducing
being vibrations the noise level and vibration of traffic to surrounding
areas in the use phase

C16 Light pollution The extent to which the design contributes to the
reduction of unnecessary light pollution of the road
and road traffic to surrounding areas and communities
in the use phase

C17 Spatial and visual quality The extent to which the design contributes to
improving spatial and visual quality in the use phase

C18 Emissions and air quality The extent to which the design contributes to
improving air quality in the use phase

C19 Traffic safety The extent to which the design contributes to
improving road safety

Cc20 External safety The extent to which the design contributes to reducing
the risks associated with the transport of dangerous
goods for people and vulnerable objects in the vicinity
of the motorway

C21 Construction safety The extent to which the design contributes to the
realization of a healthy and safe working environment
for project workers for construction and operation on
site

C22 Nuisance during The extent to which the design contributes to

construction minimizing noise, dust, visual impact, nuisance, barrier
effect, odor, vibration, air and light pollution during
construction

C23 Public support The extent to which the design contributes to solving
social problems for the public

T7 Mobility & C24 Traffic flow (network load) | The extent to which the design contributes to
Accessibility promoting the flow in the area
C25 Reliability (network The extent to which the design contributes to
performance) increasing the reliability of the travel time ratios
(travel time gain), vehicle loss hours and unexpected
delays

C26 Adaptability & flexibility The extent to which the design contributes to the
resilient and adaptive design of the highway

Cc27 Robustness The extent to which the design contributes to
increasing the availability of the highway
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T8 Costs & C28 Construction costs The extent to which the design contributes to reducing

Investments the design's construction costs for the project life
cycle
C29 Management and The extent to which the design contributes to reducing
maintenance costs (LCC) the management and maintenance costs of the design
for the life cycle of the project
C30 Financial risks The extent to which the design contributes to reducing
financial risks
C31 Social cost-benefit analysis | The extent to which the design contributes to positive
(SCBA) effects on prosperity
T9 Economic C32 Local economy The extent to which the design contributes to making
development the local economy more attractive to the environment
and promoting economic activities
C33 Regional economy The extent to which the design contributes to
strengthening the regional economy (economic
position)
C34 Innovation The extent to which the design contributes to

stimulating and implementing innovations

5.2 Questionnaire Survey to Form the Conceptual SA Framework

The SA criteria from the proposed SA framework need to be validated on relevance to the planning- and
design phase within the Dutch highway context. For the reason that, the SA criteria should be location-
specific and specific to the type and characteristics of a certain project to which they will be applied.

To validate the SA criteria and their relevance to the planning- and design phase within the Dutch
highway context, a sample of 30 Dutch engineering consultancy from Antea Group with experience with
sustainability and road design were selected for participating in a questionnaire survey. SA criteria
identified in the literature review were presented in the questionnaire. The time needed to fill in the
guestionnaire was around 30 min., in general, long questionnaires get fewer responses, it could be
assumed that the length of the questionnaire used in the research would not affect the response rate.

Ultimately, 10 experts responded by filling the questionnaire and two experts were interviewed based
on the same questions of the survey. In the questionnaire the SA criteria from the literature were
presented to the experts for review and validation, including instructions on how to complete the survey
and background information on the purpose of the research (see appendix C.1). The experts were asked
to specify which of the SA criteria are relevant for the planning- and design phase (MIRT-Exploration
and MIRT-Plan Elaboration phase) within the Dutch highway context, by selecting “relevant”,
“irrelevant”, “no opinion” or “already named/overlapping”, with an option to justify their choice by
giving an explanation or a practical example. Afterwards the experts were then asked to suggest other
possible relevant SA criteria based on their knowledge and experience with regard to sustainability in
road design.

. relevant . .
The author analysed the relevance based on a calculation, —————— = [%] and compared it with
total responses

the comments of the experts. Because, the response rates per SA criterion were so different from each
other, the author did not draw a line for a minimum percentage score for a SA criterion to be included.
Instead, the author focused on the reasoning and arguments of the experts, why a certain SA criterion
is relevant. The results and analysis of the questionnaire are presented in appendix C.2, C.3 and C.4.

To maintain confidentiality among the respondents, the experts' identities are coded into numbers (see
Table 5.6). Quotes from the respondents that are given in this research will be referred to the
respondents numbers which are shown below:
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Respondent

Respondent 1

Table 5.6 - Questionnaire survey respondents

Function

Project engineer

Department

Civil structures (roads)

Respondent 2

Project engineer

Infrastructure (roads)

Respondent 3

Cost expert and value engineer for roads

Infrastructure (roads)

Respondent 4

Project engineer

Civil structures (roads)

Respondent 5

Project engineer

Water

Respondent 6

Project engineer

Infrastructure (roads)

Respondent 7

Advisor for roads, sustainability & circularity

Infrastructure (roads)

Respondent 8

Coordinator preparation

Infrastructure (roads)

Respondent 9

Project engineer

Project control

Respondent 10

Senior advisor

Spatial strategy (roads)

Respondent 11

Senior advisor

Energy transition

Respondent 12

Cost expert & value engineering

Infrastructure (roads)

5.3 Conclusion on the Questionnaire Survey

Four additional SA criteria were suggested by two experts (Respondent 6, 7). Namely SA criteria that
focusses on:

e “Energy consumption of the realization and demolition of the project”: CO2 production is a good
value for energy. How much CO2 reduction is possible per design option? Determining the CO2
production goes hand in hand with determining the MKl-value and therefore does not require more
time/costs. To measure this criterion, quantitative assessment is possible in [ton];

e “fuel consumption of road users”: think of different asphalt, which reduces the rolling resistance of
the cars. “Certain types of asphalt reduce rolling resistance and thus energy consumption”
(Respondent 3). Or a design where the flow is better, which results in less stoppage and therefore
less energy consumption. Another example given, “a road design with as few height differences as
possible contributes to lower fuel consumption. You can also think of an ascending slope at an exit
and a descending slope at an entrance, so that gravity can be used when accelerating and
decelerating. Examples of this kind can contribute to considerable fuel savings over the entire service
life.” (Respondent 6). To measure this criterion, qualitative reasoning is suggested;

e  “Environmental cost indicator”: expressed in ECl-value [euros]. This means that the criterion
“Material balance with circular economy (CE)” is expressed in the amount of materials re-used,
refurbished, recycled and deposited in the design; and

e “Material production”: expressed in CO2-emissions [ton CO2 eq.] from material production,
calculated in DuboCalc.

These four suggested SA criteria were added to the conceptual SA framework, because the respondents
are experts in the fields of sustainability and road design. In addition, the SA criteria are expected to be
crucial in assessing the sustainability of highway designs, as well as having significant savings potential
e.g. lowering CO2-production or CO2-emissions. In the end, 36 SA criteria were carefully chosen, based
on relevance and reasoning (see Table 5.7).

The outcome of this chapter is the conceptual SA framework with 36 SA criteria that were found to be
relevant for the planning- and design phase within the Dutch highway context. The conceptual SA
framework presented in appendix B.4, integrates SA criteria from the social, environmental and
economic dimensions of sustainability (People, Planet, Prosperity).
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Table 5.7 - The conceptual SA framework

Theme code | Theme Criterion code Assessment criteria

T1 Energy C1 Energy consumption
Cc2 Generation of renewable energy
C3 Energy consumption (fuel)
Cc4 Energy consumption (construction & demolition)
T2 Materials C5 Material balance with circular economy (CE)
Cc6 Material production
Cc7 Environmental cost indicator
T3 Water & Climate c8 Climate adaptation (flooding)
c9 Surface and groundwater quality
C10 Climate adaptation (drought and heat stress)
T4 Ecology & Nature C11 Ecosystem functions
C12 Protected natural areas
C13 Soil quality
T5 Culture & Landscape C14 Cultural heritage, archaeological and historical values
C15 Spatial quality
Cle Residential, recreational and working areas
Cc17 Utility services
T6 Health & Well-being Cc18 Noise pollution and vibrations
C19 Light pollution
C20 Visual quality
Cc21 Emissions and air quality
C22 Traffic safety
C23 External safety
c24 Construction safety
C25 Nuisance during construction
C26 Public support
T7 Mobility & Accessibility | C27 Traffic flow (network load)
C28 Reliability (network performance)
C29 Adaptability & flexibility
C30 Robustness
T8 Costs & Investments C31 Investment costs (LCC)
C32 Maintenance costs (LCC)
C33 Financial risks
C34 Social cost-benefit analysis (SCBA)
T Economic development | €35 Regional economy
C36 Innovation
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6 Development of the Sustainability Assessment Tool

In this chapter, the development of the SA tool takes place. This chapter is broken down into three
sections. The first section explains the purpose, aim and application of the SA tool (see 6.1). The second
section presents the assessment procedure applied to the SA framework to form the proposed SA tool
(see 6.2). The last section presents the developed SA tool (see 6.3). After that the proposed SA tool is
applied to a reference case and evaluated with an expert (see chapter 7).

6.1 Introduction

This sustainability assessment (SA) tool aims to provide the project team of Antea Group with a tool to
carry out a design option (alternatives & variants) analysis from the sustainability viewpoint. This tool
serves to support the decision-making. The project team exists of experts (designers & decision-makers)
involved in the design process and decision-making, during the planning- and design phase (MIRT-
Exploration and MIRT-Plan Elaboration phase).

6.1.1 Purpose of a Design Option Analysis

A design option analysis is a method for making careful design choices and ensuring that they are
traceable and transparent for everyone in the future, as to which options were considered and why
certain choices were made during the design process. For this analysis, a trade-off matrix (TOM) is
utilized. A TOM consists of a table (matrix) in which design options are compared to each other to be
able to make a carefully considered choice.

6.1.2 Aim of the Sustainability Assessment Tool

The SA tool uses a combination of SA criteria to provide an overall picture of how the design options
contribute to sustainability. If only one SA criteria is used, a completely sustainable design will not be
achieved. The SA criteria should therefore always be used in conjunction. Qualitative methods as well
as quantitative methods are also examined. In certain MIRT phases a final design is not yet established,
therefore only the use of quantitative methods can give an inaccurate picture. That is why qualitative
methods are also used, such as the sustainable design principles mentioned in 2.1.4. However, in the
tool, a number of criteria can be quantified, including investments, social costs and benefits, energy and
the environmental impact by means of an ECl-value.

6.1.3 Application of the Design Option Analysis

The design option analysis as described in this method is a form of multi-criteria analysis (MCA). In this
research, it means that design options are weighed against each other using different themes and SA
criteria. A design option analysis can be performed by the project team of Antea Group. The project
team of RWS should be involved in this process, to determine what the objectives are within the project
and what they find important.

This design option analysis can be used in any highway construction or maintenance project that
requires significant design choices. It is not always desirable or necessary to conduct a thorough
investigation. However, it is especially important when the design options have very different results on
various sustainability themes or SA criteria.
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The basis for weighing design options in this analysis is to determine how much the design options
contribute to sustainability. This is determined based on the performance as measured by a set of SA
criteria allocated to different themes.

6.2 Assessment Procedure

Choosing between different design options is not an easy task. To arrive at a preferred option within
the MIRT-Exploration and MIRT-Plan Elaboration of a highway project, the steps presented below must
be completed.

6.2.1 Incorporate Requirements into the Design Options

Before the design options are analyzed, they must first be tested to see if they meet the (client’s)
requirements, standards and guidelines. Critical requirements are those that must be met and included
in the design options. There are also non-critical requirements, those that do not have to be met by a
design. The analysis only considers the design that meet the above mentioned requirements.

6.2.2 Description and Elaboration of Design Options

After several design options have been compiled from all possible combinations of solutions and a
typical name has been chosen for each of them, the generic and specific characteristics of the design
options can be described. Describing here is meant that the performance, score or value is indicated for
each characteristic, e.g. by expressing the cost for all design options in the same unit [euros].

6.2.3 The Choice for the Type of Trade-Off Matrix

The assessment of design options takes place in a TOM. The SA criteria determine which measurement
scale is used. In this SA tool, the themes are subdivided into SA criteria, but only a weighting factor is
assigned to the themes. However, assessment is done by evaluating the SA criteria, which has the
advantage of providing a more nuanced assessment that can be analyzed. The SA tool only considers
which themes should be prioritized. In this SA tool, an MCA approach is used to determine the weighting
factors of the themes, later explained in subsection 6.2.5.

Each SA criterion is associated with a certain score, which is expressed in a certain unit value or
measurement scale. Three measuring scales in which one can express the score are the: +/- scale, the
number scale and the own nominal value. In the tool, the value for each criterion is mapped into its unit
value. The measuring scales are explained below:

+/- Scale:

The advantage is that the score is displayed simply;
- A disadvantage is that outcomes are less objective and the differences in outcomes leave a lot
of room for discussion.

+

e Number scale:

+ The advantage compared to the +/- measuring scale is that the total score per design can be
determined easily and accurately;

- A disadvantage is that too much value is placed on accuracy.
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e  Own nominal value:

+ The advantage is that the options for each SA criterion can be compared accurately with each
other;

- A disadvantage, however, is that it is less objective and accurate to determine which design
scores best because the criteria are expressed in non-comparable units.

This SA tool will use a more hybrid form by combining the measuring scales in the TOM. The reason for
this is that assessing sustainability and measuring it is still in its early stages. There is no methodology
available that can make all aspects of sustainability fully measurable. For this reason, the author decided
to use a combination of qualitative and quantitative methods in order to gain a broad insight into
sustainability.

6.2.4 Themes and SA criteria

Design options are assessed based on themes and SA criteria. The SA criteria are composed based on
the results of the literature review and questionnaire survey, relevant specifically for highway projects
in the Netherlands. Design options are assessed based on several themes, with associated (specific) SA
criteria from a sustainability perspective.

6.2.5 Determining Weighting Factors for the Themes

Within a project, some themes can be considered more important than others. By assigning weighting
factors, the project team can indicate the importance of one theme over another. After filling in and
determining the score of the SA criteria, it is possible to check the consequences of a certain value of a
weighting factor on the results. This is a form of sensitivity analysis.

Not only the client (RWS) can state the importance of a certain theme, but stakeholders also have their
input and demands that can differ for certain areas within a project. The weighting must be determined
in consultation between the project team (consisting of experts from Antea Group), RWS and
stakeholders. The allocation of weights on themes is done in consultation. This is a form of collective
decision-making, which is aggregation with deliberation and consensus. Recent research has shown that
collective decision-making outperforms the wisdom of crowds, which refers to the aggregation of many
independent judgments without deliberation and consensus (Hamada et al., 2020). The assessment of
the SA criteria is done by experts from Antea Group. The assessment process to arrive at a careful
consideration and advice to the client is shown below:
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Ranking of the designs

A 4

Advice to the client (RWS)

Figure 6.1 - Assessment procedure (own illustration)

Assigning a weighting factor is done as a percentage (%) using the 'best-worst method' (BWM), whereas
the sum of the themes together must always be 100%.

6.2.5.1 Best-Worst Method

The selection and ranking of the preferred design (e.g., most desirable, most important) from a range
of design options, is influenced by a set of SA criteria, as well as different experts, clients and
stakeholders’ interests. As it is clear from Table 5.7, existence of a large number of SA criteria have
convinced the author to consider this assessment as an MCDM problem.

Therefore, a multi-criteria decision-making (MCDM) method is applied in this research. The goal of the
MCDM is to find the preferred design from a set of design options with respect to a number of SA
criteria, for example, a design with the best overall value/score.

There are different approaches to acquiring the weighting factors of the themes, such as the Analytic
Hierarchy Process (AHP) (Saaty, 1977) Analytic Network Process (ANP) (Saaty, 2005) to name a few. The
best-worst method (BWM) is chosen as one of the latest developed MCDM methods by Rezaei (2015),
who believes using the unstructured approach in executing the pairwise comparisons is the main reason
for inconsistency. The introduction of the BWM improves the consistency ratio by performing fewer
pairwise comparisons (Rezaei, 2015, 2016). BWM is easy and precise because the implementation of
secondary comparisons is not necessary (Ghoushchi et al., 2021; Rezaei et al., 2015). Compared to other
methods, for instance, AHP and ANP, BWM has the following advantages (Li et al., 2020; Lin et al., 2021;
Rezaei, 2015):

e BWM needs less pairwise comparison data compared to other methods. This reduces the
complexity and time needed and eventually leads to more reliable pairwise comparisons;

e BWM is highly consistent, therefore, the obtained results by this method will be highly reliable;

e BWM is one of the most data-efficient methods which could at the same time allow a consistency
check.

A review of the latest research works in the MCDM problem field shows that the BWM has been utilized
successfully by researchers. Researchers applied BWM to make decisions on the different MCDM
problems, such as supply chains (Ahmadi et al., 2017; Suhi et al., 2019; Zhao et al., 2018), urban
transportation network evaluation (Groenendijk et al., 2018; Mahmoudi et al., 2019) and other fields
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(Ahmadi et al., 2017; Kumar & Ramesh, 2020; Li et al., 2020; Pamucar et al., 2021; van de Kaa et al.,
2017) etc. But few to the authors’ knowledge have tried to use BWM in the field of highway
infrastructure before and this is a unique advantage of this research.

These advantages and considerations convinced the author to use the BWM in this research. BWM
offers designers and decision-makers an opportunity to evaluate and compare different design options.

Steps in the Best-Worst Method

The following steps of the BMW are taken to derive the weighting factors of the themes (Rezaei, 2015,
2016):

Step 1: Determine a set of themes.

This step determines a set of themes {T1, T2, T3 ..., Tn} that should be used to arrive at an overall score
from which a judgment or advice can be given. In this research, the themes are the result of the
literature review and questionnaire survey, which are: Energy (T1), Materials (T2), Water & Climate (T3),
Soil & Nature (T4), Culture & Landscape (T5), Health & Well-being (T6), Mobility & Accessibility (T7),
Investments (T8) and Economic Development (T9).

Step 2: Determine the best (e.g., most desirable, most important) and worst (e.g., least desirable, least
important) theme.

In this step, the experts identify the most important theme and the least important theme in general.
No comparison is made in this step.

Step 3: Prefer the most important theme over the other themes.

Determine the preference of the main theme over the other themes using a number between 1 and 5.
Note: Other scales can also be used to determine the preference, such as 1-9 (original) and 1-100. For
this research, a scale 1-5 has been chosen to ease the difficulty of choosing the correct number by the
expert. The following scale 1-5 is used:

Table 6.1 - Preference scale

Five-point scale

Description Value
Equally important 1
Moderately more important | 2
Substantially more important | 3
Much more important 4
Extremely more important 5
The resulting 'Best-to-Others' (BO) vector would be: Az = (agy, ag, Ags, -, Ggn)

Step 4: Determine the preference of all other themes over the least important theme using a number
between 1 and 5.

The resulting 'Others-to-worst' (OW) vector would be: Ay, = (ayw, Aaw, Az s Q)"

Step 5: Find the optimal weighting factors: (wy, ws, ..., wy;)
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The optimal weighting factors for the themes, is the one where, for each pair of% = ag; and
j

% = ajy. To satisfy these conditions for all j, we have to find a solution where the maximum absolute
w

wj
) Wi a]W

Given the non-negativity and sum condition for the weights, this results in the following problem:
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Problem (1), can be transferred to the following problem:
min &

Subjected to:
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By solving problem (1), the optimal weight factors W = (w1, ws, ..., w;;) and £* are obtained. Op deze
manier kan bepaald worden waar in een specifiek project de nadruk op ligt, wat is van groot belang en
wat minder van belang - wat weegt zwaarder mee. The calculation is solved in an excel template based
on (Rezaei, 2015)and adapted to the context of this research. An example calculation with results is
presented in appendix D.2.

Step 6: Check the consistency

The consistency of the input can be checked using £*. It is important to note that the larger the &*, the
higher the consistency ratio (CR) and the less reliable the comparisons become.

Different values of agy, determine which consistency index (max §) should be used for control. Since a
scale of 1-5 (agy = 5) is applied, we must use the consistency index (max §) value of 2,30.

Consistency ratio (CR) € 0.1. The lower the CR, the more consistent the comparisons, so the more
reliable the results:

" "

Consistency index - 2,30

Consistency ratio (CR) =
BMW always results in consistent (not necessarily completely consistent) equations.

6.2.6 Scoring the Sustainability Assessment Criteria

The score of the SA criterion belonging to one particular theme is assigned a score of 1-5 (based on a
combination of qualitative and quantitative assessments of the SA criteria), whereby the average is
multiplied by the weighting factor of the theme. This makes it possible to compare design options on
each theme, but also on a total score by adding up all the scores of the themes. The measurement scale
to be used +/-is converted to a scale of 1-5. So, if we have a matrix where design options are rated on
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a 5-point scale, the higher the score, the better. The definition of the scores that can be assigned is
shown in the table below:

Table 6.2 - Measurement scale (score compared to the current/reference situation)

Definition

Very negative contribution, major deterioration |1
Negative contribution, deterioration - 2
No intervention or opportunities are taken, no change +/- | 3

Achieving minimum sustainability performance, minimum improvement

Positive contribution (highest achievable performance), in addition to achieving the objectives by applying
measures, sustainable added value is also created through maximum effort and taking full advantage of
opportunities

6.2.6.1 Nominal Value of the Sustainability Assessment Criteria

Some of the SA criteria can be measured objectively (such as investment costs). Some other SA criteria
are subjective. If the inputs in matrix are of a different scale (euro, ton) then they must first be
normalized before they can be incorporated into the overall score, for this the following formula can be
used (Rezaei, 2016):

X = Xmin . . s .
, if x is positive (quality)
ynorm _ Xmax — Xmin
k o X = Xmax

, if x is negative (costs)
Xmin — Xmax

For example, we look at investment costs, the cheapest design option has investment costs of 50 and
the most expensive 200 and one in between of 150. Then the following formulas are applied:

Cheapest = M = 1% (5score) =5
50 — 200
In between = M = 0,333 * (5 score) = 1,6665
50 — 200
200 — 200

Most expensive = =0x*(5score) =0

200 — 200
6.2.6.2 Overall Score of a Design Option

Determining the final score of a design options in the trade-off matrix (TOM) with themes and SA criteria
and the various scales takes place as follows:

e The nominal value for each SA criteria is converted into a score that is expressed in numbers (as
shown directly above). The other SA criteria with the +/- or number scale are also assessed. This is
done for all SA criteria and design options;

e Then the sum of all scores per theme and design option is calculated;

e Then this number is divided by the number of SA criteria that have been assessed in each theme.
In this way the themes can be compared on scores. All the total score of the themes combined,
result in the overall score. Rounding is done to two decimal places. The assigned scores, along
with the weight factors determined using the BWM, give an overall score of the design options.
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6.2.7 Filling in the Trade-Off Matrix

For each SA criterion, the score for all design options is filled in. When filling in the scores in the TOM,
only facts, key figures, or other information on which experts or decision-makers agree (depending on
the level of abstraction) is used. It is possible that more information is needed to fill in an SA criterion
and that a design options needs further elaboration to determine the SA criterion.

6.2.7.1 Determining the Overall Score for Design Options

After filling the TOM, the overall score for each variant can be determined. After the overall score for
all design options has been performed, a sensitivity analysis can be performed. A sensitivity analysis is
performed by adjusting, the weighting factors of the themes or scores or the SA criteria. The score for
all design options is then determined again and can be checked and compared to the first overall score.
The overall score of the design options is determined by an expert or the project team.

6.2.7.2 Determining Preferred Design Option by the Client

The preferred design option can be determined after the overall score has been calculated. The TOM
results are only used to make a decision or give advices about which design option to implement. The
TOM is part of a recommendation to the client about how much the design contributes to sustainable.
Following the advice, the client makes the final decision.

6.3 Proposed Sustainability Assessment Tool

The table below shows the proposed SA tool with the themes, SA criteria and type of assessment
(quantitative/qualitative) depending on the available information in a certain stage in the design
process. This proposed SA tool is evaluated with an expert in the next chapter to assess the applicability
with the use of a reference case.

Table 6.3 - Proposed sustainability assessment tool

Theme Theme Criterion | Assessment criteria Type of assessment
code code
T1 Energy EC1 Energy consumption (system) | Quantitative:
e Amount of energy for use [kWh]
Qualitative:
e  Explanation
EC2 Generation of renewable Quantitative:
energy e Amount of energy generated [kWh]
Qualitative:
e  Explanation
EC3 Energy consumption (fuel) Qualitative:

e  Type of asphalt
e Traffic flow
e  Few height differences (slopes)

EC4 Energy consumption Quantitative:
(construction & demolition) e (02 emissions [ton CO2 eq.]
Qualitative:

e Machinery

e  Construction methods

e  Transport distances

T2 Materials EC5 Material balance with circular | Qualitative:

economy (CE) e Amount of re-use, refurbished and recycled
and deposited
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e  Longer life span

EC6 Emission from materials Quantitative:
e  (CO2 emissions [ton CO2 eq.]
Qualitative:
e  Explanation
EC7 Environmental cost indicator | Quantitative:
° ECl-value [euros]
T3 Water & EC8 Climate adaptation (flooding) | Qualitative:
Climate e  Use of space (water storage)
EC9 Surface and groundwater Qualitative:
quality e  Composition of the water
EC10 Climate adaptation (drought | Qualitative:
and heat stress) e  Use of space (paved surface)
T4 Ecology & EC11 Ecosystem functions Qualitative:

Nature ° Disturbance, damage, conservation, barrier
effect, fragmentation, biodiversity,
ecological connections

EC12 Protected natural areas Qualitative:
e  Effect (direct or indirect) on features or
values
EC13 Soil quality Qualitative:
e  Composition of the soil
T5 Culture & SC1 Cultural heritage, Qualitative:
Landscape archaeological and historical | e  Effect on features or values
values
SC2 Landscape structures Qualitative:
e  Use of space (in landscape)
. Rest areas, gas stations, restaurants, etc.
SC3 Residential, recreational and | Quantitative:
working areas e  Amount of land to be acquired [m2]
Qualitative:
e  Demolition of built-up areas
SC4 Utility services Qualitative:
e  Explanation
T6 Health & Well- | SC5 Noise pollution and vibrations | Qualitative:
being ° Noise exposure
SC6 Light pollution Qualitative:
e  Blocking light of the road and road traffic to
surrounding areas
SC7 Spatial- and visual quality Qualitative:
e View on the highway
e  View from the highway
SC9 Emissions and air quality Qualitative
e  Explanation
SC9 Traffic safety Qualitative:
e lane change (freight) traffic
e Risk of car traffic accidents
e  Chance of traffic jams
e  Logic of design/ Human factors
e  Deviations from guidelines
SC10 External safety Qualitative:
e  Safety risks
SC11 Construction safety Qualitative:
e  Design complexity
SC12 Nuisance during construction | Qualitative:
e  Complexity phasing
e Availability emergency services
e  Construction risks
SC13 Public support Qualitative:

e  Explanation
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T7 Mobility & SC14 Traffic flow (network load) Quantitative:
Accessibility e  Morning intensity/capacity [I/C]
e  Evening intensity/capacity [I/C]
Qualitative:
e  Explanation
SC15 Reliability (network Qualitative:
performance) e  Travel times
SC16 Adaptability & flexibility Qualitative
e Accommodate further traffic growth (future
developments)
SC17 Robustness Qualitative:
e  Availability (less maintenance)
T8 Investments EC1 Investment costs (LCC) Quantitative:
° Investment costs [euro]
Qualitative:
e  Explanation
EC2 Maintenance costs (LCC) Quantitative:
° Maintenance costs [euros]
Qualitative:
° Maintainability
EC3 Financial risks Quantitative:
e  Costs [euros]
EC4 Social cost-benefit analysis Quantitative
(scBA) ° SCBA-ratio
T9 Economic EC5 Regional economy Qualitative:
development e Accessibility, attractiveness and spatial
quality of the area
e  Structure of the network
EC6 Innovation Qualitative:

° Implementing innovations
e  Other modalities
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7 Reference Case

7.1 Introduction

To examine the applicability of the proposed sustainability assessment (SA) tool developed in the
previous chapter, a reference case was utilized. The proposed SA tool has been applied by the author
to a highway project currently in the design phase to find out the functioning, applicability and
implications.

After the author applied the proposed SA tool and evaluated the findings, an expert on highway design
involved in the realization of the project was interviewed to evaluate the finding, applicability, practical
use and implementation within Antea Group. During the interview, the conceptual SA framework, MCA
method and proposed SA tool were discussed and evaluated.

The application and the evaluation of the proposed SA tool on the reference case was done in four
sequential steps:

1. Project information: Antea Group's content server was used to acquire project information of the
reference case. This was done to get an understanding of how sustainability is addressed and how
design options were analyzed in the reference case;

2. Applying the proposed SA tool: the assessment procedure was applied by the author on the
reference case;

3. Formulating the interview questions: once the assessment produce was applied and the information
of the reference case processed in the proposed SA tool, the findings were processed to be
evaluated by interview questions;

4. |[nterview with the expert: the finding were evaluated with the expert involved in the reference case.
During the interview, the conceptual SA framework, MCA method and proposed SA tool were
discussed and evaluated with the expert and the possibility of incorporating it within Antea Group
was explored.

7.2 Step 1: Project Information

In the first step, the reference case is presented. The selected reference case is a highway project in the
Netherlands, which is currently in the design phase (Inpassend Ontwerp (10)), in which a number of
variants of the preferred alternative (VKA) are assessed. This case is chosen, because it is currently in
the design process (MIRT-Plan Elaboration phase) and the expert's memories and details regarding the
project are still fresh.
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The current situation does not offer sufficient space for the construction of an extra lane on the outside
of the reference highway, which makes it necessary to move and displace the parallel road and the
waterway. The integration of a ‘new’ parallel road and waterway can be elaborated in various ways. The
VKA assumes that the parallel road will be moved to the other side of the waterway, which will be
retained at its current location. The following variants were compared with the variant 0 (VKA):

Variant 3

- 1538 -

Aankoopgrens

050 020

The parallel road has been integrated into the other side of the existing A-waterway (waterways with
an important water supply or drainage function) in accordance with the VKA. Due to the widening of
the reference highway, there is insufficient space available in the existing berm for the preservation of
the parallel road. On the road side, the existing A-watercourse has been provided with a slope of 1:3, so
that the waterway meets the requirements of a safe object in accordance with the Veilige Inrichting van
Bermen guideline. The placement of a guide rail construction is not necessary in this situation. A new
waterway will be constructed between the parallel road and the private properties. This waterway has
the following functions:

e realize the necessary water compensation;

e separation between 'public' and 'private' properties;

e drainage function: the waterways perpendicular to the reference highway are connected to this
waterway and at a limited number of locations by means of a culvert connected to the existing A-

waterway.
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In contrast to the VKA, the parallel road has been integrated next to the reference highway. Due to the
widening of the reference highway, there is insufficient space available in the existing berm for the
preservation of the parallel road and the existing A-waterway. The existing A-waterway will be relocated
to accommodate the parallel road. Because of the necessary water compensation, the A-waterway must
be widened. The parallel road is located within the obstacle-free zone (13.00 m) of the reference
highway and is protected by a guide rail construction. In order to prevent approaching traffic and light
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nuisance being misled, a hedge with a height of approximately 1.00m will be positioned between the
reference highway and the parallel road.

7.3 Step 2: Applying the Proposed SA Tool

In the second step, the findings of applying the proposed SA tool on the reference case are presented.
Application of the proposed SA tool on the reference case is presented in appendix D.4. Within the
proposed SA tool, the author assessed and compared two design options to the reference situation on
the themes and SA criteria mentioned in appendix C.4. By means of assessment, it is indicated for each
SA criterion whether the design option concerned has a positive contribution to sustainability or a
negative contribution compared to the reference situation. Per design option, the scores of all themes
and SA criteria were added up to provide the overall score per design option.

7.4  Step 3: Formulating the Interview Questions

In the third step, the interview questions are formulated. After applying the proposed SA tool to the
reference case, the findings were processed to be evaluated by interview questions. In appendix D.1 an
overview of the list with interview questions is provided.

7.5 Step 4: Expert Interview

After formulating the interview questions, the author contacted an experts involved in the case to
evaluate the conceptual SA framework, MCA method and proposed SA tool. The expert interviewed
within Antea Group, works as a project leader, has experience with decision-making and is part of the
design team who are responsible for the integral design of highways in the Netherlands. In addition, the
expert involved in the reference case has knowledge about and experience with the content and
research topics.

First, the author had introduced himself to the expert and explained the goal of the research and
purpose of the interview. After that, the author presented the conceptual SA framework to be discussed
and evaluated. Next, the best-worst method (MCA approach) was explained, filled in by the expert and
discussed (see 6.2.5 for explanation of the method). Lastly, the application of the proposed SA tool on
the reference case was evaluated to understand the use and the added value of the proposed SA tool.
The review of the proposed SA tool is presented below. Interview questions asked and answers given
during the interview are presented in appendix D.1 and D.5.

7.5.1 Evaluating the Conceptual Sustainability Assessment Framework

To evaluate the conceptual SA framework, the author went through the framework together with the
expert and asked some questions about the description, definition and the added value of the SA
criteria.

The expert indicated that (1) the descriptions of the SA criteria are insightful and clearly defined, (2)
provide a good picture of how a design can make a positive contribution and thus create sustainable
added value and (3) there is a clear distinction between the SA criteria.

Furthermore, the expert stated that this conceptual SA framework provides a clear reference during the
design phase to steer toward sustainable solutions and what is required for this, thereby challenging
the designer to arrive at sustainable solutions. It is a very extensive and therefore also a complete
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framework. For some design phases, it can be useful to be more specific about a theme and thereby
including more criteria, which is an advantage of this framework. The framework, according to the
expert, can be used as an overview or reference during the design process when the focus is on
sustainability.

7.5.2 Applying the MCA Method and Discussing the Results

To evaluate the use and applicability of the best-worst method, the author asked the expert to use and
fill in the method, based on his experience. The author asked which themes are usually found most
important and least important in highway projects. From filling in the method, the following conclusions
were drawn.

The expert indicated that ‘Mobility & Accessibility’ is often considered the most important theme and
is often the reason for the initiative of a project. There is often a need for better traffic flow. With
'Materials' there is generally not much difference between the designs, so this makes little difference in
the total score. 'Investments' actually scores very high in every project, the budget for each project is
often already determined in the past, without taking into account extra investments for sustainability.
The least important is often the 'Economic development’. The results from using the best-worst method
are provided in appendix D.3. However, this will not be discussed further in this research, it was only
applied to test the usability and applicability of the method.

Regarding the use of the method, the expert stated that (1) it is an efficient method for objectively
determining the weighting factors, (2) also not that labour-intensive, (3) fairly easy to apply in practice
and (4) an easy way to determine per location/area or phase what is considered important, because at
a different location within the project there may be other aspects that are considered more important
according to the client or stakeholders. However, the expert also mentioned that it is always subjective,
but it is a good way to compare the themes. You always have an idea of what it will look like, but this
confirms it with fewer mutual comparisons. In addition, the expert stated that it is useful to apply the
method on a specific area within a project, because at a different location there may be other aspects
that are considered more important according to the client or stakeholders.

To conclude, the experts mentioned that this method is a good way to record the weighting factors.
With the weighting factors, one can also mutually assess the themes between design options. For
example, the focus within this project is on this theme, this design scores the best, it is recommended
to further develop this design. This helps to determine the distribution of your weighting factors. If you
do not use this method, you will determine together, for example costs are included for 20%, we choose
these weightings. Only then there is less consideration of how you determine a value, there is less
comparison.

7.5.3 Evaluation of the Proposed Sustainability Assessment Tool

By filling in the proposed SA tool using the reference case, the author encountered a number of things.
These points have been discussed with the expert for feedback.

The following SA criteria were missing or had not been assessed in the reference case: 'Energy
consumption (system)', 'Energy generation', 'Climate adaptation (drought and heat stress)', 'Light
pollution', 'External safety', 'Building safety', 'Nuisance during construction', 'Reliability (network
performance)’, 'Adaptability & flexibility' and 'Societal cost-benefit analysis (SCBA)', 'Regional economy'
and 'Innovation'. According to the expert certain SA criteria cannot always be assessed in every phase
and the level of detail (qualitative and quantitative) can still differ. Some SA criteria can only be
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distinguished in the later phases, for example differences in the availability of information between the
MIRT-Exploration and MIRT-Plan Elaboration phase to assess the SA criteria. However, these SA criteria
can be of added value if the information is available and when there is a distinctive difference between
the design options.

The proposed SA tool provides insight into how designs can contribute to sustainability and to visualize
the added value, this new framework can indicate how added value can be strived for. In addition, the
addition of the weighting factors can certainly add value. It helps and prevents discussions. This allows
you to make the choice for the design more objectively, now it often still happens instinctively.
Furthermore, the criteria that Antea Group uses are all there and this tool offers additional criteria as a
supplement to enable an even more specific assessment. It does make it more extensive, however, you
can select which ones to include and thus make it clearer again. Lastly, approaching a design from the
perspective of life cycle costs is also an added value that is often not yet taken into account by RWS.
Especially when we look at sustainability, this can ensure that we arrive at a better solution.

According to the expert, the proposed SA tool makes it possible to visualize the added value to give a
thorough assessment and advice to the client when you are talking about sustainability. For example, if
there are designs with the same investment costs, it can certainly help to be able to give advice based
on the proposed SA tool to go for the most sustainable solution.

The assigning of a score for a SA criteria was found to be clear and user-friendly with a +/- scale and 1-
5 score. In addition, the method for determining the weighting factors is a handy and simple application
and not time-consuming if you have the necessary information. The assessment results are clearly
presented and it is also a good to hide the total score at first so you can assess it objectively, otherwise
you will allocate to a certain preferred design the moment you fill in an assessment. You only have to
add weighting factors after the assessment. Besides, because you can collapse the table, you can
broadly assess the scores per design on the themes, which makes it more clear. The proposed SA tool
can be used and implemented without any problems.

Lastly, the expert indicated that the proposed SA tool could also be relevant and applicable for road
projects, because in those projects you also have to deal with the same themes. However, the
description of the SA criteria has to be adapted according to the specific characteristics of these projects.

7.6  Findings from the Reference Case and Interview

The interview with the expert with the intention to evaluate the conceptual SA framework, MCA method
and proposed SA tool resulted in the following findings and conclusions.

With the SA framework and tool, sustainability is secured and given an important place in making
integral design choices and evaluating design options, that help support improved sustainability
practices within Antea Group. The SA framework provides an overview and frame of reference when
making integral design choices, when ambitions are focussed on sustainability and the SA tool tackles
the issue of assessing, comparing and ranking of design options regarding their contribution to
sustainability from the early phases of a project (ex-ante evaluation). The SA tool can also be applied in
the different stages with the design phase.

In addition, the best-worst method is found to be time efficient, effective and an easy to use tool for
determining the weighting factors of the themes. As a result, design options can also be compared on
the themes instead of just a final score. This ensures that Antea Group can provide advice more
objectively for the choice of a preferred design option.
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Furthermore, the SA criteria identified in this research can potentially be applied to a variety of other
infrastructure projects. The SA framework and tool can be adapted to other types of projects and they
allow flexibility for the addition of new criteria in the future.

Lastly, the SA tool provides flexibility because the analysis can be done at a higher level of abstraction,
in a more qualitative manner for criteria and aspects for which there is insufficient information or data.
Besides, the analysis can also be performed more quantitatively, although quantitative data is not
always available or costs a lot more time/money to gather. The next chapter will discuss the conclusion,
discussion and recommendations and provide an answers to main research question.
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8 Conclusion, Discussion and Recommendations

The conclusion, discussion and recommendations are discussed in this chapter. Based on the knowledge
gained from the sub research questions, the conclusion section provides an answer to the main research
guestion. The challenges that were encountered during the implementation of the research, as well as
the limits of the conceptual sustainability assessment framework and proposed sustainability
assessment tool are highlighted in the discussion section. Finally, several recommendations are given
to Antea Group, as well as some suggestions for future research.

8.1 Conclusion

In order to answer the main research question, the answers to the sub research questions are provided
first in sequence, then based on the knowledge acquired from these questions the main research
guestion can be answered.

8.1.1 Answers to the Sub Research Questions

SQ1: What are the existing sustainability assessment approaches used in the construction industry
and infrastructure sector that attempt to integrate the three dimensions of sustainability ?

In order to answer this sub-research question, a literature review on sustainability and sustainability
assessment approaches was conducted. First, the TBL (3Ps) theory coined by John Elkington, a well-
known concept in sustainable development (SD) was selected as a sound theory regarding the three
interdependent dimensions of sustainability. Subsequently the literature review and analysis of the
existing sustainability assessment approaches took place. The findings showed that despite the
numerous sustainability assessment approaches available, none of them address sustainability as a
whole. While there are positive characteristics associated with each approach, some practical issues
remain unsolved. The literature review showed that there is no simple solution for the assessment of
projects, specifically when tackling sustainability of highway projects. In other words, all sustainability
assessment approaches have their strengths and weaknesses, but none of the tools and methods
analysed are suitable for a comprehensive assessment of the sustainability of highway design options
that are currently available. However, the MCA approach seemed to be the most suitable for developing
an new sustainability assessment tool that integrates criteria from the three dimensions of
sustainability. In line with the results of the analysis of existing sustainability assessment approaches,
the author concludes that combining results from existing sustainability assessment approaches and
sustainability assessment criteria in one comprehensive MCA sustainability assessment framework
could be beneficial for effectively integrating and balancing all dimensions of sustainability (TBL) in the
assessment of design choices and options.

SQ2: What are the sustainability assessment criteria from literature that cover all the three
dimensions of sustainability to form a preliminary list?

In order to answer this sub research question, a literature review on sustainability assessment criteria
in the context of the construction and infrastructure sector was conducted. The review of existing
assessment frameworks and rating systems shows that, a large number of studies propose frameworks
with sustainability assessment criteria but fail to integrate them into a unified and more comprehensive
framework. In addition, only a few studies have looked at highways, but not at identifying relevant
sustainability assessment criteria specific for the planning- and design phase (ex-ante evaluation) and
specific for the Dutch highway context, which is exactly the gap this research aims to fill. A total of 64
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sustainability assessment criteria (22 environmental, 30 social and 12 economic respectively) from the
construction and infrastructure sector were identified through surveying recent literature, which
formed the preliminary list of criteria. The list is presented in appendix B.1. The list with 64 sustainability
assessment criteria provide the answer to the second sub research question.

SQ3:  Which sustainability assessment criteria are relevant for the Dutch highway context to form the
comprehensive sustainability assessment framework?

In order to answer this sub research question, a filtering process on the sustainability assessment criteria
was conducted and subsequently a questionnaire survey was held to establish which are relevance to
the Dutch highway context. The following steps were applied during the filtering process: (1) criteria
with similar context (overlapping) were merged, while sector specific criteria were excluded and (2)
criteria presented in rating systems were included in de proposed sustainability assessment framework.
The filtering process resulted in a reduction to 34 sustainability assessment criteria. After this process a
guestionnaire survey was sent to experts within Antea Group to check the relevance of the sustainability
assessment criteria during the planning- and design phase of the Dutch highway context. With the help
of 12 experts from Antea Group, the proposed sustainability assessment framework with 34 criteria was
validated and while two criteria were excluded from the list, an additional of four criteria (namely:
energy consumption (construction & demolition), energy consumption (fuel), environmental cost
indicator, material production) were added based on expert opinions and experience. The survey
resulted in the development of the conceptual sustainability assessment framework. This framework
consists of 36 sustainability assessment criteria, which are categorised in their corresponding social,
environmental and economic (3Ps) dimensions of sustainability and related 9 themes, presented in
appendix C.4. The conceptual assessment framework which integrates the 36 sustainability assessment
criteria for the Dutch highway context provides the answer to the third sub research question.

SQ4:  How can the sustainability assessment tool be applied practice?

In order to answer this sub research question, an assessment procedure is provided for the conceptual
sustainability assessment framework, to form the proposed sustainability assessment tool. The tool is
basically a design option analysis in which the design choices and options are assessed on their
contribution to the sustainability. For this analysis, a trade-off matrix is utilized. The trade-off matrix
consists of the themes and sustainability assessment criteria presented in the conceptual sustainability
assessment framework. In this sustainability assessment tool, the best-worst method (MCA approach)
is used to determine the weighting factors of the themes. For each project, the weighting must be
determined in consultation between the project team (consisting of experts from Antea Group), RWS
and stakeholders. The weights are not fixed in the tool. Each design option can be assessed on the
sustainability assessment criteria, so that a score is provided. In the sustainability assessment tool,
design options are compared to each other to be able to give well-informed advice to RWS and make a
carefully considered choice.

After developing the proposed sustainability assessment tool, the tool is tested by applying it to a
reference case (highway project). Based on the results from the reference case, the functioning,
applicability and possible implications of the proposed tool were evaluated with an expert involved in
the project. From the evaluation of the tool with the experts, some recommendations followed that
need further research. The evaluated SA tool provides answers to fourth sub research question,
presented in appendix D.4.
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8.1.2 Answer to the Main Research Question

“How can the three dimensions of sustainability be integrated into one comprehensive sustainability
assessment tool for making integral design choices and assessing design options during the planning-
and design phase in the Dutch highway context?”

Based on the knowledge and results acquired through answering the sub research questions, the main
research question can now be answered. In the developed sustainability assessment tool, the social,
environmental and economic dimensions of sustainability (People, Planet, Prosperity) are integrated
into one comprehensive framework specific for the Dutch highway context. The tool can assess,
compare, evaluate and rank design options based on the relevant sustainability assessment criteria. The
criteria assess to what extent a design choice and option contributes to the creation of sustainable
added value and the realization of sustainability objectives of RWS aimed at realizing a sustainable living
environment and rank them accordingly. In this tool, design options can be explicitly weighed up on all
dimensions of sustainability, related themes and corresponding sustainability assessment criteria which
can support the decision-making.

The conceptual sustainability assessment framework can be used as an overview and frame of reference
when making integral design choices. With the aim to help substantiated design choices and tackling
sustainability from the very first phases to the implementation of a project. The framework offers a
practical way to secure that sustainability is an integral part in the design choices, considerations and
effect determination during the regular design process. This helps designers make a choice that leads
to more sustainability. As a result, Antea Group can realize that RWS (can) make integral decisions
regarding sustainability, so that sustainable solutions can be included in the design options.

The added value of the conceptual sustainability assessment framework is that it provides a systematic
overview of all possible aspects of sustainability that can be taken into account during the planning- and
design phase (MIRT-Exploration and MIRT-Plan Elaboration phase) of a highway project. In addition, it
can help designers and decision-makers understand how the environmental, economic and social
dimensions of sustainability (People, Planet, Prosperity) can be used to decrease the negative impacts
of highway projects and embrace the principles of sustainability with respect to environmental
protection, economic profitability and human well-being, to make their highway designs more
sustainable and to contribute towards sustainable development (SD).

8.2 Discussion

8.2.1 Contribution to the Literature

The sustainability assessment framework and tool can deliver an important contribution to making
highways in the Netherlands more sustainable and move towards sustainable development (SD). They
can ensure that design issues are exposed from a completely new perspective, in this research from the
sustainability viewpoint.

8.2.2 Scientific Contribution

The main scientific contribution of this research is that the comprehensive sustainability assessment
framework based on the concept of sustainability (TBL) helps tackle the research gap in the literature
with regard to sustainability integration into highway projects and the effectiveness of existing SA
approaches. Ultimately, the conceptual assessment framework and proposed sustainability assessment
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tool integrate the principles of sustainability and enables new practical and theoretical solutions to help
enhance the integration of sustainability within the highway infrastructure sector.

There are six ways in which this research contributes to the literature:

1. Results of this research, present ways for designers and decision-makers to secure sustainability in
future design choices. The framework may be used during the design process to guide designers
toward sustainable solutions and to understand what is required, so that they are challenged to
come up with sustainable designs;

2. This is the first research which has focused on identifying sustainability assessment criteria for the
Dutch highway context in all three dimensions including environmental, economic and social
dimensions (People, Planet, Prosperity);

3. This research is one of the limited researches focussing on the Dutch highway context that
considered and integrated the social, economic and environmental dimensions of sustainability
(People, Planet, Prosperity), also known to as triple bottom line (TBL) into a comprehensive
sustainability assessment framework. This research combines an integral overview of themes and
criteria with a method for properly weighing and applying them;

4. Although the focus of this research was on the Dutch highway context, the framework can
potentially be used for other types of projects in the Netherlands, as well as highway projects in
other nations. Because most criteria were found in studies focussing on the construction industry
and infrastructure sector. However, the criteria should carefully be adapted to the specific
characteristics of other projects and the ways in which those projects can contribute to
sustainability;

5. The questionnaire survey resulted in an additional of four criteria (namely: energy consumption
(construction & demolition), energy consumption (fuel), environmental cost indicator, material
production) based on expert opinions and experience, which were not found in literature; and

6. For the first time the best-worst method is applied in a sustainability assessment tool specific for
highway infrastructure to assess and evaluate the sustainability of highway design options and
ranking them.

8.2.3 Practical Contribution

This research provides engineering consultancy firm Antea Group with a new sustainability assessment
framework and tool that aims to support in evaluating, comparing and assessing highway design options
from the sustainability viewpoint, based on sustainability assessment criteria. This sustainability
assessment tool is not biased towards one sustainable dimension, but fully address all the dimensions
of sustainability (People, Planet, Prosperity) that help enhance the decision-making. With this
sustainability assessment tool Antea Group could give even more body to sustainability, so that Antea
Group can support its clients in making well-informed choices regarding highway design options. The
sustainability assessment tool provides connection to the essence of the TBL principle, sustainable
development (SD) as well as integrating sustainability more explicitly into the design process and
assessment practice.

There are six ways in which this research contributes the current practices:

1. With the sustainability assessment framework and tool, sustainability is secured and given an
important place in making integral design choices and evaluating design options, which is essential
for sustainability-driven decision-making and help support improved sustainability practices within
the construction industry, particularly the highway infrastructure sector;
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The sustainability assessment tool tackles the issue of assessing, comparing and ranking of design
options regarding their contribution to sustainability from the early phases of a project (ex-ante
evaluation). In addition, the tool allows flexibility for the addition of new criteria in the future;

The best-worst method is time efficient compared to other methods, effective and an easy to use
tool for determining the weighting factors of the themes. As a result, design options can also be
compared on the themes instead of just a final score. This ensures that Antea Group can provide
advice more objectively for the choice of a preferred design option;

The description of the sustainability assessment criteria identified in this research can possibly be
revised to a variety of other infrastructure projects. However, much detail must be given to the way
in which other types of projects can contribute to sustainability, based on its specific characteristics.
In this way the sustainability assessment framework and tool can perhaps be adapted to other types
of projects;

The concept of sustainable development is constantly evolving and governments and public clients
are regularly introducing new law and regulations in order to promote progress toward
sustainability objectives, goals and targets. With this framework and tool, Antea Group is prepared
to act sustainably and gain a competitive advantage in the market, because they can successfully
integrate the social, economic and environmental dimensions of sustainability (People, Planet,
Prosperity) in their highway designs;

Assessing sustainability and measuring it is still in its infancy. There is yet no methodology available
that can make all aspects of sustainability fully measurable. In the sustainability assessment tool it
was therefore decided to use a combination of qualitative and quantitative methods in order to gain
a broad insight into the degree of sustainability. This gives flexibility, because the analysis can be
performed at a somewhat higher level of abstraction, in a more qualitative way instead of
guantitative data that is not always available or costs a lot of time/money to make.

8.2.4 Limitations of the Research

This section acknowledges the limitations of conducted research.

This research limits the pairwise comparisons and use of best-worst method only to the themes.
This is done because not all criteria are relevant for each phase in the design process. So if the
sustainability assessment criteria used, constantly change, it would become a complex, more time-
consuming assessment procedure and determination of the weights. Far more labour and
comparison are required, that is why this research has this limitation. And now that only the themes
are determined, the decision-maker can better keep a full picture in mind before conducting the
pairwise comparison. In addition, subjectivity is always part of decision-making;

The use of a reference case was restricted to only one project. However, it is safe to consider that
applying the tool to the reference case and evaluating this with the project leader involved in the
assessment and decision-making, resulted in useful research findings. The expert present in the
evaluation of the sustainability assessment framework and tool was the project leader of the project
team that was realizing the highway project and had close, direct contact with the client (RWS).

8.3 Recommendations

This section consists of recommendation for Antea Group and for future research. Based on the findings
from this research, the following recommendations are suggested.

85

Developing a Sustainability Assessment Tool for Assessing Dutch Highway Designs



8.3.1 Recommendations for Antea Group

e Antea Group is recommended and encouraged to apply the tool on other highway projects to
evaluate and enhance the tool for further improvements;

e The sustainability assessment framework could also be very valuable for the MIRT-Realisation
phase, as sustainable benefits can also be achieved in this phase by continuing to weigh the various
criteria integrally;

e [tisimportant that the client provides room in their budget for implementing sustainable solutions.
Antea Group should therefore always discuss and address this with the client as early as possible.
Because now, in many cases, a sustainable design is not chosen due to a lack of investment. As a
result, it often becomes a trade-off with other investments and sustainability repeatedly turns out
to be the least important compared to other objectives within the project;

e The expected outcomes of applying the sustainability assessment tool in practice are not yet certain.
There is not enough time to apply the tool in a new project within the scope of this research. The
tool should be applied in a future project, so that new insights and experience can be gained in
practice and to embed the tool in the practice of Antea Group. So that the tool and sustainability
are given a place in Antea Group and everyday work; and

e With this tool, experts within Antea Group not only know how to think sustainably, for instance,
what is needed to for a design to be sustainable, but they also know how to act and put it into
practice. This helps to promote awareness for sustainability within Antea Group.

8.3.2 Recommendations for Future Research

e The considered sustainable assessment criteria were taken from the construction and infrastructure
sector. Based on the findings of this research, the conceptual sustainability assessment framework
might also be applicable and relevant to road or other infrastructure projects, because they also
deal with the same themes and subjects. The adaptation of this framework to such infrastructure
projects would be the next critical step;

e [tis recommended to look at civil engineering structures (bridges, tunnels), where the assessment
can differ significantly compared to highways. Whereas highways often revolve around the project's
use of space, civil engineering structures are often concerned with which materials are use and
applied in the structure that make the most impact. This means that also within civil engineering
structures a lot of sustainability benefits can be achieved;

e Thisresearch developed the sustainability assessment tool within a engineering consultancy firm. It
is recommended to validate the sustainability assessment tool from Rijkswaterstaat (RWS), client's
point of view and consultancy’s point of view in conjunction;

e Thisresearch did not take into account the interrelationships between the sustainability assessment
criteria. Many researchers argue that sustainability is a multifaceted issue with sometimes
conflicting interests. Positive contributions to specific sustainability assessment criteria may have a
negative impact on another assessment. In light of this, it is recommended that the interrelationship
between the sustainability assessment criteria integrated in the sustainability assessment be further
investigated in order to help designers and decision-makers to make well-informed decisions; and

e Examine whether the identified sustainability assessment criteria are also relevant or useful in other
phases of highway projects. The identified sustainability assessment criteria are relevant for the
planning- and design phase (FO to UO phases of the road design process and the MIRT-Exploration
and MIRT-Plan Elaboration phase) of highway projects. However, it is wise to take them into account
as early as possible in a project. Therefore, the sustainability assessment criteria could be
considered as a starting point, for research in other phases of a highway project.
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8.4 Reflection

In this section | reflect on the graduation process and what | have learned. In appendix E.1, the
graduation process is described in detail.

In the beginning of the process | was really struggling to find a research topic and did not really know
how research was conducted. To gain a better understanding of what is expected during the graduation
period, | should have followed interesting research and publications of lecturers, read previous thesis
and watched graduation presentations before conducting my own thesis. This would have provided me
with a clearer picture of what was expected of me.

| personally found that writing my thesis from home was not the best way to make the most progress.
However, during the process this was sometimes the only option due to COVID-19 and lockdown. To
get the most out of the thesis period, | would advise others to work from a more social setting, such as
an office or the TU Library if possible, in order to build a network, socialize and interact with
professionals or other students to receive tips, feedback and advice.

The most difficult part of the research was the preparation phase in which the practical problem and
theoretical gap are translated to a research problem, objective, main question, choice of methods (data
collection and analysis procedures) and intended result. | have learned that it is very important to know
what problem the research is going to tackle, by asking myself: “What is the issue?”, “What do we know
about the issue?” and “What is missing?”. This is crucial for communicating the objective of the research
and ensuring that all committee members and supervisors are on the same page.

For a long time during the process, | was not holding on to a schedule, which resulted in slow progress
and not having any planned milestones. This caused for confusion by the supervisors, because they had
no idea what | was doing or how | was progressing. | would advise others, including myself, to make a
detailed plan with milestones, including weekly meetings, the kick-off meeting, mid-term meeting(s),
and the green light meeting. In addition, send work-in-progress, like sections, chapters, parts of the
report and agendas to supervisors before the meetings to let them know what the purpose of the
meeting is and what you want feedback on. | also noticed that having a planning put more pressure on
me, which significantly accelerated my progress. More pressure worked for me, but that does not mean
it will work for everyone.

In the past months | have learned a lot from my committee members, supervisors and other
professionals from Antea Group. As | progressed through the graduation process, | gained valuable
knowledge and received positive feedback that | had matured and developed a more professional
attitude toward others. | would like to express my appreciation and thanks to the committee members
and supervisors for these valuable lessons and experiences.
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Appendix A: Exploratory Interviews

Appendix A.1: Exploratory Interview Question List

Topic: Design processes within Antea Group

Date: 20-10-2021 & 21-10-2021

Introduction to the research

The following questions relate to the highway design process:

Question: What does the design process look like and which phases are there?
Question: Where is Antea Group involved in the MIRT-process?

Question: What does the road design process look like?

Question: What are the steps in the design phase?

Question: Where in the design process is Antea Group involved?

The following questions relate to the assessment of design options:

Question: How are highway infrastructure design options assessed?

Question: s the weighting of certain criteria/indicators/aspects determined in advance?
Question: Which tools and methods are applied in the design process with regard to
sustainability?

Question: Are certain criteria/indicators assessed when choosing a design option?

The following questions relate to the sustainability:

Question: Which considerations are made and is sustainability taken into account?

Question: Is Antea Group proactive in applying sustainability in projects or is this due to the
attitude and requirements of the client and whether it falls within the scope?

Question: How is the transition to sustainable infrastructure going?

Question: In which infrastructure projects does sustainability play a role?

The following question relates to the roles within Antea Group:

Question: Which roles are present in the road design process and/or make the choices (project
manager, designer, project engineer, consultant, client)?

The following questions relate to the scope of the research:

Question: To define the scope, at what phases is it most relevant for Antea Group to look at with
regard to applying and comparing sustainability in design options?

Question: Inview of the conversation we have had, itis relevant in your eyes to delve into defining
the aspect of sustainability in a MCA, make it more tangible to be able to compare, evaluate and
measure sustainability in different design options?
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Appendix A.2: Original Transcript of the Answers
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Appendix B: Literature Study

Appendix B.1: Preliminary List of Sustainability Assessment Criteria found in Literature

Table B.1 - Preliminary list of sustainability assessment criteria found in literature

pzJEnvironmental Impact (Rijkswaterstaat: MIRT en m.e.r., verkenning
c ) : %)
m Assessment (EIA) en planuitwerking, 2018b) ~
=
o
(=¥Social cost-Benefit analyse (CBA)|(Rijkswaterstaat: Werkwijzer MKBA bij MIRT-
QD . n
= verkenningen, 2018b) N
o
MRoad Envision S| x| =
g
tdIRoad GreenLITES Ql x| x
w
&
.m Road GreenRoads Ql x| =
t
iRoad CEEQUAL by
g
S Highway BE2ST-in-Highways Ql x| =
Construction (Sahely et al., 2005) Q| x
Construction (Yu et al., 2018) *
Infrastructure (Ugwu & Haupt, 2007) 5
Infrastructure (Shen et al., 2011) =t
Highway infrastructure (Rooshdi et al., 2018) 3 x
Infrastructure (Pakzad & Osmond, 2016) A
Infrastructure (Lin et al., 2021) Al x| x
Infrastructure (Liu et al., 2021) Nl >
m Underground infrastructure (Koo et al., 2009) ol x
=
m Highway infrastructure (Ibrahim & Shaker, 2019) S| x| =
=
m Construction (Fernandez-Séanchez & Rodriguez-Lépez, al x| x
[} 2010)
Q
B-dRoad infrastructure (Suprayoga et al., 2020) 0| x| x
Infrastructure (Sierra et al., 2018) ~
Urban transportation (Mansourianfar & Haghshenas, 2017) o x
infrastructure
ransport infrastructure (Bueno & Vassallo, 2015) n| x
ransportation infrastructure  |(Broniewicz & Ogrodnik, 2020) <
Railway infrastructure (Amiril et al., 2014) m| x
Urban transportation (Mahmoudi et al., 2019) | x
infrastructure
Highway infrastructure (Inti & Tandon, 2021) | x
5 8
5 E] 3= @
& 8 8
o
B -
I i)
5 |5z
S| O
2|5
o|E
ol o
> >
o
ol o
~— | C
W
S|

100

Developing a Sustainability Assessment Tool for Assessing Dutch Highway Designs



3 | Generation of renewable energy 5 X X X X
4 Material balance with circular 9 « y y NI R RV I «
economy (CE)
5 | Sustainable procured materials 6 X X
6 | Reusability 4 X X X
7 | Reliability 5 X X X
8 Non—renewable materials 5 « y y y «
consumption
9 | Cost-effective design 1 X
10 | Life-Cycle Assessment (LCA) 2 X X
11 | Recycled materials 9 X X X X
12 | Design for disassembly 1 X
13 | Adaptability 5 X X X X X
14 | Robustness 7 X X X X X
15 | Surface and groundwater quality 17 X X | x X X x | x| x X X
16 | Buffers for ecological land 6 X X X X | x X
17 | Climate adaptation (flooding) 10 X X X X X | x X
18 | Stormwater runoff & drainage 6 X X X X | x X
19 | Climate adaptation 8 X X X X | x X
20 | Soil quality 12 X | x X X | x| x X X
21 | Innovation 6 X X X X
22 | Soil consumption 8 X X X X X
23 | Agricultural land 7 X X X X | X X
24 | Development land 6 X X X X | X X
25 | Archeological & historic sites 7 X X X | X X
26 | Biodiversity 14 X | X X X | x| x X X
27 | Landscape structures 12 X X X X X X
28 | Brownfields 6 X X X X | x X
29 | Waste 10 X X X X X X
30 | Ecosystem functions 17 X X X X X X X X X X
31 | Protected natural areas 7 X X X X | x X
32 | Wayfinding 6 X X X | x X
33 Streams., w.etla.nds, waterbodies 5 y y y «
and their riparian areas
34 Resid.ential, recreational and 6 y « y y
working areas
35 | Aesthetics & degradation 2 X
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36 | Spatial and visual quality 12 X X X X X | x X X X
37 Vulnerability from vandalism & 1 y
sabotage
38 | Traffic safety X X X X X
39 | Local character X X X X | x X X
40 | Emissions and air quality 20 X X | x| x X X X X | x X X X X
41 | Noise pollution and vibration 17 X X | x| x X X X X X X X
42 | Light pollution 10 X X X X X X X X X
43 | Cultural heritage 12 X X | X X X X X X X
a4 Stak.ehold.er involvement & 3 « « y « « «
participation
45 Connectivity pgtween functions 3 « « < | x « « «
and communities
46 | Public support 4 X X X X
47 | Traffic flow 7 X X X X X
48 | Economic efficiency 6 X X X X X
49 | Infrastructure network 4 X X X X
50 | Accessibility to employment 3 X X X
51 | Pedestrian & bicycling facilities 3 X X X
52 | Flexibility 3 X X X
Management and maintenance
53 costs (gLCC) 8 X X X X X X X
54 | Financial risks 4 X X X
55 | Construction costs 8 X X X X X X
56 | Road operating costs 4 X X X
57 | Social cost-benefit analysis (SCBA) 3 X X X
58 | Residual value of structure 1 X
59 | Local economy 11 X X X X X X X X X
60 | Regional development 8 X X | x X X X X
61 | External safety 6 X X X X X
62 | Nuisance during construction 4 X X X X
63 | Construction safety 3 X X X
64 | Utility services 3 X X X
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Appendix B.2: Proposed Sustainability Assessment Framework

Theme

code

Theme

Criterion
code

Table B.2 - Proposed sustainability assessment framework

Assessment criteria

Creating sustainable added value

Objective

Practical examples

Environment

(Planet)

T1 Energy C1 Energy consumption | The extent to which the design - Climate and energy neutral - Apply LED lighting, energy-efficient installations (energy
contributes to energy savings - Healthy living environment saving);
during the life cycle - Use of renewable generated energy.
c2 Generation of The extent to which the design - Climate and energy neutral - Use light poles or noise barriers with solar collectors
renewable energy contributes to the self-generation | - Healthy living environment (integrated in e.g. road furniture or civil structures);
or supply of renewable, - Sustainable area development | - Around the highway (e.g. junctions or exits), facilitate
sustainable energy in the use - Circular renewable, sustainable energy generation by third parties
phase (assign space for e.g. solar panels and windmills).
- Striving for a circular economy (connecting different energy
flows).
T2 Materials C3 Material balance The extent to which the design - Climate and energy neutral - Application of new materials of sustainable origin, with

with circular
economy (CE)

contributes to material savings,
sustainability and CE during the
life cycle

- Healthy living environment

- Sustainable area development
- Circular

- Natural capital and biodiversity

attention to the entire production chain;

- Lowering the Environmental Cost Indicator value (ECl-value),
calculated with DuboCalc;

- Focus on (high-quality) reuse, both at the front and after the
end of life (closing the circular cycle);

- Limit and reduce material use (material saving);

- Striving for the lowest possible life cycle costs (LCC);

- Use local secondary and renewable materials from the study
area (extracted or produced in the vicinity).
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T3

Water &
Climate

C4

Climate adaptation
(flooding)

The extent to which the design
contributes to the realization of a
sustainable and robust water
system

- Sustainable water
management
- Sustainable area development

- Creating new connections (waterways);

- When the pavement surface is increased, also realize
additional water storage (prevent the water system from
being more heavily loaded which also ensures better flow due
to less nuisance from water on the road);

- Placing the highway on a higher elevated level (preventing
flooding, evacuation route);

- Avoid subsidence and flood-prone areas;

- Increase water storage capacity of the soil;

- Increase rainwater drainage system capacity (such as more
swirls, larger pipe diameter, more closed/open water storage
or installing gutters along the entire length of the road) for
sufficient collection capacity at peak load.

c5

Surface and
groundwater quality

The extent to which the design
contributes to improving surface
and groundwater quality

- Sustainable water
management- Healthy living
environment

- Improve berm infiltration for the retention of contaminants
in the topsoil (preventing run-off of contaminated water (such
as metal particles due to wear, soot particles from exhaust
gases, oil or zinc from road furniture) into surface and
groundwater).- Separation of water drainage systems for
clean and dirty water.

C6

Climate adaptation
(drought and heat
stress)

The extent to which the design
contributes to improving
resilience to climate change

- Sustainable water
management
- Climate proof

- Prevent increase in paved surface (prevention of dehydration
and decrease in water retention);

- Realization of the highway outside the cores of urban areas;
- Construction of sufficient greenery, shade and storage to
relieve the drought and heat stress (less warming and
radiation of heat to the environment).
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T4

Ecology &
Nature

oa

Cc7 Ecosystem functions | The extent to which the design - Natural capital and biodiversity | - Apply ecological connection zones and fauna passages (e.g.
contributes to the preservation - Healthy living environment ecoducts, wildlife tunnels and fish ladders) for migration or
and strengthening of biodiversity increase the capacity of existing passages (limiting
(flora and fauna), coherence fragmentation);
between ecosystem functions - Providing space between ecological areas and the highway in
and the stimulation of natural the form of buffer zones, vegetation and soil protection zones;
capital - Protect natural habitat to preserve or restore biodiversity

(preventing the disappearance of plants, reduction in the
population of animal species);

- Planting trees along the highway for CO2 storage and limiting
noise pollution, also benefits nature and recreation and
provides an improved view for local residents, with less or
even no decrease in value of homes near highways;

- Application of an ecological verge design and ecological
verge management (strengthening the technical and traffic
functions but also the nature function of the verges);

- Apply fauna grid along the highway (prevent animals from
crossing the highway and causing accidents).

Cc8 Protected natural The extent to which the design - Natural capital and biodiversity | - Adapting the design of the highway, so that a protected area

areas contributes to the protection and | - Healthy living environment is not affected by the project (prevention of surface loss,
restoration of the protected fragmentation, pollution, disturbance by noise, disturbance by
nature areas (Natura 2000 areas light, disturbance by vibration, optical disturbance and change
and Natuurnetwerk Nederland) in population dynamics);
- Connecting nature reserves to each other;
- Develop new nature elsewhere or improve existing nature
(compensation for nature affected on site by the project,
required by law).
C9 Soil quality The extent to which the design - Natural capital and biodiversity | - Prevent run-off of contaminated water (such as metal

contributes to improving soil
quality

- Healthy living environment

particles due to wear, soot particles from exhaust gases, oil or
zinc from road furniture) into the soil;

- Apply obstacle-free outer verge or nature-friendly road
furniture;

- Soil remediation;

- Making the soil resistant to erosion (e.g. by planting).
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Social
(People)

T5

Culture &
Landscape

Cc10 Cultural heritage, The extent to which the design - Sustainable area development | - Increase visibility of remains;
archaeological and contributes to the preservation - Apply soil drilling and possibly test trenches to systematically
historical values and protection of cultural check whether traces and / or finds are present (limiting

heritage, archaeological and threats from earthworks);

historical value - Prevent damage to values by adapting existing project plans
(e.g. by relocating the road);
- Accentuating water systems and cultural-historical lines.

C11 Landscape The extent to which the design - Healthy living environment - Preserving rows of trees, vegetation and open meadow

structures contributes to preserving and - Sustainable area development | landscapes (keeping landscape structures recognizable);
reinforcing typical features of the - Strengthening desirable views, landscapes and vistas;
landscape and different areas - Prevent agricultural land from being used for verges and
ditches;
- Reuse of developed land and built-up land (existing paved
surface and in a petrified environment);
- Prevention of road widening, larger space requirements,
intersection and deterioration of landscape values.

C12 Residential, The extent to which the design - Sustainable area development | - Prevent encroachment on residential plots, buildings,
recreational and contributes to improving the buildings and recreational areas by adapting existing project
working areas quality of life in residential, plans (e.g. by relocating the road);

recreational and working areas - Creating or improving walking paths, cycling routes,
recreational areas and sports fields to stimulate movement
and healthy behaviour.

C13 Utility services The extent to which the design - Sustainable area development | - Prevent damage and relocation of utilities (cables and
contributes to improving cable pipelines) by adapting existing project plans (e.g. by relocating
and pipeline networks for utilities the road);- In the event of interventions, immediately improve

the underground infrastructure or realize new utilities.

Cl14 Connectivity The extent to which the design - Sustainable area development

between functions
and communities

contributes to improving
connections and connectivity
between existing functions and
communities in an area

- Preventing deteriorations for bicycle traffic, public transport
& pedestrians (including loss of travel time, barrier effect,
attractive routes);

- Construction of access roads to surrounding neighborhoods.
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6

Health & Well-
being

v
o=

C15 Noise pollution and | The extent to which the design - Healthy living environment - Increase distance between living, recreational and working
vibrations contributes to reducing the noise areas;
level and vibration of traffic to - Apply green noise barriers and noise barriers (more
surrounding areas in the use environmentally friendly and often cheaper), noise barriers
phase with solar cells (energy generation), slopes, speed limits,
double layer zoab (quieter), silent joint transitions or sound
gutters.

Cl6 Light pollution The extent to which the design - Climate and energy neutral - Limit and reduce disruption by lowering the highway;
contributes to the reduction of - Healthy living environment - Apply interactive lighting (only turns on when someone
unnecessary light pollution of the drives by) or a control system to use the right amount of light
road and road traffic to at busy times, such as rush hour.
surrounding areas and
communities in the use phase

C17 Spatial and visual The extent to which the design - Healthy living environment - Improve the integration of the highway within the harmony

quality contributes to improving spatial of the environment (e.g. tracing and altitude, cross-section,
and visual quality in the use roadside design, design of works of art and spatial coherence);
phase - Strengthening the image quality plan;
- Reducing the contrast between the environment and the
civil works of art (aesthetic function);
- Improving the amenity value (the experience of the highway
and the environment by users);
- Limit visual urbanization and impairment of openness;
- Minimize unwanted views;
- Limiting and reducing the barrier effect by lowering the
highway (sunken location);
- Apply land tunnel so that people do not see, hear or smell
the highway itself.
C18 Emissions and air The extent to which the design - Climate and energy neutral- - Improving the flow and limiting congestion and thereby

quality

contributes to improving air
quality in the use phase

Healthy living environment

reducing CO2 emissions;- Application of fuel-saving asphalt or
screens that limit emissions to the environment;- Planting
green for CO2 storage;- Stimulating the use of EVs by installing
fast charging stations along the highway;- Reduce speed limit
on the highway.
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C19 Traffic safety The extent to which the design - Healthy living environment - Apply detection and alarming of ghost drivers on exits, traffic
contributes to improving road signs, signage, matrix signs, markings, guide constructions,
safety lighting etc. to reduce road injuries and accident risks;

- Protect obstacles that may pose a danger in the event of a
collision with guardrails or remove them.

C20 External safety The extent to which the design - Healthy living environment - Reducing the risk of accidents with hazardous substances
contributes to reducing the risks consisting of a Site-specific Risk (PR) and a Group Risk (GR);
associated with the transport of - Prevent new companies that generate and transport
dangerous goods for people and hazardous substances from establishing themselves in the
vulnerable objects in the vicinity area.
of the motorway

C21 Construction safety | The extent to which the design - Healthy living environment - Apply active safety systems (e.g. equipping vehicles with
contributes to the realization of a cameras and alarms) to help drivers and improve the safety of
healthy and safe working project workers working at night or in bad weather.
environment for project workers
for construction and operation
on site

C22 Nuisance during The extent to which the design - Healthy living environment - Minimize disruption to traffic flows and road diversions by

construction contributes to minimizing noise, carrying out roadworks and highway maintenance at night;
dust, visual impact, nuisance, - Apply equipment and work processes that cause less
barrier effect, odor, vibration, air nuisance to surrounding communities and nature.
and light pollution during
construction

C23 Public support The extent to which the design - Sustainable area development | - Increase support from (future) users, local residents,
contributes to solving social - Healthy living environment stakeholders and other stakeholders (involving in the earliest
problems for the public possible phase);

- Solve societal problems of congestion, safety, air pollution,
traffic noise and vibrations, which are now caused by road
traffic.
T7 Mobility & C24 Traffic flow (network | The extent to which the design - Climate and energy neutral - Separating urban traffic from regional traffic;- Widening the
Accessibility load) contributes to promoting the (including sustainable mobility)- | road with new asphalt (increasing capacity);- Permanently use

flow in the area

Sustainable area development

rush hour lanes.
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development

contributes to making the local
economy more attractive to the
environment and promoting
economic activities

A C25 Reliability (network | The extent to which the design - Climate and energy neutral - Widen the road with new asphalt (increase capacity);
ﬁ performance) contributes to increasing the (including sustainable mobility) | - Expand the main and secondary road network into a more
ﬁ reliability of the travel time ratios | - Healthy living environment cohesive network.
(travel time gain), vehicle loss
hours and unexpected delays
C26 Adaptability & The extent to which the design - Climate and energy neutral - Improving the future value (reserving space for future plans
flexibility contributes to the resilient and (including sustainable mobility) | and changes of functions).
adaptive design of the highway - Sustainable area development
c27 Robustness The extent to which the design - Climate and energy neutral - Apply sustainable solutions that require less maintenance.
contributes to increasing the (including sustainable mobility)
availability of the highway - Sustainable area development
T8 Costs & C28 Construction costs The extent to which the design - Sustainable area development | - Strive for the lowest possible investments and construction
Investments contributes to reducing the costs.
design's construction costs for
the project life cycle
C29 Management and The extent to which the design - Sustainable area development | - Striving for the lowest possible life cycle costs (LCC).
maintenance costs contributes to reducing the
(LCa) management and maintenance
costs of the design for the life
cycle of the project
L ’_5 C30 Financial risks The extent to which the design - Sustainable area development | - Strive for the smallest possible chance of occurrence;
g g_ contributes to reducing financial - Take control measures.
(%) .
|§ ne- risks
=~ C31 Social cost-benefit The extent to which the design - Sustainable area development | - Striving for social benefits > social costs (SCBA ratio);
analysis (SCBA) contributes to positive effects on - Not only looking at financial costs and benefits, but also
prosperity social effects on noise pollution or nature.
T9 Economic C32 Local economy The extent to which the design - Sustainable area development | - Improving the accessibility of business parks, recreational

areas, etc. through new infrastructure connections.

- Improve cooperation, coherence and integration between
existing infrastructure networks (e.g. between main and
underlying road network or road network and public
transport).
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C33

Regional economy

The extent to which the design
contributes to strengthening the
regional economy (economic
position)

- Sustainable area development

- Increasing the accessibility, attractiveness and spatial quality
of the area for both existing and potential new businesses;-
Improve cooperation, coherence and integration between
existing infrastructure networks (e.g. between main and
underlying road network or road network and public
transport).

C34

Innovation

The extent to which the design
contributes to stimulating and
implementing innovations

- Sustainable area development

- Anticipating self-driving cars (including size of road sections,
data traffic, signpost, matrix signs);

- Apply innovative and sustainable solutions to save on
maintenance and replacement costs;

- Integrate input from market participants to fully exploit
synergies, savings and opportunities for innovation.
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Appendix C: Questionnaire Survey

Appendix C.1: Structure of the Questionnaire Survey

The online questionnaire is designed to validate the SA criteria from the literature review. The aim is to
collect expert opinions on the relevance of the SA criteria for the planning- and design phase (MIRT-
Exploration & MIRT-Plan elaboration) in the Dutch highway context.

The questionnaire is divided into three parts:

1. Proposal round: This section asks for general information;

2. Relevance of the SA criteria: This section asks about the relevance of the SA criteria to evaluate the
sustainability of highway design options in practice.

3. Evaluation of the proposed SA framework: This section asks some questions for evaluation;

1. Proposal round
The following questions are intended to acquire general information.

1. What is your name?
2. How much experience do you have with the highway design process?
3. Does sustainability play a role in your daily work? If so, how?

2. Relevance of the SA criteria

The following questions are intended to establish the relevance of the SA criteria for the Dutch highway
context.

4. Arethe following SA criteria included in the Environmental theme 'T1 - Energy' relevant for assessing
the sustainability of highways design options in the Netherlands?
5. Can you provide an explanation or concrete example?

These questions are asked for all nine themes till question 21.
3. Evaluation of the proposed SA framework
The following questions are intended for evaluation purposes.

22. Do you think this list of SA criteria is a good indication of what makes a highway design option
sustainable?

23. Is there an assessment criterion missing?

24. Do you have any questions or tips for my research or about the use of your data?

| would like to thank you for your time and contribution to this questionnaire and my graduation
research. With the help of your input | am one step closer to realizing my research objective.
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Appendix C.2: Results from the Questionnaire Survey

CONFIDENTIAL
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Appendix C.3: Analysis of the Questionnaire Survey

CONFIDENTIAL
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Appendix C.4: Conceptual Sustainability Assessment Framework

Dimension Theme

Theme

Criterion

Table C.4 - Conceptual Sustainability Assessment Framework

Assessment criteria

Creating sustainable added value

Objective

Practical examples

code code
T1 Energy C1 Energy consumption | The extent to which the design - Climate and energy neutral - Apply LED lighting, energy-efficient installations (energy
(system) contributes to energy savings - Healthy living environment saving);
during the life cycle - Use of renewable generated energy.
c2 Generation of The extent to which the design - Climate and energy neutral - Use light poles or noise barriers with solar collectors
renewable energy contributes to the self- - Healthy living environment (integrated in e.g. road furniture or civil structures);
generation or supply of - Sustainable area development | - Around the highway (e.g. junctions or exits), facilitate
renewable, sustainable energy in | - Circular renewable, sustainable energy generation by third parties
the use phase (assign space for e.g. solar panels and windmills).
- Striving for a circular economy (connecting different energy
flows).
C3 Energy consumption | The extent to which the design - Climate and energy neutral - Apply asphalt, which reduces the rolling resistance of the
(fuel) contributes to less fuel - Healthy living environment cars;
© consumption by cars in the use - Improve the traffic flow, which results in less stoppage and
o = phase therefore less energy consumption;
% § - Design with as few height differences as possible,
£ & contributes to lower fuel consumption (ascending slope at an
i exit and a descending slope at an entrance, so that gravity
can be used when accelerating and decelerating.
Cc4 Energy consumption | The extent to which the design - Climate and energy neutral - Applying green energy during implementation;
(construction & contributes to less energy - Healthy living environment - Use different machinery;
demolition) consumption during construction - Limit transport distances.
and demolition phase
T2 Materials C5 Material balance The extent to which the design - Climate and energy neutral - Striving for the lowest possible life cycle costs (LCC);
with circular contributes to material savings, - Healthy living environment - Focus on (high-quality) reuse, both at the front and after the
- economy (CE) sustainability and CE during the | - Sustainable area development | end of life (closing the circular cycle);
ri-% life cycle - Circular - Limit and reduce material use (material saving);
- Natural capital and - Striving for the lowest possible life cycle costs (LCC);
biodiversity - Use local secondary and renewable materials from the study
area (extracted or produced in the vicinity).

Developing a Sustainability Assessment Tool for Assessing Dutch Highway Designs

114




Cc6

Material production

The extent to which the design
contributes to less energy
consumption for material

- Climate and energy neutral

- Application of new materials of sustainable origin, with
attention to the entire production chain.

production
Cc7 Environmental cost | The extent to which the design - Climate and energy neutral - Lowering the Environmental Cost Indicator value (ECI-
indicator (ECI) contributes to lowering the - Healthy living environment value), calculated with DuboCalc;
environmental impact of the
project
T3 Water & Cc8 Climate adaptation | The extent to which the design - Sustainable water - Creating new connections (waterways);

Climate (flooding) contributes to the realization of a | management - When the pavement surface is increased, also realize
sustainable and robust water - Sustainable area development | additional water storage (prevent the water system from
system being more heavily loaded which also ensures better flow

due to less nuisance from water on the road);
- Placing the highway on a higher elevated level (preventing
flooding, evacuation route);
- Avoid subsidence and flood-prone areas;
- Increase water storage capacity of the soil;
- Increase rainwater drainage system capacity (such as more
swirls, larger pipe diameter, more closed/open water storage
or installing gutters along the entire length of the road) for
sufficient collection capacity at peak load.
Cc9 Surface and The extent to which the design - Sustainable water - Improve berm infiltration for the retention of contaminants
groundwater quality | contributes to improving surface | management in the topsoil (preventing run-off of contaminated water
and groundwater quality - Healthy living environment (such as metal particles due to wear, soot particles from
exhaust gases, oil or zinc from road furniture) into surface
and groundwater).
- Separation of water drainage systems for clean and dirty
water.
Cc10 Climate adaptation | The extent to which the design - Sustainable water - Prevent increase in paved surface (prevention of

(drought and heat
stress)

contributes to improving
resilience to climate change

management
- Climate proof

dehydration and decrease in water retention);

- Realization of the highway outside the cores of urban areas;
- Construction of sufficient greenery, shade and storage to
relieve the drought and heat stress (less warming and
radiation of heat to the environment).
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T4

Soil & Nature

oa

C11 Ecosystem The extent to which the design - Natural capital and - Apply ecological connection zones and fauna passages (e.g.
functions contributes to the preservation biodiversity ecoducts, wildlife tunnels and fish ladders) for migration or
and strengthening of biodiversity | - Healthy living environment increase the capacity of existing passages (limiting
(flora and fauna), coherence fragmentation);
between ecosystem functions - Providing space between ecological areas and the highway
and the stimulation of natural in the form of buffer zones, vegetation and soil protection
capital zones;
- Protect natural habitat to preserve or restore biodiversity
(preventing the disappearance of plants, reduction in the
population of animal species);
- Planting trees along the highway for CO2 storage and
limiting noise pollution, also benefits nature and recreation
and provides an improved view for local residents, with less
or even no decrease in value of homes near highways;
- Application of an ecological verge design and ecological
verge management (strengthening the technical and traffic
functions but also the nature function of the verges);
- Apply fauna grid along the highway (prevent animals from
crossing the highway and causing accidents).
C12 Protected natural The extent to which the design - Natural capital and - Adapting the design of the highway, so that a protected
areas contributes to the protection and | biodiversity area is not affected by the project (prevention of surface loss,
restoration of the protected - Healthy living environment fragmentation, pollution, disturbance by noise, disturbance
nature areas (Natura 2000 areas by light, disturbance by vibration, optical disturbance and
and Natuurnetwerk Nederland) change in population dynamics);
- Connecting nature reserves to each other;
- Develop new nature elsewhere or improve existing nature
(compensation for nature affected on site by the project,
required by law).
C13 Soil quality The extent to which the design - Natural capital and - Prevent run-off of contaminated water (such as metal

contributes to improving soil
quality

biodiversity
- Healthy living environment

particles due to wear, soot particles from exhaust gases, oil
or zinc from road furniture) into the soil;

- Apply obstacle-free outer verge or nature-friendly road
furniture;

- Soil remediation;

- Making the soil resistant to erosion (e.g. by planting).
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(People)

T5

Culture &
Landscape

T6

Health & Well-
being

v
o=

C14 Cultural heritage, The extent to which the design - Sustainable area development | - Increase visibility of remains;
archaeological and contributes to the preservation - Apply soil drilling and possibly test trenches to
historical values and protection of cultural systematically check whether traces and / or finds are

heritage, archaeological and present (limiting threats from earthworks);

historical value - Prevent damage to values by adapting existing project plans
(e.g. by relocating the road);
- Accentuating water systems and cultural-historical lines.

C15 Landscape The extent to which the design - Healthy living environment - Preserving rows of trees, vegetation and open meadow

structures contributes to preserving and - Sustainable area development | landscapes (keeping landscape structures recognizable);
reinforcing typical features of the - Strengthening desirable views, landscapes and vistas;
landscape and different areas - Prevent agricultural land from being used for verges and
ditches;
- Reuse of developed land and built-up land (existing paved
surface and in a petrified environment);
- Prevention of road widening, larger space requirements,
intersection and deterioration of landscape values.

C16 Residential, The extent to which the design - Sustainable area development | - Prevent encroachment on residential plots, buildings,
recreational and contributes to improving the buildings and recreational areas by adapting existing project
working areas quality of life in residential, plans (e.g. by relocating the road);

recreational and working areas - Creating or improving walking paths, cycling routes,
recreational areas and sports fields to stimulate movement
and healthy behaviour.

Cc17 Utility services The extent to which the design - Sustainable area development | - Prevent damage and relocation of utilities (cables and

contributes to improving cable pipelines) by adapting existing project plans (e.g. by

and pipeline networks for relocating the road);

utilities - In the event of interventions, immediately improve the
underground infrastructure or realize new utilities.

C18 Noise pollution and | The extent to which the design - Healthy living environment - Increase distance between living, recreational and working

vibrations

contributes to reducing the noise
level and vibration of traffic to
surrounding areas in the use
phase

areas;

- Apply green noise barriers and noise barriers (more
environmentally friendly and often cheaper), noise barriers
with solar cells (energy generation), slopes, speed limits,
double layer zoab (quieter), silent joint transitions or sound
gutters.
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C19

Light pollution

The extent to which the design
contributes to the reduction of
unnecessary light pollution of the
road and road traffic to
surrounding areas and
communities in the use phase

- Climate and energy neutral
- Healthy living environment

- Limit and reduce disruption by lowering the highway;

- Apply interactive lighting (only turns on when someone
drives by) or a control system to use the right amount of light
at busy times, such as rush hour.

C20 Spatial and visual The extent to which the design - Healthy living environment - Improve the integration of the highway within the harmony
quality contributes to improving spatial of the environment (e.g. tracing and altitude, cross-section,
and visual quality in the use roadside design, design of works of art and spatial
phase coherence);
- Strengthening the image quality plan;
- Reducing the contrast between the environment and the
civil works of art (aesthetic function);
- Improving the amenity value (the experience of the highway
and the environment by users);
- Limit visual urbanization and impairment of openness;
- Minimize unwanted views;
- Limiting and reducing the barrier effect by lowering the
highway (sunken location);
- Apply land tunnel so that people do not see, hear or smell
the highway itself.
C21 Emissions and air The extent to which the design - Climate and energy neutral - Improving the flow and limiting congestion and thereby
quality contributes to improving air - Healthy living environment reducing CO2 emissions;
quality in the use phase - Application of fuel-saving asphalt or screens that limit
emissions to the environment;
- Planting green for CO2 storage;
- Stimulating the use of EVs by installing fast charging stations
along the highway;
- Reduce speed limit on the highway.
C22 Traffic safety The extent to which the design - Healthy living environment - Apply detection and alarming of ghost drivers on exits,

contributes to improving road
safety

traffic signs, signage, matrix signs, markings, guide
constructions, lighting etc. to reduce road injuries and
accident risks;

- Protect obstacles that may pose a danger in the event of a
collision with guardrails or remove them.
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C23 External safety The extent to which the design - Healthy living environment - Reducing the risk of accidents with hazardous substances
contributes to reducing the risks consisting of a Site-specific Risk (PR) and a Group Risk (GR);
associated with the transport of - Prevent new companies that generate and transport
dangerous goods for people and hazardous substances from establishing themselves in the
vulnerable objects in the vicinity area.
of the motorway

C24 Construction safety | The extent to which the design - Healthy living environment - Apply active safety systems (e.g. equipping vehicles with
contributes to the realization of a cameras and alarms) to help drivers and improve the safety
healthy and safe working of project workers working at night or in bad weather.
environment for project workers
for construction and operation
on site

C25 Nuisance during The extent to which the design - Healthy living environment - Minimize disruption to traffic flows and road diversions by

construction contributes to minimizing noise, carrying out roadworks and highway maintenance at night;
dust, visual impact, nuisance, - Apply equipment and work processes that cause less
barrier effect, odor, vibration, air nuisance to surrounding communities and nature.
and light pollution during
construction

C26 Public support The extent to which the design - Sustainable area development | - Increase support from (future) users, local residents,
contributes to solving social - Healthy living environment stakeholders and other stakeholders (involving in the earliest
problems for the public possible phase);

- Solve societal problems of congestion, safety, air pollution,
traffic noise and vibrations, which are now caused by road
traffic.
T7 Mobility & C27 Traffic flow (network | The extent to which the design - Climate and energy neutral - Separating urban traffic from regional traffic;
Accessibility load) contributes to promoting the (including sustainable mobility) |- Widening the road with new asphalt (increasing capacity);
flow in the area - Sustainable area development | - Permanently use rush hour lanes.
ﬁf\é C28 Reliability (network | The extent to which the design - Climate and energy neutral - Improving the future value (reserving space for future plans
[ﬁ performance) contributes to increasing the (including sustainable mobility) | and changes of functions).
reliability of the travel time ratios | - Healthy living environment
(travel time gain), vehicle loss
hours and unexpected delays
C29 Adaptability & The extent to which the design - Climate and energy neutral - Improving the future value (reserving space for future plans

flexibility

contributes to the resilient and
adaptive design of the highway

(including sustainable mobility)
- Sustainable area development

and changes of functions).
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contributes to stimulating and
implementing innovations

C30 Robustness The extent to which the design - Climate and energy neutral - Apply sustainable solutions that require less maintenance.
contributes to increasing the (including sustainable mobility)
availability of the highway - Sustainable area development
T8 Investments C31 Investment costs The extent to which the design - Sustainable area development | - Strive for the lowest possible investments and construction
(LCC) contributes to reducing the costs.
design's construction costs for
the project life cycle
C32 Maintenance costs | The extent to which the design - Sustainable area development | - Striving for the lowest possible life cycle costs (LCC).
(LCC) contributes to reducing the
management and maintenance
costs of the design for the life
cycle of the project
C33 Financial risks The extent to which the design - Sustainable area development | - Strive for the smallest possible chance of occurrence;
contributes to reducing financial - Take control measures.
risks
§ §‘ C34 Social cost-benefit The extent to which the design - Sustainable area development | - Striving for social benefits > social costs (SCBA ratio);
2 §_ analysis (SCBA) contributes to positive effects on - Not only looking at financial costs and benefits, but also
u8_' C‘% prosperity social effects on noise pollution or nature.
S~—
Economic C35 Regional economy The extent to which the design - Sustainable area development | - Increasing the accessibility, attractiveness and spatial quality
development contributes to strengthening the of the area for both existing and potential new businesses;
regional economy (economic - Improve cooperation, coherence and integration between
position) and promoting existing infrastructure networks (e.g. between main and
economic activities underlying road network or road network and public
transport).
C36 Innovation The extent to which the design - Sustainable area development | - Anticipating self-driving cars (including size of road sections,

data traffic, signpost, matrix signs);

- Apply innovative and sustainable solutions to save on
maintenance and replacement costs;

- Integrate input from market participants to fully exploit
synergies, savings and opportunities for innovation.
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Appendix D: Reference Case

Appendix D.1: Interview Question List with Expert

CONFIDENTIAL
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Appendix D.2: Best-Worst Method (Example)
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Voorbeeld:

In dit blad ziet u hoe een 'best-worst method' (BWM) probleem wordt geconstrueerd en opgelost volgens de instructie. Voor verdere uitleg over de MCA methode wordt
verwezen naar het artikel van de ontwikkelaar van de tool: Rezaei, J. (2016). Best-worst multi-criteria decision-making method: Some properties and a linear

model. Omega, 64, 126-130.

Vereisten:

Als u "Oplosser" niet in de werkbalk van uw Excel heeft, moet u deze eerst installeren (volg de onderstaande stappen):
Ga naar "Bestand", dan "Opties", dan "Invoegtoepassingen". Bij de knop (Excel Add-Ins, klik op Go..."), Selecteer "Solver Add-in" en druk op "OK". Je zou Solver nu moeten

kunnen zien in je "Data" tab.

Milieu (Planet)

Sociaal (People)

| Economisch (Prosperity)

Aantal Thema's =9 Thema 1

Thema 3

Thema 2 Thema 4

Thema S Thema 6

Cultuur & Gezondheid &

Thema 7 Thema 8 Thema 9

Mobiliteit &

Economische

K Energi Material Wi Kli B N | i
Namen van Thema nergie aterialen ater & Klimaat | Bodem & Natuur e Welzijn Bereikbaarheid nvesteringen ontwikkeling
Meest Belangrijke Materialen |
Thema Voor Stap 1 zijn de thema's al ingevuld.
Selecteer het 'meest belangrijkste' en
Minst Belangrijke Gezondheid & het 'minst belangrijke' thema (Stap 2).
Thema Welzijn
B T
SR U . . . Cultuur & Gezondheid & Mobiliteit & . Economische
over de andere Energie Materialen Water & Klimaat | Bodem & Natuur " ’ . Investeringen L
. Landschap Welzijn Bereikbaarheid ontwikkeling
Thema's
Materialen 4 1 2 4 5 5 3 2 3
1
Andere Thema's G dheid & ” ”
over de Minst ez\‘;v” ‘ e Bij Stap 4 zal de grijze cel Bij Stap 3 zal de grijze cel automatische
Belangrijke 2 automatische worden ingevuld o.b.v. worden ingevuld o.b.v. de invoer bij
e 5 de invoer bij Staf: 2 Tijdens Stap 4 Vijfpuntsschaal Stap 2. Tijdens Stap 3 wordt de
wordt de vergelijking gemaakt tussen vergelijking gemaakt tussen het 'meest
Materialen 5 het 'minst belangrijke' themat.o.v. de Omschrijving Waarde belangrijke'thema t.o.v. de overige
overige thema's. Dit wordt gedaan thema's. Dit wordt gedaan middels het
Water & Klimaat 3 middels het toekennen van de cijfers Even belangrijk 1 toekennen van de cijfers 1-5
ot E ) 1-5 weergegeven in de lets meer 5 weergegeven in de 'Vijfpuntsschaal'
odem & Natuur <1 'Vijfountsschaal' tabel. Hierbij geeft belangrijk tabel. Hierbij geeft een 5 aan dat u het
een 5 aan dat u het 'minst Substantieel 'meest belangrijkste' thema heelveel
Cultuur & Landschap 2 " , . " 3 e .
belangrijkste' thema heelveel minder meer belangrijk meer belangrijker vindt dan
Gememal i @ Wk 1 belangrijk vindt dan het linker thema. Veel meer 4 bovenstaande thema. Een 1 geeft aan
R Een 1 geeft aan dat u het 'minst - brlanfr”k dat u het 'meest belangrijkste' thema
CLEAEEE 4 belangrijkste' thema even belangrijk eelveel meer 5 even belangrijk vindt als het
Bereikbaarheid . . belangrijk
vindt dals het linker thema. Let op bovenstaande thema. Let op wanneer u
Investeringen 2 wanneer u het zelfde thema met het zelfde thema met elkaar vergelijkt,
Economische elkaar vergelijkt, dient altijd 1 te dient altijd 1 te worden ingevuld!
ontwikkeling 5 worden ingevuld!
Energie Materialen Water & Klimaat | Bodem & Natuur ICUIEUUI & Gez&?ﬁ?r::ild & M?b,mtelf &,J Investeringen Ewnc,',r?lsfhe
Weegfactoren
0,08 0,24 0,16 0,08 0,06 0,03 0,10 0,14 0,10
8% 24% 16% 8% 6% 3% 10% 14% 10%
Ksi* [£*] K ek anti f
: Met behulp van Ksi* [§*] kan de consitentie van de input
"2:‘['(5‘" [S]] worden gecontroleerd. Hierbij is het belangrijk te
ratio .
melden dat, hoe groter de Ksi* [§*], hoe hoger de Ga nu naar het tabblad "Gegevens", zoek naar

Stap 5.

Consistentie ratio (CR), en hoe minder betrouwbaar de
vergelijkingen worden. Deze wordt berekendt tijdens

Omdat een schaal van 1-5 wordt toegepast, moeten we de Consistentie-
index (max &) waarde van 2,30 gebruiken. Voor de Consistency ratio (CR)
€ 0, 1 geldt, hoe lager de CR, hoe consistenter de vergelijkingen, dus hoe
betrouwbaarder de resultaten. Deze wordt berekendt tijdens Stap 5.

WEEGFACTOREN

24%

16%

14%

10% 10%

"Analyse" en klik op "Oplosser" (Stap 5). De

gewichten worden automatisch verkregen en
weergegeven in de gele cellen. Als u enkele groene
delen wijzigt, moet u stap 5 opnieuw uitvoeren om
de nieuwe resultaten te krijgen.

ECONOMISCHE

WEEGFACTOREN

ENERGIE

MATERIALEN

ONTWIKKELING

INVESTERINGEN

MOBILITEIT &
BEREIKBAARHEID

GEZONDHEID &
WELZIIN

WATER & KLIMAAT

BODEM & NATUUR

CULTUUR &
LANDSCHAP
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Appendix D.3: Best-Worst Method (Reference Case)

CONFIDENTIAL
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Appendix D.4: Application of the Proposed Sustainability Assessment Tool (Reference Case)

CONFIDENTIAL
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Appendix D.5: Reference Case Interview (Original Transcript of the Answers in Dutch)

CONFIDENTIAL
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Appendix E: Reflection

Appendix E.1: Reflection on the Graduation Process

In this appendix, | reflect on the graduation process.
Period till the Kick-off Meeting

In the first period of my research till the kick-off meeting, | was really struggling to find a topic and
intended result of the research that would be relevant for the scientific literature and practice. Things
like, what was my research going to contribute to the body of knowledge, what is new, different or
surprising. | frequently changed my research design, as well as the methods | intended to use, causing
confusion and misunderstanding among the committee members.

During the kick-off meeting | got a lot of comments that needed to be taken into consideration for
continuing the research. | needed to explain certain words, definitions and terminology so that all
committee members knew what | was talking about. In addition, | had to provide background
information in terms of what | meant, what my intended result was going to be and with what kind of
methods | was going achieve my research objective. It was not very clear what | wanted to investigate,
especially in using a case and how to gather data and information. It was recommended by the
committee to read more articles about integration and sustainability, to do some exploratory interviews
for narrowing down my scope and to specify what | was going to look at and to establish the direction
of the research. | remember that the first period during COVID-19 and the lockdown was a challenging
first time experience.

Period till the 1t Mid-term Meeting

After the kick-off meeting | had troubles and issues with making a choice about what kind of result |
envisioned in the research. The problem was that | was choosing a research method while my research
problem, gap and questions were not well designed and elaborated. So it was recommended by the
committee to start with forming the research objective that | wanted to achieve, given this objective a
certain method is then a useful way to try to get an answer to my problem or to my question. | had to
make a pragmatic choice in what | wanted to achieve with my research. Some tips | got from my
committee were to clearly state what the research objective was, only then the method could be
motivated for, there is an objective before there is a method. The research problem and objective were
dependent for the method | would chose and the limitations of that method. Eventually | chose to
develop a sustainability assessment tool in my research, so the research problem, gap and questions
had changed accordingly. Designing the research was still a work in progress during the second period
until the 1% mid-term meeting, which was something | wanted the committee to focus on and get
feedback on during the 15 mid-term meeting.

| was aiming to finish the introduction, literature review and research methodology before the 1% mid-
term meeting. However, during that period | had some unproductive weeks, holidays and
focus/concentration problems at home. | was behind schedule and could not go to the office due to
COVID-19 and lockdown. Because of the slow progress in that period, it was decided to meet again for
a 2" mid-term meeting in December.

Period till the 2" Mid-term Meeting

After the 1°* Mid-term Meeting, | looked at what methods were appropriate for achieving my research
objective. For operationalizing my tool, the committee gave some tips on what methods to use. During
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the meeting it was recommended to look at the best-worst method, this method is new and has been
explicitly developed in criticism of AHP. Some other students had used it and found it to be quite useful.
This was taken into consideration when comparing different methods later on. It was also
recommended to use the term ‘reference case’ for the case (project). This was discussed to get over
the debate of, is it a tool development or is it a case study that | was going to do. The research was
about developing a tool and the case was simply a reference to use, to test and see the applicability.

At that time, | had finished the introduction, literature review and was progressing towards identifying
the sustainability assessment criteria. | was also able to go the office which resulted in much more
progress compared to doing the research at home.

Period till the Green Light Meeting

After the 2" mid-term meeting and discussing the last important changes, | finally knew what | wanted
to accomplish and how to get there. During that period, | put a lot of effort and time in developing the
sustainability assessment framework by doing interviews, a filtering process on the criteria and a
validation of the framework by conducting a questionnaire survey. After these steps | developed the
sustainability assessment tool, which | applied on the reference case to test the applicability. After
analysing the finding, | contacted an expert from the case to evaluate the results and finding of applying
the tool. All results and findings combined led to my conclusion, discussion and recommendations of
the research. For the Green Light Meeting | processed all the information and results in a draft report
(95% version) to be discussed during the meeting.

Period till the Thesis Defence

The Green Light Meeting was originally scheduled for April 25th, however, due to the availability and
holidays of the committee members, it was rescheduled for April 20™. Paul and Maedeh attended this
meeting, however, Daan was abroad since April 15th, thus he was unable to attend the Green Light
Meeting. The change in the scheduled date, as well as my grandmother's funeral two weeks earlier, had
an impact on my planning, and as a result, the intended submitting day could not be met. The Green
Light report was submitted on April 14™ a day after the scheduled date.

During the Green Light Meeting, | presented the results of my research and evaluated and discussed
them with the committee members. After receiving a Green Light from the committee, the committee
gave some final remarks and comments which needed to be addressed and revised in the final report.
The most import one was about the structure of the research. A clearer separation of the chapters and
contents was needed to provide a more logical approach. In addition, in some parts more explanation
was required for transparency of the process. After combining all the comments | prioritized what to
revise based on the degree of importance. Therefore, | adapted and improved the text which needed
most attention and added the chapter ‘research methodology’ to reorganize and explain the methods
used in the research including a flowchart. Finally, after significant revisions had been made, the final
thesis report could be submitted in time for the thesis defence.
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