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Abstract: Sustainable construction is a comprehensive process of balancing the natural and built
environment by applying sustainable development concepts. The golden triangle in the construction
of time, cost, and quality should also assess risks from a sustainable perspective and investigate the
environmental dimensions of the project. However, proper risk assessment for green sustainability
is challenging, resulting in project management conducted under uncertain conditions. This study
proposes a procedure based on Monte Carlo Simulations to improve the assessment of critical risk
factors associated with construction activities. The AHP method was applied to rank environmental
impact indicators, and the EMV approach was used to calculate the effects of the expected outcomes.
The current study shows that air, water, and land pollution, water consumption, and solid waste are
the most critical indicators. The results indicate that the equipment breakdown significantly impacted
the duration of (and increase in) environmental issues. The evidence suggests that attention should
be paid to sustainability risk factors during construction activities, e.g., the unavailability of materials
had the most significant impact on the cost of the construction phase. The results suggest that the
inadequate control of sustainability risk factors can lead to poor performance and tough decisions in
a construction project.

Keywords: sustainable construction; risk assessment; environmental impacts; Monte Carlo Simula-
tions; AHP ranking

1. Introduction

Although human development is supported by the construction industry, which
creates the built environment, it is one of the main contributors to the climate crisis [1] and
the depletion of natural resources [2]. Moreover, more than half of the world’s population
lives in cities, which occupy only 3% of the planet’s land area but are responsible for 75% of
energy consumption and carbon emissions. The UN projected that by 2050, nearly 70% of
humanity will live in urban settlements and 90% in developing countries [3]. This will result
in the construction of millions of new homes, jobs, schools, clinics, water and recycling
treatment facilities, countless kilometers of highways, parking lots, and related urban
infrastructure. The resource demands of the built environment by the current population
already exceed the long-term ecological life cycle (in all continents), and the capacity of
waste production to assimilate into the ecosystem [4].

In this context, the UN’s Sustainable Development Goal (SDG) 11.6 is: “By 2030,
reduce the per capita negative environmental impact of cities, including an extensive
focus on air quality and waste management” [5]. Moreover, improved infrastructure and
modernized industries can make them more sustainable through optimal resource efficiency
and more significant usage of clean and green technologies and sound building processes,
acting within the capabilities of all nations [6]. Target 9.4 aims to minimize the negative
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environmental impacts of the construction sector and increase its positive institutional
impacts [7].

Ali and Al Nsairat (2009) [8] stated that sustainable construction is a holistic process
that seeks to maintain harmony between the natural and built environments by applying
sustainable development concepts to the building life cycle. Several approaches have been
proposed to create a responsible built environment, such as sustainable materials [9,10],
sustainability in project management [11,12], and sustainability assessments [13].

One key aspect of sustainability assessment involves focusing on the current and
future positive net gains of sustainability in the construction sector [14]. Integrating sus-
tainability appraisal into the project design phase would allow monitoring and evaluation
of the extent to which the project ensures sustainability throughout its life cycle [15].
Banihashemi et al. (2021) [16] assumed that the environmental impact assessment of con-
struction projects would give project managers and designers a rational decision-making
process to achieve sustainable goals. Research on this basis has established evaluation indi-
cators to assess the environmental performance of sustainable construction projects [17,18],
which have been widely adopted in the construction industry for ranking indicators [19-21].
However, although there is a growing body of research on the variety of assessment indica-
tors that seem helpful for the sector in performance measurement, it is relatively unusual
to select the most advantageous for project-level evaluation.

A major issue of research on early sustainable approaches is that, for example, green
materials, advanced technologies, and regulations can make the building environment
even more unpredictable and uncertain than traditional practices [8], resulting in construc-
tion projects facing multiple and complex risks. Therefore, the threats arising from new
sustainability-related implementations substantially differ from traditional risk concerns.
This controversy makes risk analysis one of the most complex processes in construction
project management, influencing the budget, schedule, and scope of the project [22].

The primary purpose of this study was to propose a procedure to assist project decision-
makers in analyzing the risks of standard and sustainable construction activities and their
impacts on the duration, costs, and environmental changes of construction projects. This
research seeks to address the following questions: (1) What are the key environmental
impact indicators for a sustainable construction project? (2) What are the crucial risk factors
for a sustainable construction project?

This study follows a case study design, using an in-depth AHP analysis of the selec-
tion of critical environmental impact indicators and the EMV approach to calculate the
expected critical risk factor ranking of indicators. The study aims to better understand the
interaction between environmental risk factors associated with construction activities from
a sustainable perspective. Using 2017-2019 data and Monte Carlo simulation (MCS) tools,
the effects of conventional and sustainability construction risk factors on environmental
impact indicators were analyzed. The research contributes to the emerging literature on
sustainable construction risk determinants.

The study is structured as follows. This paper will review the literature on sustainable
development and the risk assessment of sustainable construction projects. The materials
and methods used to answer the research questions are described in the next section. The
proposed analyses were implemented in a construction project case study. Finally, the
results are discussed and conclusions are drawn.

2. Review of Sustainability Concepts

The basic principle of sustainability is based on a future-oriented balance between the
environment, economy, and society. Therefore, it would be a misguided approach to define
sustainability as the sum of these three factors; rather it is the interaction and interplay of
the three pillars, i.e., the environment, economy, and society [23,24].

The concept of sustainability—not consuming more resources than can be replaced
in the same period—was first developed in the 18th century and applied to the issue of
forest management. Environmental protection was later used to initiate the incorporation
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of economic and social dimensions and ensure the proper functioning of the ecosystem.
In this context, Vogt and Weber (2019) [1] defined sustainability as the ecological cycle of
exchange, which, in addition to planning and forecasting the economy, takes into account
the conditions and consequences of human actions for current and future generations. Oth-
ers defined sustainability as a future mindset that achieves a state of equilibrium between
environmental, social, and economic aspects in pursuing a higher quality of human life [25].
Moreover, sustainability is an ideal balance between economic growth, environmental
management, and social equity, as clean manufacturing, pollution prevention, control of
systems, and design of architecture and structures that consider ecological characteristics
can be essential elements of sustainability [26].

According to Kuhlman and Farrington (2010) [23], humanity has transformed natural
renewable and non-renewable resources into manufactured capital, consisting of repro-
ducible physical capital, including, for instance, infrastructure, buildings, machinery, and
intangible assets, e.g., health, knowledge, skills, relationships, and trust. The extent to
which manufactured resources can substitute for natural resources determines whether
sustainability is weak or strong. Strong or weak sustainability is primarily concerned
with natural resources rather than socioeconomic impacts [27]. From this perspective, a
growing global awareness of the interconnectedness of environmental crises, and social
and economic challenges, such as poverty and inequality, and concerns about current and
future prosperity, has shaped the concept of sustainable development [23]. Poor sustain-
ability can be understood as the need for the next generation to provide man-made assets
and environmental capital which are no less than the stock of wealth inherited by the
previous generation. In contrast, under the more substantial paradigm of non-substitution
of ecosystem functioning, the next generation should inherit a stock of natural capital equal
to (or greater than) the stock inherited by previous generations [28].

2.1. Sustainable Development

Haller (2018) [29] defined sustainable development as the process of achieving sus-
tainability for society. In the same vein, it is a set of different processes and pathways to
achieve sustainability (i.e., sustainable agriculture and forestry, green production, efficient
use, good governance, science and innovation, education, and training) [30]. In comparison,
others have defined it as the active and creative exploration, understanding, and shaping
of the present and future of human activities on our planet [1].

According to the ideas by Hopwood et al. (2015) [31], there are three primary strategies
for sustainable development: (1) Proponents of the status quo recognize that current political
and economic structures can address sustainable development issues without significant
changes; (2) sustainable development reformists accept significant changes in policy and
lifestyle to address the ever-growing critical global problems; (3) transformation is the most
extreme of the three concepts. Its proponents have claimed that the world’s crises are
caused by underlying social, political, and economic structures. Stock et al. (2017) [32]
argued that sustainability is strongly linked to social and environmental protection and is
mainly seen as reversible. However, the Brundtland Report focused on the needs of the
present without compromising the ability of future generations to meet their needs [33].

Nowadays, development strategies are primarily focused on transformation, shifting
from a growth focus to the importance of the non-substitutability of ecosystem services [6].
This trend is reflected in the recently adopted UN 2030 SDGs, which emphasize the impor-
tance of the linkage between society and natural capital, increasing the responsibility of
less empowered groups and transforming economic patterns [34].

2.2. Sustainable Construction

The shift towards a transformational approach has led to the development of sustain-
ability committees and national organizations worldwide and the expansion of economic
evaluations, indicator measurements, and assessments linked to society in all sectors [35].
Throughout this paper, the term sustainable construction will refer to ‘responsible construc-
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tion and management of a healthy building environment, while considering environmental
principles and resource efficiency’ [36]. The following principles are introduced for the
sustainable construction industry: minimizing resource consumption, maximizing resource
reuse, using renewable and recyclable resources, protecting the natural environment, creat-
ing a healthy and non-toxic environment, and pursuing quality in the built environment.

From this environment- and resource-centered perspective, Yilmaz and Bakis (2015) [37]
described how sustainable construction (SC) should focus on environmentally conscious
production with optimal usage of resources from the beginning of the design process
throughout the design life cycle. Du Plessis and Cole (2011) [38] stated that SC is a compre-
hensive process that seeks to maintain harmony between the natural and built environment
by applying the principles of sustainable development to the life cycle of a building, starting
with the extraction of raw materials for manufacturing and continuing through design,
construction, and operation. Mavi et al. (2021) [39] acknowledged that SC creates and
manages a safe and healthy built environment while utilizing resource efficiency.

Ali and Al Nsairat (2009) [8] believed that SC generally refers to green constructions
that are energy-, water-, and space-efficient, non-toxic, and durable, with high recycled
content, and that address a significant number of resource challenges. Nair and Nayar
(2020) [40] also aligned sustainable construction with the wise use of resources to meet
the needs of current and future generations. SC often emphasizes the reduction of en-
vironmental harm and can include features, such as conservation, recycling, and waste
management, with direct social equity and less focus on profit. There is a solid drive to
reduce industry’s negative impacts on the natural environment, such as global warming,
ecological degradation, and the depletion of natural resources [39]. As a result, the growing
interest in SC worldwide has stimulated the development of different approaches to help
the construction industry develop sustainably. In this context, Lima et al. (2021) [41]
found that management, materials, and sustainability assessments have received the most
attention in synthesizing sustainability in the construction sector.

Sustainable construction project management (SCPM), defined as the methods by
which projects are monitored to ensure that their sustainable objectives are met [42], has
become one of the common areas of sustainability practice in the construction industry.
SCPM promotes the success of projects at all levels and helps processes ensure that the
project is up-to-date and prepared to address sustainability issues [43,44]. De la Cruz
Lopez et al. (2021) [12] stated that sustainability should be an essential function of project
management rather than added to existing processes in the construction industry.

Song and Zhang (2018) [45] noted that the selection of the materials is critical in cre-
ating a more sustainable built environment, as the materials used have a direct impact
on quality, lifetime, cost, energy consumption, and greenhouse gas emissions (GHGs)
over the entire life cycle of buildings. Factors such as availability, less processing, toxicity,
recyclability, cultural acceptability, self-construction, natural origin, low energy consump-
tion, and low maintenance costs can be considered when selecting the ‘right” material for
sustainable use [45,46]. Recent research emphasizes the importance of environmentally
friendly building materials in implementing sustainable projects [9,46]. For example, re-
cycled construction and demolition waste (CDW) has excellent performance and intense
physical and technical properties and is vital for environmental and economic accessibil-
ity [2]. Zea-Escamilla and Habert (2014) [10] investigated bamboo-based building materials
with environmental and mechanical advantages over conventional materials. Tutu and
Tuffour (2016) [47] discovered that warm-mix asphalt has significant sustainability benefits,
such as lower energy consumption, decarbonization, and increased potential for recycling
recovered asphalt pavement. The results showed that warm-mix asphalt is equivalent to,
or in some cases, perhaps an improvement on conventional types.

Sustainability appraisal in the construction sector is another approach to impact
assessment that focuses on the current and future generation of positive net gains from sus-
tainability; it can provide reliable information for different levels of decision-making [14].
Incorporating sustainability assessments into the project design phase allows the project



Energies 2022, 15, 6736

50f21

team to monitor and assess the extent to which the project delivers sustainability throughout
the project life cycle [41] and demonstrate quantifiable and achievable results to stakehold-
ers as part of the project objectives [39]. Since sustainability is assessed at different stages
of construction projects to achieve optimal efficiency throughout the entire process, sus-
tainability assessment methods are considered the most effective tool for promoting a
sustainable built environment [38]. Diaz Lopez et al. (2019) [13] found that environmental
considerations are present in all 101 assessment methods studied, including the internation-
ally established LEED, BREEAM, and CASBEE, which demonstrate the most prominent
and achievable impacts of sustainability and its socioeconomic consequences.

Furthermore, an environmental impact assessment of construction projects provides
managers and project planners with a rational decision-making process to achieve sustain-
able goals [16]. Tupenaite et al. (2017) [19] invited ex-professionals to assess sustainable
environmental, economic, and social dimensions. Unsurprisingly, environmental sustain-
ability was found to be more decisive than the other economic and social dimensions in
achieving the sustainability of new housing developments in the Baltic states.

It is understandable that the transformational approach to sustainable development
has brought the assessment of the environmental impacts of construction projects to the
attention of scholars. Maslesa et al. (2018) [17] systematically reviewed 69 articles and
found that environmental impacts from non-residential buildings are vital; the operational
phase of buildings has more significant environmental impacts than others. Eight cate-
gories of commonly used indicators, i.e., energy, emissions, water, waste, land and building
area, building materials, indoor environmental quality, and recycling, were established
as potentially suitable for assessing the environmental performance of buildings. Using
questionnaires and semi-structured interviews, Agyekim et al. (2021) [18] investigated
critical indicators for assessing the environmental performance of construction projects
in Ghana. The research concluded that all indicators are crucial to determining the envi-
ronmental sustainability of projects throughout their life cycle. However, water and air
quality, energy use and conservation, environmental compliance, and management were
the most important.

For the same reason, Enshassi et al. (2014) [48] assessed three categories of environ-
mental impacts from construction projects in the Gaza Strip, including ecosystems, natural
resources, and population impacts. According to their questionnaire results, construc-
tion projects’ most critical environmental consequences include dust generation, noise
and air pollution, and vegetation removal operations. Finally, the construction industry
participants are advised to sharpen their knowledge and awareness of the environmen-
tal consequences of construction activities. Robust legislation should be implemented to
reduce construction operations” adverse impacts.

An optimal set of indicators should be selected from a wide range of assessments to
maximize the accuracy of sustainability analysis of construction projects and save limited
resources [49,50]. The analytic hierarchy process (AHP) is one of the prominent decision-
making tools for weighting and ranking criteria in sustainable construction projects and is
primarily used for indicator set selection [51]. Considering the context of the Baltic states, an
AHP-based sustainability assessment tool was developed for new residential construction
projects [19]. Ameen and Mourshed (2019) [20] ranked urban sustainability indicators using
AHP in the case of Iraq. Results showed that water (8.5%), safety (7.9%), and transport and
infrastructure (7.8%) scored the highest. Khanzadi et al. (2020) [21] identified the application
of BIM to construction phase performance in Iran and applied fuzzy-AHP to rank and
weigh the indicators. The study revealed that the three most important indicators that can
benefit the project construction phase are quality improvement, sustainable construction,
and cost reduction. Kamali et al. (2018) [15] established a sustainability benchmarking
approach by considering the life cycle of residential modular structures. In addition to
AHP and ELECTRE, the technique for order preference by similarity to ideal solution
(TOPSIS), and the multi-criteria decision-making method (MCDM) were also applied to
rank 33 criteria to address sustainable dimensions.
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2.3. Risk Analysis in Sustainable Construction

Prioritizing innovative sustainable practices can make the construction environment
even more unpredictable and uncertain than traditional practices, resulting in construction
projects facing multiple and complex risks [22]. The tight schedule of risky projects needs
careful planning, feasibility analysis, and experience in management, all of which are
essential to achieve the SC objectives. Therefore, the risks arising from new sustainability
practices are substantially different from traditional risk concerns. For instance, the use of
‘green and right” materials raises problems related to inadequate testing, lack of appropriate
equipment, and skilled labor [52]. Regulatory requirements, such as selecting the right
subcontractor, reusing, and recycling, are also not straightforward [53]. In addition, SC
projects involve advanced construction techniques, complex designs and materials, and
increased communication among project stakeholders, which requires more time than
traditional project delivery practices [54].

Qazi et al. (2021) [22] have created a sustainability risk framework to support project
managers in identifying and managing critical risks. A risk-matrix data approach was
presented based on the Monte Carlo simulation (MCS) to prioritize risks caused by inte-
grating sustainability into construction projects. The study identified thirty sustainability-
related risks and divided them into five groups: management, technical, stakeholder,
sustainable materials and technologies, and legal and economic risks. The proposed ap-
proach was applied to construction projects completed in the UAE, demonstrating that
the usual system of risk prioritization does not determine the importance of subordinate
risks. Hwang et al. (2017) [55] identified 42 risks in sustainable housing projects using an
extensive literature review and questionnaire to compare the importance of the usual risks
encountered in the same type of project. The study found that this type of project was
exposed to more severe risks than ladder projects. Namely, complex permit procedures,
overlooked high initial costs, unclear owner requirements, employment constraints, and
lack of availability of green materials and equipment were the most crucial risks for SC
residential projects. Guan et al. (2020) [56] explored the interdependencies between the
risks of green building projects from life cycle and multi-project risk perspectives and
identified (16) constraints, (22) risks, and (11) objectives. A MICMAC method and an
ISM-based model were used to assess the degree of dependency of the interdependent
elements. Nguyen and Macchion (2022) [57] conducted a thorough literature review on
green buildings and provided a comprehensive list of risk factors.

Furthermore, in addition to the emerging sustainability risks in SC, the traditional
risks arising from construction operations and their impacts should be analyzed in terms
of sustainability dimensions, e.g., standard time, cost, and quality dimensions [57]. For
instance, the number of pollutants, emissions, and energy consumption used by project
activities, among many other factors, will not be reliably identified, and the project outcome
will become uncertain [12]. Improper management and control of these uncertainties and
risks can lead not only to time and cost overruns and poor quality [58] but also to low
levels of project performance in terms of sustainability [16].

Goel et al. (2019) [59] agreed that the achievability of project outcomes is shaped
by processes, emphasizing the need to build sustainability into the projects, including
identifying and managing risks, since risk-based analysis and assessment are considered
critical processes in risk management [60]. Risk analysis is the numerical estimation of the
probability of occurrence and potential impact of identified individual risks under uncer-
tainty [57]. MCS is extensively used to quantify more accurately the effects of critical risks
on construction activities in an uncertain environment [61]. Aarthipriya et al. (2020) [62]
analyzed the risks associated with a housing project in Bangalore and its impact on duration
and budget. Estimates showed that cost overruns were caused by material price fluctua-
tions, improper resource planning, quantity surveying, and analyzing ground conditions.
Spanidis et al. (2021) [63] used fuzzy-AHP, expected value (EV) function, MCS, and PERT
analysis to evaluate and predict the impact of risk on costs. Larionov et al. (2021) [64]
preferred MCS to quantitatively assess the risk of pessimistic and optimistic strategies to
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prevent environmental damage in construction projects. Smirnova (2020) [65] investigated
the problems associated with environmental risk based on MCS forecasting and used the
characteristics of the natural landscape to predict the degree of interaction between the
construction zones and the environment. Sobieraj and Metelski (2020) [54] explored how
the appropriate technique for scheduling construction processes affects the risk of each
phase and the overall project.

The literature review revealed the effectiveness of AHP in prioritizing indicators, MCS
in analyzing risks affecting project duration and costs, and the importance of environmen-
tal impact indicators in assessing sustainability. However, their combinations have rarely
examined how risk factors associated with construction activities affect project performance
from a sustainability perspective. In order to highlight the importance of strong sustain-
ability as a non-substitutability of ecosystem services, this study extensively addresses
the environmental sustainability of construction projects. Risk factors are analyzed using
environmental impact indicators and the standard time and cost constraints.

3. Materials and Methods

The proposed construction process was applied in a warehouse construction project in
Tiszaftired (Hungary) to perform a more accurate risk analysis. The reinforced concrete
(RC) construction started on 2 February 2017 and was completed on 1 April 2019. Although
the construction project had more than 150 main phases, including architectural, structural,
mechanical, and electrical, the scope of the study is limited to the analysis of only one phase
consisting of 16 activities. Table 1 shows the activities listed in alphabetical order.

Table 1. Construction phase activities.

Activity ID Description

A Precast reinforced concrete structure planning
Precast reinforced concrete structure production
Precast reinforced concrete columns
Precast reinforced concrete beams
Reinforced concrete skirting
PC fire resistance wall
Reinforced concrete slab formwork
Reinforced concrete slab reinforcement
Reinforced concrete slab concrete
Masonry
First roof reinforcement
Second roof reinforcement
Steel trapezoidal plates
Skylight
Insulation
Tinning

HOZEZrCrR—=—~IOHEHONW

The project team estimated the duration of activities by brainstorming and drawing
on the experience of previous projects. A three-point method calculated the minimum,
most likely, and maximum duration. The minimum duration was determined by analyzing
the worst-case scenario of the activity. In contrast, the maximum duration was obtained by
analyzing the best-case scenario of the activity. The most probable duration is estimated
by analyzing the duration of the activity, considering the resources most likely to be
allocated. As shown in the project data, the predecessor activity is the activity that precedes
a dependent activity. Start-to-start (SS) is a logical relationship where a successor activity
cannot start until the predecessor activity has begun. Finish-start (FS) is a relationship
where a successor activity cannot take off until the predecessor activity has finished. Here,
the successor activity is a dependent activity that follows another activity in the project
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schedule. The ‘Lag’ is the time (days) required to delay the start of the successor activity
(Table 2).

Table 2. Duration and connections of phase activities.

.. Min Most Likel Max Predecessor . . La
Activity ID (Day) (Day) y (Day) Activity Relationship (Da%f)

A 76 85.5 95 - - -
B 62 69 76 A SS +45
C 27 30 33 B SS +10
D 39 45 51 C SS +10
E 59 66 73 D SS +10
F 49 59 69 E SS +10
G 3 3 3 D FS 0
H 6 9 12 G FS 0
I 1 1 1 H FS 0
] 27 35.5 44 I FS +28
K 28 30 32 I FS +28
L 25 30 35 K SS +10
M 14 16 18 L SS +15
N 14 20 26 M FS 0
(@) 43 60 77 N SS +9
P 37 40 43 O SS +40

Table 2 shows that the most prolonged duration belongs to activity A, with values
of 76, 85.5, and 95 for the minimum, most likely, and maximum durations, respectively.
However, the most extensive duration range (maximum-minimum) belongs to phase
activity O (34 days). The estimated duration of all phases is uncertain since the calculated
duration range is more significant than zero for all activities except G and L, for which the
duration range is zero.

The potential risk factors were identified by the opinion of the project team and
estimated in association with the construction operations and their impact on the project
outcome in terms of time, cost, and environment. The list of risk factors is shown in
Table 3, where the risk identifier is related to construction activity. For instance, activity
A has two major risk factors as it stands, Al (lack of skilled labor) and A2 (inappropriate
regulation). The table also provides information on the likelihood that the risk factors and
associated impacts would increase the duration and cost of the activity, as well as negative
environmental impacts such as air pollution, water pollution, water consumption, and
solid waste.

Risk is an essential element of the construction process. Therefore, risk analysis is
an integral part of project management for all construction projects, including sustainable
construction projects. It allows experts to quantify and analyze risks that could threaten
a project performance’s sustainability. It is critical in sustainable decision-making when
uncertainty, ambiguity, or unpredictability exist [60-62]. Figure 1 shows a flowchart of the
proposed methodology and analysis process.
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Table 3. List and Impacts of Risk Factors.

Activity  Risk Risk Description Proboability Relati‘(/]e Delay Fixed Cost Air Pollutioon Water Pollu:ion Water Consurf)lption Solid Wasote
ID ID (%) (%) Increase (USD) Increase (%) Increase (%) Increase (%) Increase (%)
A Al Lack of skilled workers 20 0 826 47 57 13 71
A2 Inappropriate regulations 80 45 806 27 40 35 65
B B1 Unavailability of materials 20 50 2348 8 25 62 29
C C1 Lack of infrastructure 40 20 851 62 5 4 30
C2 Equipment breakdown 30 0 980 28 48 9 8
D D1 Lack of infrastructure 40 20 851 35 14 67 19
D2 Equipment breakdown 30 0 980 26 75 3 16
E E1l Unavailability of materials 30 40 5935 72 7 12 22
F F1 Lack of skilled workers 10 30 930 75 31 17 3
G Gl Lack of infrastructure 30 0 851 68 36 66 24
H H1 Physical or chemical failure of materials 25 80 1755 41 35 51 68
I nn Unavailability of materials 10 15 930 9 76 54 28
] J1 Unavailability of materials 30 25 2736 70 15 15 62
K K1 Physical or chemical failure of materials 15 45 2186 38 30 59 52
K2 Unavailability of materials 5 0 173 74 36 62 73
L L1 Physical or chemical failure of materials 15 45 2186 54 24 19 73
L2 Unavailability of materials 5 0 173 32 58 24 30
M - -
N - -
@) O1 Equipment breakdown 60 30 893 61 75 54 55
P P1 Unavailability of materials 15 10 334 24 21 36 14
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The collection of the Identified activities and their
eavironmental impact min, max, and most likely
indicators durations
: :
Potential risk factors from
each activity, their EMV method for
AHP method for ranking the J probability, and their o selecting a critical risk ,| Critical risk factors are classified as
most important indicators - . typical and sustainability-related

estimated impact on time, for an activity
cost, and the en

Deterministic
model
Stochastic model

MCs

:
Analyze
results

Figure 1. Flowchart of the Analysis Process.

3.1. Analytic Hierarchy Process (AHP)

Environmental impact indicators were obtained from related articles to identify the
critical factors for SC projects. The indicators were weighted and ranked by AHP to compile
a list of the most critical ones. The project team also identified the most applicable risk
identification methods, such as checklists, risk breakdown structures (RBS), brainstorming,
and experience from previous projects. Risk has the dual nature of risks and opportunities,
but this study highlighted only hazards. Therefore, the expected impact and probability
of occurrence are estimated for each risk factor. Subsequently, for activities with more
than one risk factor, the expected monetary value (EMV) method is applied to determine a
critical risk factor for the activity. Based on the prior research on sustainability-related risks
in the construction industry, the most vital risks are classified as either sustainability-related
or typical risk factors. These data are fed into the MCS and run for an appropriate number
of independent iterations. The results are examined to highlight the risk factors that have a
considerable influence on the project’s outcome; depending on the result, the team could
be able to create a plan, strategy, and actions for mitigating the risk factors.

AHP allows decision-makers to quantitatively apply multiple criteria to analyze
possible alternatives and select the optimal choice. Because of its built-in ability to evaluate
different options, AHP is widely used in the construction industry, especially in sustainable
construction [61,66,67]. AHP is implemented in four successive steps [68]: (a) structuring
the decision hierarchy tree; (b) computing the vector of weights of alternatives; (c) checking
consistency; (d) ranking the alternatives. Each step is described in detail below.

3.1.1. Structuring the Decision Hierarchy Tree

The first step remains at the top level, up to the decision alternatives (see Figure 2). In
Figure 2, the goal at the top level of the hierarchy is to select the most suitable contractor
based on experience [57]. Usually, three possible alternatives (m = 3) are listed at the second
level: X, Y, and Z, e.g., environmental impact indicators.

Selecting the most suitable contractor

: g Level 1 Goal
according the experience

X Y 7z Level 2 Alternatives

Figure 2. Selection of the Hierarchy Tree.
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3.1.2. Computing the Weight Vectors

Saaty (1987) [68] suggested that a pairwise comparison matrix (B) should be created
initially to estimate the weight of the different alternatives. The B matrix is the fxf matrix,
where f is the number of alternatives considered. Each factor in the matrix expresses
the relative importance of the factor in the row compared to the factor in the column. If
two alternatives are equally significant, the factor equals 1, see (1).

1 2 by
B— b21 1 1 b2f (1)
b by ... 1

Table 4 shows the definition of a scale from 1 to 9 to assess the relative importance of
the alternatives based on [69]. The AHP uses pairwise comparisons to simplify the judicial
process with the ratio scale. At each level of the pairwise comparison matrix, items are
compared pairwise in terms of their importance relative to the higher-level item.

Table 4. The scale of comparison *.

Importance Definition Explanation

1 Equal importance Two activities contribute equally to the objective
Experience and judgment slightly favor one activity

3 Moderate importance
over another
5 Strong importance Experience anq jgdgment strongly favor one
activity over another
7 Very strong importance An activity is favored very strongly over another
. Evidence favoring one activity over another is of the
9 Extreme importance . .
highest possible order
2,4,6,8 - Intermediate values

* Source: [69].

A normalized pairwise By, matrix is constructed from the B matrix by dividing
each factor in the column by the sum. See Equations (2) and (3), where f is the number
of alternatives.

By = @)
1] = f b
Y1 bij
12 ... by
b 1 ... b
Bnorm: 2 1 *f (3)
by by ... 1

The weight vector w is created by averaging all the factors in the row of the B
matrix. See Equation (4).

_ Eile Eii

4
f 4)

wi

3.1.3. Checking the Consistency
Once all pairwise comparisons are complete, the problem becomes a general process
of calculating the largest eigenvalue corresponding to the eigenvectors vy for evaluating
the consistency index (CI). The consistency vector is calculated according to formulae

Equation (5):
Bvy = le [bnwl + bpwy + -+ bleUf},

Bvy, = %{bnwl+b22w2+-~~+b2fwf};... (5)

B?Jf = wif {bflwl + bf2w2 + -+ bffwf}
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The largest Eigenvalue A4, of the matrix is obtained by

1t
Amax = - y_ Bo; (6)
fz':l

Equation (7) determines the consistency index CI, where f is the number of alternatives.
The final CI divided by the random consistency index (RI) provided by different matrix
orders should be less than 0.1 (10%) [68].

_ Amax — f
CI= N @)

3.1.4. Ranking the Alternatives

Finally, the weight vectors w need to be sorted in descending order to obtain the
alternative ranking.

3.2. Expected Monetary Value (EMV)

EMV is a statistical approach to project risk management that calculates average
outcomes when the future contains the possibilities of various events occurring, in order to
quantify potential errors from construction activities [70]. Similarly, [63] et al. (2021) [34]
described this method as a linear function suitable for representing cost overruns and
schedule delays for different conditions and used it for pre-disaster analysis of scenarios
with adverse impacts on mines. EMV can be calculated as:

EMV =Px1 8)

where P is the probability of risk factor occurrence, and I denotes the corresponding impact
of the risk factor.

3.3. Monte Carlo Simulation (MCS)

MCS is a decision-making method widely used in the construction industry to assess
the level of risk exposure. It involves the statistical sampling of various stochastic integrals
related to a mathematical model and the probabilities of occurrence of certain events. These
events often rely on several input factors exposed to risk due to systematic changes in
input parameters. The MCS determines the model’s validity and selects optimal model
parameters [71]. In other words, at each iteration, the project model is computed several
times with different values randomly selected from the probability distribution of the input
parameters to handle those that may have a negative impact on the project.

In the construction industry, program evaluation and review technique (PERT) and
four-parameter beta (Beta4) distributions are suitable for representing the duration and
cost of project activities [72]. Beta is a continuous probability distribution with a range
[0, 1] and two positive shape factors («, B), which are the exponents of a random variable
and determine the shape of the distribution [73]. Similar to the study by Abusalem et al.
(2019) [70], a symmetric distribution is adopted for Beta4 («, 5, a, b), where a =2, f =2,
a = minimum duration, and b = maximum duration, for the activities. This distribution
assigns equal importance to the risk factor at the lowest and highest values as a case of the
binomial distribution called Bernoulli.

4. Results
4.1. Selecting Crucial Environmental Impact Indicators

As a first step, crucial environmental impact indicators should be identified to validate
the indicators in the case study. Measuring project performance by a single indicator is
not appropriate. Consequently, identifying an appropriate number of accurate indica-
tors is critical, as the list of indicators impacts the results of quantitative performance
measurement [54]. In the Swedish construction industry, Toller et al. (2013) [72] selected
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six indicators to monitor environmental impacts. In contrast, Maslesa et al. (2018) [17]
identified eight primary indicator categories for the ecological impacts of buildings from
a life cycle assessment perspective. Similarly, Alwaer and Clements-Croome (2010) [74]
used sixteen key impact categories (KPIs) in their sustainability building impact study,
identifying six environmental parameters. The present study selected seven indicators
from related papers. Twelve peer-reviewed articles covering different building projects
were selected to collect the crucial environmental sustainability indicators. The seven most

v ”oou

frequently used indicators, including “water consumption”, “noise pollution”, “water
s rdr

pollution”, “air pollution”, “land pollution”, “solid waste”, and “energy consumption”,
were retained for further AHP ranking (see Table 5).

Table 5. Source and abbreviations of environmental impact indicators.

Environmental Impact Indicators Source
Water consumption (WC) [17,18,24,75,76]
Noise pollution (NP) [18,24,48,76,77]
Water pollution (WP) [17,48,76-81]
Air pollution (AP) [17,18,48,75-78,80-82]
Land pollution (LP) [18,48,77,79-81]
Solid waste (SW) [17,24,48,75-78,80-82]
Energy consumption (EC) [17,18,24,75,76,82]

Following the analysis process described in Figure 1, the AHP is used to rank the
identified indicators. Table 6 shows the pairwise matrix of the corresponding indicators
and their consistency vectors. The consistency ratios of the pairwise comparison matrix
verify the ranking’s reliability. According to Equation (6), the maximum Eigenvalue
was computed: Amax = 7.593 + 7.573 + 7.567 + 7.621 + 7.604 + 7.658 + 7.403)/7 = 7.574.
Cl=(7.574 — 7)/(7 — 1) = 0.096 based on Equation (7). CI/RI =0.096/1.32 = 0.073, which
is consistent at <0.1 level.

Table 6. Pairwise comparison matrix of the indicators and consistency vectors.

Indicators WC NP WP AP LP SW EC  Consistency Vectors

WC 0213 0.153 0367 045 0.153 0.077 0.152 7.593
NP 0.027 0.019 0.020 0.025 0.019 0.019 0.022 7.573
WP 0.107 0.172 0184 0.114 0.172 0307 0.304 7.567
AP 0.107 0172 0367 0228 0.172 0.307 0.304 7.621
LP 0.427 0.153 0.092 0.114 0.153 0.153 0.076 7.604
SW 0213 0.134 0.092 0114 0.134 0307 0.152 7.658
EC 0.053 0.077 0.046 0.046 0.077 0.051 0.051 7.403

Table 7 shows the ranking of the indicators. To achieve the objectives of the study, only
the first five ranked indicators, e.g., air pollution, water consumption, ‘water pollution,
land pollution, and solid waste, were retained, with the other two (energy consumption
and noise pollution) being excluded. However, only four indicators were used for further
analysis, as data on the ‘land pollution” indicator could not be collected.

Table 7. The rank of the indicators.

Environmental Impact Indicators Weight Vector Rank
Water consumption (WC) 0.213 2
Noise pollution (NP) 0.019 7
Water pollution (WP) 0.184 3
Air pollution (AP) 0.228 1
Land pollution (LP) 0.153 4
Solid waste (SW) 0.152 5
Energy consumption (EC) 0.050 6
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4.2. Classifying the Critical Risk Factors

The EMV method was used to calculate the expected amount of money lost if the risk
factor occurred. Based on the results, a critical risk factor was identified and retained for
further analysis for activities with more than one risk factor. Some activities are associated
with more than one risk factor, such as Activity A. Only one critical risk factor can be
assigned, so risk factors with a lower EMV value have been deleted (eliminated). Once the
critical risk factors for the activities were selected, the risk factors were classified based on
the findings of previous studies [6,22,55]. Consequently, for example, ‘F1-lack of skilled
labor’, ‘B1, E1, I1, J1 and P1-unavailability of materials’, and ‘Ol-equipment breakdown’
were classified as sustainability-related risk factors (see Table 8).

Table 8. The classification of critical risk factors.

Activity ID  RiskID *  Probability (%) Inf::::efl(}sstD) EMYV (USD) Status
A Al 20 826 165.2 eliminated
A2 80 806 644.8
B SB1 20 2348 469.6
C1 40 851 340.4
C2 30 980 294 eliminated
D D1 40 851 340.4
D2 30 980 294 eliminated
E SE1 30 5935 1780.5
F SF1 10 930 93
G Gl 30 851 255.3
H H1 25 1755 438.75
I SI1 10 930 93
J SJ1 30 2736 820.8
K K1 15 2186 3279
K2 5 173 8.65 eliminated
L L1 15 2186 327.9
L2 5 173 8.65 eliminated
M -
N -
@) SO1 60 893 165.2
P SP1 15 334 644.8

Notes: * the added first risk ID character “S” indicates the sustainability risk factors based on [6,22,55].

4.3. Risk-Based Factor Analysis

The deterministic scheduling model was created using project management (Microsoft
Project) software [83]. A stochastic model was then developed using a project risk manage-
ment (RiskyProject 7.2) package [84]. Due to the limited selection of environmental impacts
in the software, these were replaced by the following impact types: (1) Environmental im-
pact in the case of an increase in air pollution, (2) quality impact in the case of an increase in
water pollution, (3) legal impact in the case of an increase in water consumption, and (4) per-
formance impact in the case of an increase in solid waste. The model was repeated 500 times
because, if the number of iterations was small, there was a significant difference between
the results of the current iterations and the previous ones. However, after a few hundred
iterations, the difference would decrease dramatically. Finally, Diamantas et al. (2007) [71]
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suggested that two types of project phase durations were defined in this study. The first,
called “total duration’, excluded the impact of the identified risk factors, while the second,
called ‘overall duration’, already included them.

The earliest completion date for the project’s construction phase was 9 April 2018,
with a duration of 280 days. The latest completion date was 4 May 2018, with a total
duration of 300 days and a 20-day deviation. The average completion date was 13 April
2018, with 284 days and 4 days variance. There was an approximately 20% chance of
completion of the construction phase depending on the deterministic completion date,
which was 9 April 2018 with a duration of 281 days. This meant that under the worst-case
scenario of uncertainties about risk factors and the duration of activities, there was an 80%
probability that the construction project phase would not have been completed on that date.
The minimum fixed costs increased as the risk factors associated with the construction
activities were 0 USD, while the maximum cost increase was 17,370 USD, with an average
of USD 6004.

The risk factors related to fixed costs are presented in Figure 3. The current research
used a sensitivity analysis to determine which risk factors were most relevant to the
objectives of the project phases. The analysis resulted in a sensitivity diagram illustrating
the critical risk factors” impacts and quantifying the correlations between changes in project
outcomes and input elements. The sensitivity chart shows the relations as correlation
coefficients or percentages. The most critical factors are at the top of the diagram, the least
critical at the bottom, and the direction of the bar indicates whether the correlation is direct
or inverse [65]. Thus, the sensitivity analysis facilitates focusing on the model’s critical
risk factors and considering them when estimating the probability of threats [71]. The
sensitivity analysis in Figure 3 shows that the impact of material risk factors, namely, SE1
and SJ1 (unavailability of materials) and (K1) physical or chemical failure of materials, had
the most significant impacts (0.745, 0.416, and 0.261) on the cost of the phase.

E Unavailability of materials 0.745
E Unavailability of materials 0.416

2 Physical or chemical failure of materials 0.261

§ Unavailability of materials 0.251

T  Physical or chemical failure of materials 0.234

= Physical or chemical failure of materials 0.226

a Lack of infrastructure 0.161

P Inappropriate regulations 0.000

0 01 02 03 04 05 06 07 08

Figure 3. Sensitivity chart of costs (fixed cost increases).

Table 9 summarizes the MCS results of environmental effects. Among the typical risk
factors, C1 and D1 correlated with only two adverse impacts, while H1 and K1 influenced
almost all effects except duration. Six of the seven typical risk factors influenced solid
waste and air pollution increased. The increase in fixed costs was correlated with the fewest
factors, namely H1, K1, and L1. Table 9 shows that all correlation coefficients for the effects
of the typical risk factors were less than 0.5, which may indicate that the conventional
risk factors had less impact on project outcomes than the unknown risk factors arising
from relatively new construction practices. The most sensitive environmental impacts from
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typical risk factors were an increase in water consumption with two risk factors, D1 (0.466),
lack of infrastructure, and an increase in solid waste with H1 (0.427). None of the typical
risk factors affected the duration of the construction phase.

Table 9. Summary results of typical risk factors.

. . Fixed Cost Air Pollution Water Pollution Water Consumption Solid Waste
Risk ID Duration
Increase Increase Increase Increase Increase
A2 0.255 0.180 0.318
C1 0.390 0.240
D1 0.161 0.218 0.466
Gl 0.400 0.317 0.446 0.168
H1 0.234 0.180 0.275 0.315 0.427
K1 0.261 0.199 0.211 0.262 0.243
L1 0.226 0.260 0.355
Table 10 shows the impacts of the sustainability risk factors examined. Increased water
pollution correlated with the most sustainability-related risk factors. However, the risk
factor with the highest impact on the five dimensions was SO1 (equipment breakdown).
In addition, this factor was the most substantial for the duration, increase in air pollution,
water pollution, water consumption, and solid waste, with significant coefficients of 0.596,
0.402, 0.744, 0.463, and 0.457, respectively. On the other hand, the cost overrun of the
construction phase was highly correlated with the risk factor SE1 (unavailability of materials
for concrete skirting), with a coefficient of 0.745.
Table 10. Summary results of sustainability-related risk factors.
. . Fixed Cost Air Pollution Water Pollution Water Consumption Solid Waste
Risk ID Duration
Increase Increase Increase Increase Increase
SB1 0.251 0.164 0.317 0.163
SE1 0.745 0.319
SF1 0.298 0.188
SI1 0.377 0.271 0.212
SJ1 0.416 0.353 0.392
501 0.596 0.402 0.744 0.463 0.457
SP1 0.404 0.161 0.198

5. Discussion

This paper analyses the impacts of construction activities from both resource and envi-
ronmental perspectives in a sustainable construction project, where appropriate resource
utilization and minimal adverse environmental impacts are crucial for project implementa-
tion. The main objective of the study was to propose an efficient process for analyzing the
risks of sustainable construction projects to support the project team in decision-making.

This study proposed a hybrid approach using AHP, EMC methods, and Monte Carlo
simulation to estimate the delay risks of a specific construction project. Based on the
results obtained, applying a comprehensive sensitivity analysis can significantly reduce the
expected actual project completion time. The current approach helps managers to make
informed decisions on budget allocation and the application of emerging risks (material,
energy, ecological) and their impact on the project. In addition, the current framework can
provide a basis for agile project management to reduce time, and related uncertainties and
more efficient usage of increasingly scarce resources.

Primarily, environmental impact dimensions were considered for the risk factors
of each construction activity to analyze project outcomes such as duration, costs, and
environmental impacts. The analytic hierarchy process (AHP) was used to assess the
weights of identified indicators and rankings. The AHP method successfully quantifies
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expert knowledge and experience with current risk assessment and prioritization of global
challenges. The advantage of AHP is that it can consider the relative priorities of risk
factors or alternatives. The current study has found that air pollution, water consumption,
water pollution, land pollution, and solid waste are the most crucial indicators, and the
least are energy consumption and noise pollution.

In contrast to previous approaches, we took the advantages of the MCS and EMV
methods (combined to reduce the uncertainty of the results) in order to explore the rela-
tionship between environmental issues and the expected amounts of money to be spent. In
addition, to highlight the importance of implementing sustainable practices in construction
projects, the current research classified the risk factors of each construction activity into
typical and sustainability-related risk factors that affect project success.

Another important finding was that the most sensitive environmental impacts from
typical risk factors were an increase in water consumption with a lack of infrastruc-
ture and an increase in solid waste. The study’s findings are consistent with those of
Hwang et al. (2017) [55]. They also found that the impact of sustainable risk factors, e.g., un-
availability of materials, had the most significant impact on the cost of the construction
phase. The sensitivity analysis has shown that the equipment breakdown risk factor had
the highest impact on the duration and crucial environmental impact dimensions, such as
an increase in air pollution, water pollution, water consumption, and solid waste.

Likewise, the simulation results revealed that the riskiest activities could cause a
20-day variation in the overall phase duration of the construction. In addition, considering
the risk factors of the activities in the construction phase, there is a probability of almost
80% that the project phase will not be completed.

The study suggests that construction activities should pay attention to sustainability
risk factors, not only because they are strongly correlated with project duration, costs,
and environmental performances but also because incorporating sustainable practices into
construction projects is novel, and project team members and managers need to learn to
adopt such practices continuously. Obtaining and quantifying adequate and reliable data
to assess the environmental sustainability of construction projects is a challenge, which
results in sustainable construction projects being managed under uncertain conditions.

Several limitations of the study must be acknowledged. Due to the use of RiskyProject
software, the various environmental impacts could not be applied and evaluated. Although
each environmental impact is categorized as ‘Environment’, the software does not calculate
them simultaneously but estimates a random combination of them. As a result, different
impact categories were used in the current research to obtain accurate results for each
environmental impact caused by risk factors associated with construction activities. In
addition, as data on ‘land pollution’ could not be collected, only four environmental im-
pact indicators were used for the risk analysis. However, experts cannot correct possible
irregularities because the respondents’ final percentage weights are unknown. In addi-
tion, inconsistencies between human judgments may occur when several criteria must be
considered simultaneously [85].

Another major limitation of the study is the time horizon of the collected data, which
did not consider the pandemic’s economic and social risks, energy security issues, and
war conflicts. In general, the risk factors considered were assumed to be independent,
which seems an acceptable simplification given the complexity of the interdependence
of crucial risks. The current study examined only one case in Hungary and the results
are limited by the lack of universality of the AHP analysis. Every country is affected
by climate change in different ways, and construction projects adapt to the impacts very
differently. One environmental consequence of global warming is an increase in the number
of natural disasters, such as extreme and frequent floods, forest fires, storms, droughts,
or heat waves [86]. Consequently, sustainable approaches to assessing and planning the
impacts of climate change on projects require a thorough comparison.

However, the proposed process focused solely on risk-based analysis without consid-
ering possible mitigation plans and strategies. The findings have important implications
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for developing the most critical environmental indicators and the proposed process at
the design stage. Any construction project team will be able to develop such plans and
strategies to achieve the sustainable objectives of the project. The empirical assessment of
sustainable project design in construction projects should also be developed from sustain-
ability goals. These can be supported by sustainable supply chain tools, integrated green
building methods, and lean processes. These strategies consider the whole life cycle of
projects to ensure positive impacts on the environment, society, and the economy, which is
the future trend in sustainable project management and the industrial revolution.

Future research could be extended to investigate whether social, resource, and envi-
ronmental dimensions can be adequately integrated into the risk analysis of sustainable
construction projects. Although the Industrial Revolution (5IR) will not radically change
the traditional functions of project management, the sustainable, human-centered, and
resilient aspects may differ from those used in the past [87]. More attention should be paid
to decarbonization and other critical issues, e.g., green energy consumption, taxes, political
risks, and environmental technologies [88].
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