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Abstract: More and more construction projects are closed before they ever start. Among the most
significant reasons for project failures is cost risk. Construction companies have many problems with
reliable cost management. Rising demands of the key market players insist on making construction
projects more sustainable according to the simultaneous improvement of the economic, environmental
and social responsiveness dimensions. In order to investigate these problems, a four-phase research
methodology has been followed consisting of: (1) literature review to identify research trends and
gaps, (2) survey to construction experts to detect their subjective perspectives about risk costs and
analyse the corresponding costs structure for the investment in sustainable projects, (3) simulations
based on Monte Carlo simulation with an author’s methodology for calculating the cost risk with an
additional statistical analysis, (4) ending questionnaire to obtain the final feedback from the experts
and the validation of obtained results. A contribution to the development of knowledge about
cost risk is the observation that the changing probability distributions of individual cost-generating
components may include both economic as well as technological and organizational aspects. Thus,
with the proposed approach, often complex, global challenges of sustainable construction projects
can be tackled in an accessible way.
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1. Introduction

Construction, as one of the most significant and strategic branches of the economy [1], is featured by
significant achievements in the field of development of its products—buildings, roads, structures, etc.
It also catalyses new discoveries in the field of technology, organization and business organization. On one
side, a theoretical base supporting innovations in construction is significantly expanded [2]. However,
methods of building show considerable resistance to major changes leading to increased productivity [3]
in relation to other important industries (e.g., telecommunications). On the other hand, they are sensitive
to numerous improvements in technology enabling the acceleration of project implementation, ensuring
lower costs, as well as higher product quality. The construction market is characterized by cyclical
fluctuations in time and high competitiveness of entities implementing construction tasks [4].

Generally speaking, risk can be defined as a deviation of the course of events from predictions [5].
Thus, a risk sensitivity of a particular area can be treated as its susceptibility to factors affecting the
prediction accuracy.

Risk analysis can be a good starting point for creating certitude of achieving the objectives
of a project task. However, knowledge about the decision-makers’ attitude towards risk-taking is
indispensable [6] to perform the analysis accurately. Therefore, a review of previous arrangements in
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costs of sustainable construction projects will show a tendency for the cost variability scale in such
projects. On the other hand, there have been no considerations in the area of the cost risk of sustainable
projects in construction, i.e., a sense of their accuracy. This article attempts to fill this research gap.

Estimated, and therefore expected, costs of construction investment projects are a significant risk area
for this type of activity [7]. Cost risk can be considered from the perspective of individual participants of
undertakings. A specification of the reasons for the variability, and consequently unpredictability, of costs
of construction projects, with showing their environmental dimension can be useful in estimating the actual
construction costs. Sources of cost risk, relating to an investor and a contractor, require special articulation.

The method presented in this paper is a proposal of the contingency of construction costs. It uses
random observations of individual cost factors, and at the same time, it examines the structure of total
construction costs. However, stress was put only to constructing a building, while another type of
projects (especially infrastructure) was neglected. Moreover, due to the fact that there are different
methods of cost estimation in different countries, it was decided to limit the analysis to one selected
approach to costing calculations.

On the basis of the literature studies [8–10] and practical experience of authors, it can be noted
that a structure of costs of construction projects is probabilistic, and various probability distributions
(e.g., normal, log-normal, triangular) can be assigned to the predictions of the value of individual cost
factors as random variables. The literature review suggests the following assumption:

Variability of the technological and organizational conditions in construction works results in
deviations from the planned costs of construction. Sustainable construction projects are prone to the
risk of costs like other types of undertakings.

However, a scale of the variability is an undiscovered problematic issue. Therefore, the study was
motivated by the following research question:

How can we measure the risk of cost estimations in sustainable construction projects?

Besides, one research hypothesis was formulated in order to be verified or refuted as a final result
of the study:

A probabilistic approach to cost risk estimation of sustainable construction projects makes possible to
determine more reliable decision-making processes conducted by different stakeholders in turbulent
conditions.

In this article, the opinion of experts in the construction sector was collected in order to illustrate
the cost risk of sustainable construction. Moreover, it was proposed a method of quantitative analyses
of cost risk in sustainable construction projects. The result of the simulation, based on the Monte Carlo
method, presented in this article is the distribution of probabilities for the total cost of the project in
which sustainable development is a priority.

The Monte Carlo simulations have been used, by other academics, to study potential situations for
many different scenarios. Currently, however, none of the applications connected with the estimation of
construction costs penetrate the structure of sustainable construction costs. Such necessity was noticed
in this research. Therefore, the main contributions of this paper are to (1) provide an overview of
construction professionals’ perception of cost risk in sustainable projects, and (2) propose a procedure to
analyse the risk of costs of construction projects executed under the sustainable development principles
with a concurrent knowledge acquisition about the variability of individual cost components based on
Monte Carlo simulation method.

The rest of the paper is organized as follows. Section 2 describes the theoretical framework in
which this study is based, including sustainable principles in construction projects, costs structure,
variance and risk register. Section 3 illustrates the research methodology implemented in this article.
Section 4 shows the results derived from the application of the proposed methodology, describing the
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structure of the costs considered in the Monte Carlo simulation model and presenting the corresponding
obtained results which are discussed in Section 5. Finally, conclusions and limitations and further
research lines are provided in Sections 6 and 7, respectively.

2. Theoretical Framework

2.1. Sustainable Construction Projects

Specific features of construction tasks shape the nature of construction projects. These undertakings
are usually associated with deep and long-term interference in the natural environment [11]. Not only
in the phase of erecting buildings, but also during their maintenance, as well as decommissioning,
there are many environmental burdens brought by the execution of construction projects. Significant
resources of materials and energy are needed to erect a building and then to keep it in operation.

Selecting the most appropriate construction method is a difficult challenge for construction
practitioners during early project stages. According to the literature [12], there are some highly
important sustainable performance criteria for this selection: construction time, initial construction
costs, constructability, material costs, and lead-times. On the other hand, among crucial barriers to
sustainable construction, there are a high initial cost and a lack of knowledge regarding possible
solutions for constructing sustainably, and technological difficulties [13].

In order to extend knowledge and support sustainability in construction projects, some systems
have been developed for the evaluation of the environmental performance of buildings [14], like the
LEED (Leadership in Energy and Environmental Design) or the BREEAM (Building Research
Establishment Environmental Assessment Method). These approaches are treated as criteria-based
tools [15], however, the whole building life cycle assessment (LCA) can be applied before obtaining
such certificates [16]. On the other hand, some researchers [17,18] introduced the implementation of
lean construction in sustainable construction projects.

As it seems, the definition of a sustainable construction project is rather fuzzy, multi-threaded
and covers many different aspects. However, the leading common feature is a divergence from the
traditional perception of project management based on time, cost, scope, and quality in favour of
economic, environmental and social impacts of construction projects.

Finally, it should be noted that a construction market is relatively difficult for its participants and
is closely related to the general economic situation what becomes apparent especially during global
economic crises. Involvement of different specialists and decision-makers in subsequent stages of the
construction project causes a need for holistic management to meet expectations and requirements
of all these stakeholders, and to lead the project to the final success. Given that stakeholders are
a major source of uncertainty, and that the complex processes of sustainable project delivery are
often unfamiliar to them, risk management becomes essential [19]. Collaborative nature of projects,
so essential for the success of sustainable projects, may incline cost increases. Therefore, construction,
as an industry with a high rate of capital intensity and economic variability in time, requires continuous
tracking of costs of construction projects and sustainable ones are no exception.

2.2. Cost of Construction Projects

In order to control costs, it is necessary to plan them at first. The choice of the cost estimation
method depends on the project phase. In the phase of investment programming, cost estimation is
usually based on expert estimates and parametric methods. Calculation of costs by more detailed
methods is only possible after defining a scope of the project.

2.2.1. Structure

Construction costs demonstrate sensitivity to schedule risk and estimation errors. An important
area of risk is a prediction of construction costs of investment projects, calculated according to accepted
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procedures. The procedures for estimating the cost of construction works include the costs of labour
(of workers and equipment), materials, mark-ups for indirect costs and profit.

A standard calculation procedure, proposed in this article, for the detailed cost estimate (Ce) of
construction works, based on the standard costing methodology [20], can be written as follows:

Ce = L + M + E + RIC (L + E) + RP (L + E + IC), (1)

where:

Ce—cost estimate (monetary units),
L—labour costs (monetary units),
M—costs of materials with purchase costs (monetary units),
E—equipment costs (monetary units),
RIC—indirect costs rate (%),
RP—profit rate (%),
IC—indirect costs, while: IC = RIC (L + E) (monetary units).

The calculation of direct costs associated with the consumption of production resources requires
precise determination of the scale of the production (work quantity), production factor standards
(productivity, material consumption, equipment output) and their standard prices (labour rate, material
unit price, employment cost).

Calculation of the indirect costs rate (in relation to the value of labour and equipment costs) and
profit rate in the cost estimate of construction works should be based on an analysis of the internal
situation of a construction company. These numbers are market-based and depend on the competitive
position of contractors. It should be emphasized that determining the planned costs of implementing
construction projects, despite the apparent simplicity, is a task that requires a good recognition of the
technological and organizational details of construction processes.

The standard calculation procedure forms a different structure of costs in comparison with other
estimation models, used locally like, for example, the one in southern Spain and based on the Andalusia
Construction Information Classification System (ACICS) which is formed by basic costs (BC), auxiliary
costs (AC), and simple costs (SC) on different levels of aggregation [21].

Nevertheless, a separate problem is the ability to assess risk in relation to the estimated cost of
construction projects—in particular—in the structure of individual costs. This knowledge is vital for
cost management.

2.2.2. Variance

The risk concept always appears when the accuracy of predictions is considered. Generally, it can
be described as a deviation of the expected course of events. Risk, seen as potential event variability,
refers to the probability of departing from the assumed situation and its consequences. It is the result
of the unpredictability of future events—the occurrence of deviations from planned states in the future.
Risk should, therefore, be associated primarily with a measure of variance in previously planned values.
However, it is usually defined as the potential for realisation of unwanted, negative consequences of
an event [22].

The complicated configuration of technical, organizational, economic and social problems in
construction investment projects implies a diverse nature of the risk in achieving the project goal.
Predicting threats and planned responses to prevent the consequences are necessary along with
monitoring the effects of these actions, which constitutes the risk management.

The divergence of predictions and reality in a construction project can be seen in its individual
perspectives. It may become apparent in the area of the project scope, quality of construction works as
well as the time of task completion and its costs.
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Cost risk is related to the difficulty in estimating costs, e.g., demolition works of facilities of a
former industrial plant. The uncertainty of input items to a bill of quantities, namely, quantities of bill
items, usage of resources and their prices are quantified as two moments. The cumulative distribution
function for project cost approximated from its two moments is used to determine the contingency
allocation based on the desired probability of success [23]. Usually, probabilistic cost contingency
demonstrates that contingency varies with the project type, size, and duration [24].

In making investment decisions, costs related to the building throughout its life cycle should be
taken into account [25]. Such an attitude has become the basis for the development of the Life Cycle
Costing (LCC) methodology. A standard approach to decide which alternative is better in terms of
LCC is the selection of one with the lowest net present value of costs [26].

2.2.3. Risk Register

A feasibility study plays a very important role in the construction project cycle because it is a
document necessary for the investor to help in making decisions on the project. The essence of this
document is to check how much funds will be needed, whether the project is sustainable (will it cover
operating costs in the future?), or are there any restrictions (organizational, legal, etc.)? The feasibility study
helps in reducing the risk of investors’ failure, minimizing capital expenditure and maximizing profits.

Analysing the goals of the feasibility study, it can be concluded that thanks to this document,
the investor can properly manage the project by determining the best possible scenarios of the
investment in economic, financial, technological, social, environmental and organizational terms.

The most important step is to conduct a risk analysis in terms of various factors that may pose a
threat to the implementation and operation of the project.

The sensitivity and risk analysis in the project feasibility study should include:

• problems of legal feasibility of the project,
• sensitivity to changes in investment costs, including variances in prices,
• problems of errors in construction documentation.

Identification of risk factors in a feasibility study is generally based on an analysis of the threats
that occur during the whole project. They are factors that may lead to:

• definite withdrawal from the project,
• time overruns,
• poor quality of construction works,
• cost overruns,
• lost of grant awards.

A responsible project manager is aware of all these possibilities and prevents them by putting
response plans based on more efficient management including the cost risk management.

3. Methodology

The research was conducted from October 2019 to April 2020. As a research topic has a very
innovative nature, and the research is in an embryonic stage, it was decided to concentrate on three
steps of investigation followed by the confirmatory step.

Firstly, a literature review was performed in order to check the state of the art. The background
research revealed a presumptive gap of knowledge in terms of the cost risk analysis in sustainable
construction projects.

Secondly, a need for getting opinions of experts involved in sustainable construction projects
aroused the unrestrained curiosity. Therefore, initial research on subjective perspectives was conducted
in November 2019 among 33 experts of the construction market from northern Poland. This stage
was named mainstream values research to underline main subjective opinions on the research matter.
Although the sample size of the survey is not large, it is similar to numerous previous studies in the
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domain of sustainable construction projects [27–30]. Moreover, 33 responses represent the experiences
of 33 different companies, which could be a representative image to illustrate the real situation of risk
costs management in sustainable building projects in Poland.

In the end, a new model of cost risk simulation emerged. Replicability of the research is conditioned
by treating the cost risk in the same way as it was proposed in the article. A method of the simulations
looks inside the structure of cost estimations of the sustainable construction project. A received value
of cost risk explains to what extent it is probable that the deterministic calculation is underestimated.
Somehow, it measures the certitude of estimation and from this point of view, it can be an interesting
solution for all parties involved in sustainable construction projects. The specificity of the proposed
three-step model and details of the method will be explained later in Section 4.4, whereas final feedback
coming from the confirmatory step will be described in Section 4.5. The final feedback was taken after
a closing questionnaire among 30 random experts of the construction projects to obtain the opinion on
the proposed hypothesis and to validate the obtained results.

To compute the cost risk simulation model, the Monte Carlo method was used. It supports mathematical
modelling of a variety of complex processes. This approach, developed and used for the first time by
Stanisław Ulam [31], can also be used in business, with particular emphasis on project risk management,
mainly for a time [32–34] and cost [32] objectives. According to Ulam, the computation process can be
associated with the “physical” production of models of combinatorial situations in mathematical problems.
Increasingly, this method is gaining recognition among researchers dealing with the topic of cost risk of
construction projects [35,36] for which the combinatory circumstances are connected with different sorts of
cost estimation confronted with real conditions of the execution of construction projects.

The COMAR software was run to simulate probabilistic values and perform simulations using
the Monte Carlo framework. The application of the algorithm was previously explained in the
literature [37,38]. It enables simulating the cost risk on the basis of input variables.

To better illustrate the essence of this study, a graphical summary of the selected research model is
presented in Figure 1.
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In further part, there were presented the results of research developed on the basis of the
methodology adopted above.
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4. Results

Planning project with full success is almost impossible. Usually, during the project implementation,
for various reasons, changes in the initial plans are necessary. Size of these changes determines the
complexity of the project management and the level of risk.

4.1. Literature Review

Risk management is a mature area traditionally present in different productive areas as enterprise,
information technology, infrastructure or construction projects, among others. Especially, regarding
construction projects, several literature reviews have been published in the last years in international
journals [39–43]. However, none of these articles address the sustainable dimension of construction
projects nor they explicitly address risk management associated with their costs. In this sense, firstly,
a systematic literature review was conducted in order to identify relevant scientific contributions in the
risk cost management discipline, which are secondly analysed with the aim of detecting the main gaps
in the literature and most representative trends.

The procedure followed to deal with the literature review is similar to the steps proposed in [43–45].
The search for papers which consider integrated production and transport routing planning decisions
was performed using the SciVerse Scopus database. The following search criteria were applied to the
article title, abstract and keywords fields of this web search engine: “construction projects”, cost, risks
and sustainable/sustainability. After this process, a group of 85 references is obtained, which is filtered
considering only construction projects for buildings (rejecting papers about megaprojects of construction
infrastructures such as railways, nuclear plants, etc.) dealing with risk costs, among others.

This group of selected references has been analysed according to some of the classification criteria
considered by [43], adding a supplementary item regarding the country of application for each reference
(if applicable), such as:

• Research focus:

# Risk identification (RI)
# Risk assessment/analysis (RA)
# Risk evaluation (RE)
# Risk response (RR)
# Risk monitoring and control (RM)

• Source of information:

# Review (RV)
# Case study (CS)
# Survey/interview (SI)

• Research output:

# General insights and descriptions (GI)
# Statistical results (ST)
# Theoretical model (TM)
# Mathematical model (MM)
# Experimental/prototype model (EM)

Firstly, it is worth noting the reduced number of references obtained after the filtering process.
However, the size of the generated group is similar to that identified by [43] in terms of risk management
related to costs in construction projects in their review article. The resulting group of papers was
analysed according to this framework and classified by one of these subcategories as showed in Table 1.
The main research focus is the identification of risk costs conditioning factors and the analysis and/or
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assessment of risk issues in sustainable construction projects. On the other hand, the most popular
methodology considered as a source of information is the development of interviews or questionnaires
answered by experts, and to a lesser extent the literature review procedure.

Table 1. Summary of comprehensive literature review.

Reference
Research Focus Source of Information Research Output Country

RI RA RE RR RM RV CS SI GI ST TM MM EM

Li et al. [46] • • • UK
Zou et al. [47] • • • China

Corbett and Edwards [48] • • • UK
Azis et al. [49] • • • Malaysia
Mohamed [50] • • • USA

Taylan et al. [51] • • • Saudi Arabia
Chou and Le [52] • • • Vietnam

Dziadosz et al. [53] • • • Poland
Lee and Kim [54] • • • South Korea
Thangavel and

Manikandan [55] • • India

Kankhva [56] • • • Russia
Badi and Pryke [57] • • • UK

Ayub et al. [58] • • • • N/A (1)

Hwang et al. [28] • • • • Singapore
Krechowicz [59] • • • Poland

Řeháček and Bazsova [60] • • • Czech Republic
Cindrela Devi and

Ananthanarayanan [61] • • • • India

Kifokeris and Xenidis [62] • • • N/A (1)

Lee et al. [29] • • • • South Korea
Ali et al. [63] • • • Pakistan

Baudrit et al. [64] • • • France
Bizon-Gorecka and

Gorecki [65] • • • Poland

(1) N/A—not available.

Regarding the results obtained, statistical methods and mathematical models emerge as the main
research techniques to support the advances presented. These statistical approaches are mainly oriented to
assess the relevance of the answers derived from surveys and questionnaires while mathematical models
are more focused on calculations or forecasting of possible levels of risk costs. However, mathematical
approaches, such as Monte Carlo simulation, has only been applied by Chou and Le [52], although, as
indicated by Irlayici and Tezel [43], it is one of the most popular procedures to risk evaluation. Finally,
Poland and the UK stand out as countries where more than the applications presented are applied.

4.2. Survey

To illustrate the cost risk of sustainable construction projects in the opinion of experts of the
construction sector, can be useful the results of a survey entitled “Opinion on construction investment
projects implemented in accordance with the principles of sustainable development”, conducted
among 33 experts of the construction market, carried out in November 2019.

4.2.1. Research Details

The questionnaire was addressed to the experts through a link. A target was established on the
basis of the public expert database. Due to limitations of the initial research, experts were selected
from northern Poland. A structure of the surveyed professionals is shown in Figures 2 and 3.
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Figure 3. Demographics of the survey—leading role.

The experts were supposed to answer four questions in the first part and in-depth extra questions
in the second one.

4.2.2. Findings

The opening question was about the hierarchy of importance of the following dimensions of
business activity: economic, environmental, and social. A general perspective is shown in Figure 4.

The respondents feel like economic dimension is the most important factor in business activity,
whereas the most neglected one is the social aspect.

The second question was concentrated on the hierarchy of importance of the three dimensions
limited to a construction sector—in general (Figure 5).
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Figure 5. Hierarchy of importance—construction sector.

According to the experts, a sectoral perspective is characterized by the economic factor, treated as
the most important one, while the other two options are represented similarly

The third question paid attention to the hierarchy of importance too, however, this time experts
were supposed to share their own experience from construction projects participated in during the last
5 years (Figure 6).
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Figure 6. Hierarchy of importance—construction project participated.

The answers bring indisputable dominance of the economic factor in the decision-making process
of construction projects, however, this time the experts admit that the environmental care was treated
as important more frequently than social aspects.

All in all, the above answers underline a consistent tendency to expose economic values as the
most important factors in the execution of construction projects. Moreover, social aspects are neglected,
or at least underestimated.

The last question from the first part was about the estimation of the cost risk in construction
project implemented in accordance with the principles of sustainable development, compared with
others where this factor is not a priority (Figure 7).
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It reveals that the majority of experts (19 of 33) involved in the survey treat cost risk in sustainable
construction projects as higher than in conventional construction projects.
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Therefore, they were asked to estimate the risk in terms of likelihood and severity. Among respondents
who feel like cost risk in sustainable projects is higher than in the conventional projects, the majority
(around 63%) maintain that the likelihood is medium (between 33 and 66%—that means “2” in the scale
of Figure 8), and around 26% of them that the likelihood is high (66-100%—“3” in the same scale). Almost
11% of the experts believe that the likelihood is rather low (0-33%—“1” in the scale).

On the other hand, consequences are estimated as moderate (“2”) by 63% of the respondents, and
almost 32% treat them as critical (“3”). Only 5% of the experts give “1”—negligible consequences
Particular answers are presented in the following diagram.

Sustainability 2020, 12, x FOR PEER REVIEW 12 of 33 

the majority (around 63%) maintain that the likelihood is medium (between 33 and 66%—that means 

“2” in the scale of Figure 8), and around 26% of them that the likelihood is high (66-100%—“3” in the 

same scale). Almost 11% of the experts believe that the likelihood is rather low (0-33%—“1” in the 

scale). 

On the other hand, consequences are estimated as moderate (“2”) by 63% of the respondents, 

and almost 32% treat them as critical (“3”). Only 5% of the experts give “1”—negligible consequences 

Particular answers are presented in the following diagram. 

 

Figure 8. Cost risk assessment in sustainable construction projects. 

It reveals that the majority of experts involved in the survey treat the cost risk in sustainable 

construction projects as higher than in other construction projects. These findings should be a hint 

for the future considerations of cost risk management strategies in construction projects. 

4.3. Desk Research 

The study of 136 cost calculations allowed to trace the average structure of costs forecasted by 

the designer, as well as to capture this structure depending on the type of the project (sustainable vs. 

conventional). 

4.3.1. Research Details 

Total 116 cost calculations of house projects from Poland and 20 from Spain were analysed on 

the basis of three public databases: 

 www.e-domy.pl (40),  

 www.domywstylu.pl (76), 

 www.proyectosdecasas.es (20).  

This research was carried out in 2019. It was assumed that the price level was adequate for the 

period. All databases include ready-to-use calculations however each of them presents slightly 

different parameters. In the first database, there were costs of the raw construction, costs of 

installations, costs of the interior. The calculations provided on the website were estimated costs, 

determined on the basis of average, nationwide (Polish) net prices of building materials and labour, 

published by Sekocenbud (a publisher of prices). In the second one, there were costs of foundations, 

costs of walls and roof, costs of windows and door. And finally, in the third source, there were found 

total costs of construction. The two first databases enabled to distinguish house designs between 

energy-saving and non-energy-saving. However, the one from Spain included different types of 

construction technology so all designs could be divided into two groups: sustainable (of wooden 

technology) and others (of traditional technology). 

Figure 8. Cost risk assessment in sustainable construction projects.

It reveals that the majority of experts involved in the survey treat the cost risk in sustainable
construction projects as higher than in other construction projects. These findings should be a hint for
the future considerations of cost risk management strategies in construction projects.

4.3. Desk Research

The study of 136 cost calculations allowed to trace the average structure of costs forecasted by
the designer, as well as to capture this structure depending on the type of the project (sustainable vs.
conventional).

4.3.1. Research Details

Total 116 cost calculations of house projects from Poland and 20 from Spain were analysed on the
basis of three public databases:

• www.e-domy.pl (40),
• www.domywstylu.pl (76),
• www.proyectosdecasas.es (20).

This research was carried out in 2019. It was assumed that the price level was adequate for
the period. All databases include ready-to-use calculations however each of them presents slightly
different parameters. In the first database, there were costs of the raw construction, costs of installations,
costs of the interior. The calculations provided on the website were estimated costs, determined on
the basis of average, nationwide (Polish) net prices of building materials and labour, published by
Sekocenbud (a publisher of prices). In the second one, there were costs of foundations, costs of walls

www.e-domy.pl
www.domywstylu.pl
www.proyectosdecasas.es
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and roof, costs of windows and door. And finally, in the third source, there were found total costs of
construction. The two first databases enabled to distinguish house designs between energy-saving and
non-energy-saving. However, the one from Spain included different types of construction technology
so all designs could be divided into two groups: sustainable (of wooden technology) and others (of
traditional technology).

In all cases, it was possible to calculate two important parameters: construction cost/area (monetary
units/square metre) and construction cost/volume (monetary units/cubic metre).

4.3.2. Findings

In Figure 9, cost structures of analysed 40 house designs from the first database were presented.
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The presented results reveal a similar arrangement of individual items in the total cost of
construction. The cost of raw construction plays a dominant role. The ratio of installation costs is quite
surprising. However, this is probably due to the fact that the cost of internal installations was estimated
on the basis of average indicators, proportionally to the net area of the building (energy-saving houses
were usually smaller), not according to detailed estimates.

Against the above findings, other scientific research results seem interesting too. For the forty
calculations, the unit cost of energy-efficient buildings and others was respectively: 1773 PLN/m2 and
1650 PLN/m2.

Figure 10 concentrates on other aspects. The costs of walls and roof are the most significant,
which is no surprise, however, on the basis of the 76 cost calculations, energy-saving houses seem
more expensive in terms of their main parts. Moreover, according to these estimates, the unit cost of
energy-efficient buildings was: 1569 PLN/m2 and 1490 PLN/m2 for the rest.

The third database was used to calculate the unit cost of sustainable (mainly wooden) buildings
in comparison to traditional technology. The latter is cheaper and costs 1169 EUR/m2, whereas houses,
which construction is made of natural products, can be constructed for around 1255 EUR/m2.

The above remarks show that the construction of energy-saving or sustainable houses may be
more expensive than traditional construction. The question remains the same: what is the level to
which the construction cost may be higher than the conventional mode for investors willing to allocate
money in the expectation of some benefits in the future?
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4.4. Cost Risk Simulation Model

Probabilistic prediction of construction costs is to support investment decisions by stakeholders
related to financing construction projects as well as contractors for construction works.

The method presented in the paper makes possible to calculate costs of individual projects on
the basis of their expected course. However, considerations about the track should be based on
previous experience.

4.4.1. Inputs

The developed method, described in this study, consists of three phases.
In the first phase, statistical descriptions of various construction projects are prepared in the

perspective of construction costs, useful during simulation of construction costs. Statistical data regarding
the value of cost of materials, labour and equipment costs, as well as percentages of indirect cost rate and
profit rate, allow determining the types of distribution of these quantities as random variables.

The probability distributions of input variables and their statistical properties can be determined
on the basis of previous experiences regarding the evolution of these variables, or they can be adapted
according to subjective judgment based on knowledge and experience. In this research, the expert-based
method was adopted.

The second phase involves preparing a deterministic cost estimate for the analysed construction project.

4.4.2. Simulation Framework

In the third phase, a simulation model is launched, enabling construction cost simulations.
A reporting tool generates construction costs with the probability of achieving them.

The Monte Carlo simulations method is used. It includes the following steps:

Stage l: construction of the model,
Stage 2: definition of input stochastic variables, and probability distributions,
Stage 3: generating random numbers for each input variable, according to its probability distribution,
Stage 4: iterative calculation of the model,
Stage 5: statistical analysis of simulation results.

The calculation of the probabilistic cost of the construction project was based on the formula 1
described previously.
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An equation of the cost estimate value can be transformed into:

CC = M +
(
L + E

)
∗

(
1 + RIC + RP + RIC ∗ RP

)
=

= M + L ∗
(
1 + RIC + RP + RIC ∗ RP

)
+ E ∗

(
1 + RIC + RP + RIC ∗ RP

)
,

(2)

where:

L —probabilistic labour costs [monetary units],

M—probabilistic costs of materials with purchase costs [monetary units],

E—probabilistic equipment costs [monetary units],

RIC—probabilistic indirect costs rate [%],

RP—probabilistic profit rate [%].

The probability distributions adopted for each random variable enable the generation of
corresponding simulated random numbers.

The iterative values of input variables generated in subsequent steps are put into the formula for
calculating the estimated value (according to formula 2). The simulated cost value (CC) varies on a
different level during each subsequent iteration, because a new calculation is carried out each time.

Cost estimates obtained in the course of calculations during a defined number of iterations create
a random variable f.

The simulation results have dual nature and allow calculating the level of:

• risk of estimating the deterministic construction costs treated as the probability of the simulated
cost estimates (achieved in subsequent iterative steps) being higher than the deterministic value,

• reliability of estimating the deterministic construction costs, treated as the probability of the
simulated cost estimates being lower than the deterministic value.

4.4.3. Outputs

For the purpose of this study, the COMAR software was used. It enables simulating the cost risk
on the basis of the probability distributions of the input variables. To present the usefulness of this
method, the following values of individual factors of construction costs were adopted from design
named E-178 (source: www.e-domy.pl) and decomposed as follows [66]:

• labour: 44 422 PLN,
• materials: 193 553 PLN,
• equipment: 19 038 PLN,
• indirect costs ratio: 70%
• profit ratio: 14,7%.

The above values were introduced to the COMAR software.
Triangular distributions with minimum, maximum and mean values were adopted for individual

parameters established by the experts:

• labour: triangular distribution (40 000 PLN, 44 422 PLN, 55 000 PLN),
• materials: triangular distribution (174 000 PLN, 193 553 PLN, 233 000 PLN),
• equipment: triangular distribution (17 000 PLN, 19 038 PLN, 23 000 PLN),
• indirect cost ratio: triangular distribution (69%, 70%, 71%),
• profit ratio: triangular distribution (14.5%; 14.7%; 15.0%).

The program performed 30,000 iterations (justification is given in Appendix A), and as a result
of them, a histogram of the costs of the project and the distribution chart was constructed. They are
shown below (Figures 11 and 12).

www.e-domy.pl
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The results of the simulation confirm the belief about a high-risk level (79.3%) of estimating the
costs of construction projects—thus only 20.7% of reliability of this estimation.

In addition to outputting probabilistic values, the program is also a calculator of construction
costs in a deterministic approach. For the assumptions made above, the costs of constructing a building
that meets the sustainable development assumptions are 317 293,65 PLN (according to Equation (1)).

4.4.4. Statistical Analysis of Simulation Results

On the basis of 90 performed simulations, some basic statistics were computed in order to examine
risk values for normality. There is no need to test all simulated total costs for normality because they
are always related to input distributions and depend on them. As a first step, one can treat calculating
mean, variance, standard deviation and other descriptive statistics. The results are presented in Table 2.

Table 2. Simulation results—basic statistics.

Measure Name Value

Mean 0.789666667
Variance 5.16854 × 10−6

Std. Dev. 0.002273442
Skewness −0.004563782
Kurtosis 2.487824517
Median 0.79

Initial observations do not judge the type of the distribution and do not impact on the normality
test in any way. So then, a histogram was plotted. Table 3 shows a distribution of observations in
particular bins—and Figure 13—its graphical representation.
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Table 3. Histogram—calculations.

Bin ID Bin Min Bin Max Bin
Midpoint Freq. Rel. Freq. Prb.

Density

Bin #1 0.785 0.78625 0.785625 8 0.088888889 71.11111111
Bin #2 0.78625 0.7875 0.786875 8 0.088888889 71.11111111
Bin #3 0.7875 0.78875 0.788125 14 0.155555556 124.4444444
Bin #4 0.78875 0.79 0.789375 27 0.3 240
Bin #5 0.79 0.79125 0.790625 14 0.155555556 124.4444444
Bin #6 0.79125 0.7925 0.791875 9 0.1 80
Bin #7 0.7925 0.79375 0.793125 6 0.066666667 53.33333333
Bin #8 0.79375 0.795 0.794375 4 0.044444444 35.55555556
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The shape of the distribution, plotted as the histogram presented above, suggests fitting the practical
distribution to the normal theoretical distribution. However, further analysis is needed to decide on this
issue. Therefore, one well spread method was used to do so: Chi-Square test for normality. It is frequently
used to decide if a set of data generated fits a normal distribution. In this case, the null hypothesis is that
the data were indeed computed in accordance with a normal distribution, whereas the alternative is that
they were generated from other distributions. The results of the Chi-Square test of data from Appendix B
are presented below as a histogram (Figure 14) and a matrix (Table 4).

It can be noted that the null hypothesis is that the data are normally distributed, so a high p-value
(around 1.0) directly means a perfect fit. In this case, p-Value is low (0.063). It means that it is very
unlikely that all the results obtained in 90 simulations fit the theoretical model—a normal distribution.
However, the factor can indicate the non-normality whereas a large data set can sometimes bring
some significant disorders. In this case, it was decided that the distribution of practical data cannot
be treated as similar to normal distribution although it manifests some of its certain characteristics:
a median value stands close to the mean and the dominant.
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Table 4. Chi-Square test for normality—basic results.

Measure Name Value

Chi-Square Stat. 10.46887622
p-Value 0.062989006

4.4.5. Discovering Other Outcomes

A certitude of estimation is crucial for both the investor and the contractor of sustainable
construction projects, that is two of the most significant stakeholders. They should be interested in
measuring the level of cost risk in order to predict the potential increase in costs of construction.

Table 5 presents the results of 20 new simulations that were created on the basis of changing
parametrically the maximum and minimum values (in different variants) of the triangular probability
distribution for costs of materials. This component of the total cost is the most crucial because it
represents the largest share in the cost structure (61%). It can be noted that the lowest risk of estimation
is observed when minimum and maximum values of the cost of materials decrease at the same time.

Table 5. Simulation results of risk and reliability values impacted by changing costs of materials.

Simulation
Number

M MIN
Change

M MAX
Change M MIN Value M MAX Value −

R (1) R (2)

1 −10% −10% 154,644.70 PLN 213 644.70 PLN 49.9% 50.1%
2 −5% −5% 164,322.35 PLN 223 322.35 PLN 64.7% 35.3%
3 0% 0% 174,000.00 PLN 233,000.00 PLN 79.3% 20.7%
4 5% 5% 183,677.65 PLN 242,677.65 PLN 90.5% 9.5%
5 10% 10% 193,355.30 PLN 252,355.30 PLN 97.6% 2.4%

6 −10% 10% 154,644.70 PLN 252,355.30 PLN 69.3% 30.7%
7 −5% 5% 164,322.35 PLN 242,677.65 PLN 72.7% 27.3%
8 0% 0% 174,000.00 PLN 233,000.00 PLN 79.3% 20.7%
9 5% −5% 183,677.65 PLN 223,322.35 PLN 86.7% 13.3%
10 10% −10% 193,355.30 PLN 213,644.70 PLN 93.7% 6.3%
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Table 5. Cont.

Simulation
Number

M MIN
Change

M MAX
Change M MIN Value M MAX Value −

R (1) R (2)

11 10% −10% 193,355.30 PLN 213,644.70 PLN 93.7% 6.3%
12 5% 5% 183,677.65 PLN 242,677.65 PLN 86.7% 13.3%
13 0% 0% 174,000.00 PLN 233,000.00 PLN 79.3% 20.7%
14 −5% 5% 164,322.35 PLN 242,677.65 PLN 72.7% 27.3%
15 −10% 10% 154,644.70 PLN 252,355.30 PLN 69.3% 30.7%

16 0% −10% 174,000.00 PLN 213,644.70 PLN 68.9% 31.1%
17 0% −5% 174,000.00 PLN 223,322.35 PLN 74.8% 25.2%
18 0% 0% 174,000.00 PLN 233,000.00 PLN 79.3% 20.7%
19 0% 5% 174,000.00 PLN 242,677.65 PLN 81.9% 18.1%
20 0% 10% 174,000.00 PLN 252,355.30 PLN 84.3% 15.7%

21 −10% 0% 154,644.70 PLN 233,000.00 PLN 61.5% 38.5%
22 −5% 0% 164,322.35 PLN 233,000.00 PLN 69.8% 30.2%
23 0% 0% 174,000.00 PLN 233,000.00 PLN 79.3% 20.7%
24 5% 0% 183,677.65 PLN 233,000.00 PLN 89.0% 11.0%
25 10% 0% 193,355.30 PLN 233,000.00 PLN 96.6% 3.4%

(1) Risk value, (2) Reliability value.

In turn, the next part (Table 6) presents the results of two further simulations showing how will
impact all three factors (L, M, E)—in terms of their minimum and maximum probabilistic values for
triangular distributions—on the value of risk and reliability of cost estimation.

Table 6. Simulation results of risk and reliability values impacted by changing cost factors (L, M, E).

Simulation
Number 1 2 3 4 −

R (1) R (2)

26

L MIN L MAX L MIN value L MAX value

27.4% 72.6%

−10% −10% 35 557.80 PLN 50 557.80 PLN
M MIN M MAX M MIN value M MAX value
−10% −10% 154,644.70 PLN 213 644.70 PLN

E MIN E MAX E MIN value E MAX value
−10% −10% 15,096.20 PLN 21 096.20 PLN

27

L MIN L MAX L MIN value L MAX value

100.0% 0.0%

10% 10% 44,422.00 PLN 59 442.20 PLN
M MIN M MAX M MIN value M MAX value

10% 10% 193,355.30 PLN 252 355.30 PLN
E MIN E MAX E MIN value E MAX value

10% 10% 18,903.80 PLN 24 903.80 PLN
(1) Risk value, (2) Reliability value.

It is worth pointing out that the modification of all probability distributions of the main cost
factors (labour, materials, equipment) significantly affects the cost estimation certainty. Simulation 27
illustrates a case in which almost certainly the initially estimated construction costs of the sustainable
project are underestimated.

More variants of simulations can be found in Appendix C. They represent changing parametrically
the maximum and minimum values of the triangular probability distribution for costs of labour and
equipment. In the current economic conditions, when both parties to the contract are interested in
delivering quickly the subject of the contract, and on the other hand, labour market problems are
visible, there is a need to modernize construction processes. Therefore machines, automatic equipment,
and even robots replace people in a growing number of tasks. At the same time, the share of equipment
costs increases in place of labour costs. Hence, there seems to be an interesting perspective to analyse
the variability of probability distributions for these two components of the total construction cost.
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4.5. Final Feedback

The presented research methodology was supplemented with the confrontation of the proposed
assumptions, as well as the results obtained during the three-step scientific process with the opinion of random
30 experts dealing with construction projects. One-third of the sample answered on behalf of investors,
another 10 people expressed the opinions of building contractors and the remaining—subcontractors.
Through direct contacts, they were explained the research framework and the study outcomes obtained.
They were also asked on two issues:

• was the initial hypothesis (about the need to consider the costs of sustainable construction projects
in a probabilistic approach, enabling making more reliable decisions) right? Possible short replies
were: “Yes”/”No”/”I don’t know”.

• what are the detailed suggestions of individual stakeholders of construction projects on the topic?
The respondents were limited to express 2-3 sentences.

As a result of this short closing poll, 27 out of 30 people positively responded to the formulated
research hypothesis in the context of the research results (answer “Yes”). Only three experts refused to
give a specific opinion (“Yes” or “No”), explaining the lack of expertise on the issue so their opinion
was qualified as “I don’t know”.

Taking into account the second area of the final feedback (suggested recommendations), various
points of view of main stakeholders of construction projects were included. The key postulates have
been grouped and simplified into the following statements:

• investor’s perspective—the investor is interested in the distribution of prices related to the
execution of sustainable construction projects so that he can select offers from building contractors
within the limits of the risk level of the accuracy of predicting these prices—therefore a probabilistic
approach is necessary for estimating costs.

• contractor’s perspective—in the course of preparing the offer proposals (e.g., in the public
procurement process), they want to be aware of the level of risk assigned to specific levels of
proposed prices for construction services,

• subcontractor’s perspective—undertaking subcontracting cooperation is usually a consequence of
the cost calculation in relation to the section of construction works for which the risk level may
differ from the risk level of the entire project. Estimating the number of costs and level of risk
requires an original probabilistic approach for each task segment.

As can be seen, the final feedback not only substantiated the adopted research hypothesis but also
provided some interesting reflections from experts.

5. Discussion

In the literature, one can find several articles dealing with the topic of cost overruns in construction
projects. It is difficult to point out the true advocate of this issue, but undoubtedly one of the greatest
merits in the development of this area of knowledge can be attributed to Bent Flyvbjerg and his research
team [67–71]. Some contemporary researchers concentrate on the construction costs only [72], whereas
others deal with other stages of the project too (e.g., operation costs) or whole life cycle of construction
projects [73]. However, a small number of articles relate to the cost risk of sustainable construction
projects. For example, Li et al. [74] revealed that an increase in sustainable development standards of
buildings would increase life cycle costs (+21.5%) and construction costs (+27.6%). It can be stated
that no research was found that would relate to cost risk understood as the probability of accurate
estimation of the costs of such projects.

The presented simulator can be useful for different parties of the construction projects—investors
who are interested in preparing a reliable budget, contractors who are involved in the execution phase
and wonder how much they should demand in the tender process to win a contract award on one
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hand, and not lose money on that on the other hand, and subcontractors whose economic position
relies on the safe profit margin.

The model of simulation allows us to visualize costs as a function of the probability of
estimation accuracy.

According to preliminary background research [8–10], it can be noted that a structure of costs of
construction projects should be treated as probabilistic as individual cost factors are random variables.
Variability of the technological and organizational conditions in construction works results in numerous
deviations from the planned costs of construction. The construction projects that are executed with
principles of sustainable development are prone to the risk of costs like other types of undertakings.
The study discovers how can we measure the risk of cost estimations in sustainable construction
projects. Moreover, as it was pre-assumed, a probabilistic approach to cost risk estimation of sustainable
construction projects makes possible to determine more reliable decision-making processes conducted
by different stakeholders in turbulent conditions.

In this article, the opinion of experts in the construction sector was collected in order to illustrate
the cost risk of sustainable construction. The Monte Carlo simulations, as a comparably simple tool,
can be used to study potential situations for many different scenarios, including particular components
of the structure of costs of sustainable construction projects. So far, none of the applications connected
with the estimation of construction costs penetrated the structure of sustainable construction costs.
Thanks to this work a variability of individual cost components can give an insight on the certitude of
cost estimation.

In addition, according to the experts from final feedback report, a probabilistic simulation analysis
of the costs of sustainable construction projects based on construction costs is certainly an important
element of the cost analysis of these projects. The amount of the costs of sustainable construction
projects must correspond to the economic and environmental efficiency of the projects, which is
ensured by the close relationship of cost estimation which takes into account usually external resources.
These resources should not be treated in a deterministic way because the level of their costs is shaped
in markets of a heterogeneous structure.

On the other hand, it is worth noting that the project outcomes usually appear in the subsequent
stages of the life cycle–after the execution phase. A similar attitude was signalised before in the
literature [75,76] while assessing the sustainability of constructions. Therefore, it is proposed to extend
the study to simulate the behaviour of sustainable construction projects throughout the whole life
cycle, often implemented in international implementation conditions [77,78].

6. Conclusions

The analysis of costs of construction projects is, in the decision-making process, necessary for all
participants of construction investment projects: for investors (sponsors) of projects, contractors of
construction works, project managers, clients. The construction market is characterized by cyclical
variability as a function of time and high competitiveness of entities implementing construction
tasks. It is important to show the role of specific cost factors in the cost of the project. The cost
structure of a construction project is relatively constant for given types of construction investment
projects. However, the construction of energy-saving or sustainable houses may be more expensive
than traditional construction. It seems that one barrier of sustainability in construction projects is
higher cost. The kind of projects is most often characterized by advanced technology at both the
implementation and operation stages. Therefore, the costs of such innovative solutions may turn out to
be difficult to evaluate by those who are responsible for cost estimations. It is also necessary to reduce
the risk of cost to make such projects more attractive for investors.

Variability of the technological and organizational conditions in construction works results in
deviations from the planned costs of construction. Sustainable construction projects are prone to risk
of costs like other types of undertakings, or even more due to their undiscovered nature.
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A quantitative risk assessment of sustainable construction costs makes it possible to determine the
contingency of costs. If we take a calculated risk level and multiply it by the construction cost value
we receive the value at risk—an important factor which can be added to the budget and treated as
a total amount of money needed to cover all unexpected outcomes aiming at reducing the cost risk
to a minimum. An analytical approach based on probability distributions of each involved cost in
sustainable construction projects can support the risk management process of the different stakeholders
involved generating more reliable decision-making processes as confirmed in our study by a final
confirmatory survey presented in Section 4.5.

Constant monitoring of the development costs of construction projects avoids irregularities and
detects “cost-o-genic” changes occurring in the project. Knowledge about the cost structure makes it
easier to control the costs of sustainable construction projects.

Finally, it must be said that there is an indisputable dominance of the economic factor in the
decision-making process of construction projects. A consistent tendency to expose economic values,
as the most important factors in the execution of construction projects, was clear in the research.
Among the representatives of the construction industry, there is a belief that environmental issues are
not as much important as the economic matters, whereas the social aspects are neglected, or at least
underestimated. This situation should change drastically if we really want future generations to have
the opportunity to make their dreams come true, including those related to construction projects.

These and related issues may become very useful, especially in the period after the global crisis
caused by a coronavirus and COVID-19 threat. Decision-makers in the impending economically
difficult period will certainly want to see cost estimate more accurate, and on the other hand, sustainable
constructions, limiting environmental damages and other negative externalities, may be the only rescue
protecting humanity from final destruction. In this sense, other research studies [79,80] dealt with the
effect of another international severe crisis (e.g., 2008 financial crisis) on construction firms, and could
be valid references as a starting point for assessing the impact of COVID-19 on sustainable construction
projects and the associated risks involved.

The answer to the question of whether it is worth risking is not easy. Verifying how much it pays
off and if it leads to the final success is even more difficult. However, maybe it is better to trust an
intuition of the researchers and begin to perceive the variability of costs of sustainable construction
projects in terms of a game based on constantly changing rules? And what if the contribution of this
article is the key to success that a reader is looking for?

7. Limitations and Future Research Lines

The aim of the article was to start a discussion on a cost variance and its implications for sustainable
construction projects. In theory, there are many gaps connected with this issue that must be filled,
especially nowadays, when sustainable construction projects are getting more and more popular. From
this point of view, the matter is of great value to all key players in the construction sector as well as the
academics dealing with cost risk management and sustainability.

Whereas the presented model is solid and explains briefly how to treat the cost risk of sustainable
construction projects, there are still several problems that should be solved in future research:

1. The research on the cost risk covers only one selected class of construction projects—housing,
and deals with only one selected phase of the project life cycle—construction phase. It seems
interesting and useful to discover other types of undertakings, including civil engineering projects
in their whole life cycle perspective.

2. The survey developed with questionnaires has been conducted only with Polish professionals
belonging to engineering projects sector and costs data has been extracted from construction
public databases from Poland and Spain. A transnational study with experts from other European
countries, as well as from other continents could figure out new implications about risks perception
and construction project costs structure in the context of sustainable development objectives.
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3. It was decided to limit the analysis to one selected approach to costing calculations. The attention
of the reader should be paid to the specific calculation model presented in Equation (1). In the
future, it may be inevitable to use other concepts of the cost estimation.

4. There might exist some other correlations between cost factors than resulted from Equation (1)
(e.g., indirect costs and labour, indirect costs and equipment etc.). How can one capture the new
relationships and what would happen if implemented to the proposed model?

The study, presented in this manuscript, used a Monte Carlo simulation approach. The main
contribution of this paper is the emergence of the simulation model of cost risk which is present
in construction projects implemented with principles of sustainable development. It gives reliable
perspectives for the improvement of decision-making in the execution of such undertakings. The results
can be useful for different stakeholders representing sometimes other perspectives of the same
construction investment project, especially investors, contractors, subcontractors, etc.
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Appendix A

This section includes data related to measuring impact of number of iterations on a standard
deviation of the simulated risk value. Table A1. includes all simulation results performed after 100,
1000 and 30,000 iterations respectively.

Table A1. Simulation results—accuracy of the model.

Simulation Iterations Risk Value

A.01 100 80.0%
A.02 100 86.0%
A.03 100 78.0%
A.04 100 83.0%
A.05 100 83.0%
A.06 100 78.0%
A.07 100 84.0%
A.08 100 77.0%
A.09 100 74.0%
A.10 100 81.0%
A.11 1000 78.8%
A.12 1000 78.8%
A.13 1000 79.3%
A.14 1000 79.9%
A.15 1000 78.2%
A.16 1000 79.6%
A.17 1000 76.9%
A.18 1000 80.2%
A.19 1000 77.6%
A.20 1000 76.8%
A.21 30,000 78.7%
A.22 30,000 79.2%
A.23 30,000 79.0%
A.24 30,000 79.0%
A.25 30,000 79.0%
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Table A1. Cont.

Simulation Iterations Risk Value

A.26 30,000 79.4%
A.27 30,000 79.1%
A.28 30,000 79.0%
A.29 30,000 79.1%
A.30 30,000 79.5%

Table A2. presents a decreasing standard deviation with an increasing number of iterations.

Table A2. Simulation results—basic statistics for different numbers of trials.

Iterations Mean Std. Dev.

100 80.4% 3.7%
1000 78.6% 1.2%

30000 79.1% 0.2%

According to [81], Monte Carlo simulation creates a fluctuating convergence process which is
quite sensitive to changes coming from the new samples. However, confidence range decreases as the
number of samples increases. Therefore, the accuracy level of Monte Carlo simulation can be measured
using the coefficient of variance:

η =
√

V(U)/U, (A1)

It is defined as the standard deviation of the estimate divided by the estimate. According to
Equation (A1). the accuracy is 0.3% for 30 000 iterations (trials per run).

Undoubtedly, the increase in the number of iterations improves the accuracy of predictions and it
should be assumed that the adopted number of trials is adequate.

Appendix B

In this section, a data for normality tests is given.

Table A3. 90 simulated risk values.

Simulation Iterations Risk Value

B.01 30,000 78.7%
B.02 30,000 79.2%
B.03 30,000 79.0%
B.04 30,000 79.0%
B.05 30,000 79.0%
B.06 30,000 79.4%
B.07 30,000 79.1%
B.08 30,000 79.0%
B.09 30,000 79.1%
B.10 30,000 79.5%
B.11 30,000 79.0%
B.12 30,000 78.8%
B.13 30,000 78.8%
B.14 30,000 78.8%
B.15 30,000 79.0%
B.16 30,000 79.0%
B.17 30,000 79.0%
B.18 30,000 78.9%
B.19 30,000 79.2%
B.20 30,000 78.9%
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Table A3. Cont.

Simulation Iterations Risk Value

B.21 30,000 78.7%
B.22 30,000 79.0%
B.23 30,000 79.0%
B.24 30,000 79.0%
B.25 30,000 79.1%
B.26 30,000 79.1%
B.27 30,000 79.2%
B.28 30,000 78.6%
B.29 30,000 79.1%
B.30 30,000 79.3%
B.31 30,000 79.3%
B.32 30,000 78.8%
B.33 30,000 79.1%
B.34 30,000 78.8%
B.35 30,000 78.9%
B.36 30,000 79.2%
B.37 30,000 79.1%
B.38 30,000 78.8%
B.39 30,000 79.0%
B.40 30,000 79.2%
B.41 30,000 78.7%
B.42 30,000 78.7%
B.43 30,000 79.4%
B.44 30,000 78.9%
B.45 30,000 78.9%
B.46 30,000 79.2%
B.47 30,000 79.3%
B.48 30,000 78.5%
B.49 30,000 79.2%
B.50 30,000 78.5%
B.51 30,000 79.4%
B.52 30,000 79.3%
B.53 30,000 79.0%
B.54 30,000 79.0%
B.55 30,000 78.9%
B.56 30,000 78.8%
B.57 30,000 78.7%
B.58 30,000 78.9%
B.59 30,000 78.7%
B.60 30,000 78.6%
B.61 30,000 79.1%
B.62 30,000 78.8%
B.63 30,000 79.2%
B.64 30,000 78.7%
B.65 30,000 78.8%
B.66 30,000 78.9%
B.67 30,000 78.6%
B.68 30,000 78.8%
B.69 30,000 79.3%
B.70 30,000 78.8%
B.71 30,000 79.3%
B.72 30,000 78.9%
B.73 30,000 79.1%
B.74 30,000 79.1%
B.75 30,000 78.8%
B.76 30,000 78.6%
B.77 30,000 79.1%
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Table A3. Cont.

Simulation Iterations Risk Value

B.78 30,000 79.1%
B.79 30,000 79.0%
B.80 30,000 79.1%
B.81 30,000 78.6%
B.82 30,000 78.9%
B.83 30,000 78.8%
B.84 30,000 78.8%
B.85 30,000 79.0%
B.86 30,000 79.2%
B.87 30,000 79.1%
B.88 30,000 79.0%
B.89 30,000 78.7%
B.90 30,000 78.5%

Appendix C

In this section, a data representing parametrical changes of the probability distribution for costs of
labour and costs of equipment is presented.

Table A4. Simulated risk values after changes in distributions of labour costs and equipment costs.

Simulation 1 2 3 4 Risk Value Reliability Value

C.01

L MIN L MAX L MIN value L MAX value

71.8% 28.2%

−10% −10% 35,557.80 PLN 50,557,80 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174 000,00 PLN 233 000.00 PLN
E MIN E MAX E MIN value E MAX value

10% 10% 18,903.80 PLN 24,903.80 PLN

C.02

L MIN L MAX L MIN value L MAX value

85.1% 14.9%

10% 10% 44,422.00 PLN 59,442.20 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174 000.00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value
−10% −10% 15 096.20 PLN 21,096.20 PLN

C.03

L MIN L MAX L MIN value L MAX value

82.4% 17.6%

5% 5% 42,221.10 PLN 57,221.10 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174 000.00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value
−5% −5% 16,048.10 PLN 22 048.10 PLN

C.04

L MIN L MAX L MIN value L MAX value

75.6% 24.4%

−5% −5% 37,778,90 PLN 52,778.90 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174,000,00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value

5% 5% 17,951,90 PLN 23,951.90 PLN

C.05

L MIN L MAX L MIN value L MAX value

67.9% 32.1%

−10% −10% 35,557.80 PLN 50,557.80 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174,000.00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value

5% 5% 17,951.90 PLN 23,951.90 PLN
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Table A4. Cont.

Simulation 1 2 3 4 Risk Value Reliability Value

C.06

L MIN L MAX L MIN value L MAX value

79.8% 20.2%

5% 5% 42,221.10 PLN 57,221.10 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174,000.00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value
−10% −10% 15.096.20 PLN 21,096.20 PLN

C.07

L MIN L MAX L MIN value L MAX value

65.7% 34.3%

−5% −5% 37,778.90 PLN 52,778.90 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174,000.00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value
−10% −10% 15,096.20 PLN 21,096.20 PLN

C.08

L MIN L MAX L MIN value L MAX value

61.0% 39.0%

−10% −10% 35,557.80 PLN 50,557.80 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174,000.00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value
−5% −5% 16,048.10 PLN 22,048.10 PLN

C.09

L MIN L MAX L MIN value L MAX value

88.8% 11.2%

5% 5% 42,221.10 PLN 57,221.10 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174,000.00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value

10% 10% 18,903.80 PLN 24,903.80 PLN

C.10

L MIN L MAX L MIN value L MAX value

91.4% 8.6%

10% 10% 44,422.00 PLN 59,442.20 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174,000.00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value

5% 5% 17,951.90 PLN 23,951.90 PLN

C.11

L MIN L MAX L MIN value L MAX value

72.6% 27.4%

−10% −5% 35,557.80 PLN 52,778.90 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174,000.00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value

10% 5% 18,903.80 PLN 23,951.90 PLN

C.12

L MIN L MAX L MIN value L MAX value

84.3% 15.7%

10% 5% 44,422.00 PLN 57,221.10 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174,000.00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value
−10% −5% 15,096.20 PLN 22,048.10 PLN

C.13

L MIN L MAX L MIN value L MAX value

73.4% 26.6%

−5% −10% 37,778.90 PLN 50,557.80 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174,000,00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value

5% 10% 17,951,90 PLN 24,903.80 PLN

C.14

L MIN L MAX L MIN value L MAX value

82.8% 17.2%

5% 10% 42,221.10 PLN 59,442.20 PLN
M MIN M MAX M MIN value M MAX value

0% 0% 174,000.00 PLN 233,000.00 PLN
E MIN E MAX E MIN value E MAX value
−5% −10% 16,048.10 PLN 21,096.20 PLN
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