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Abstract: Maintenance costs of all types of buildings are most often ignored since they are incurred in
the future. Potential investors are interested in capital costs—construction costs—while maintenance
costs are considered as unimportant in the life cycle of a building. If there were a larger number of
maintenance cost estimation models, it would be possible to estimate these costs and present them
to potential investors more easily, thus making it easier and more effective to apply life cycle cost
methods. A study on the characteristics and costs of the maintenance of sewer systems in the Republic
of Croatia was conducted, wherein questionnaires were sent to companies operating public sewer
systems. The data requested in the questionnaires were general data on enterprises, maintenance,
data on sewer systems, quantities of sewer discharge, sewer pipes and data on maintenance costs of
sewer systems. It was established that it is possible to use linear regression when creating a model for
estimating the maintenance costs of a sewer system.

Keywords: costs; estimation model; maintenance; sewer systems

1. Introduction

Building maintenance costs are often neglected since they are relatively difficult to
calculate and present to a potential investor since they are incurred in the future. Most
frequently, an investor is focused on the costs that appear immediately—these are construc-
tion costs that are calculated in the cost book and which everyone thinks of first in regard
to building costs. Therefore, the attention of investors and participants in construction
used to be focused entirely on reducing construction costs, while few participants paid
attention to reducing the costs associated with the maintenance and use of buildings or,
more importantly, to reducing the total cost of projects [1]. Until the 1960s, many investors
made investment decisions based solely on capital costs. In the public sector in particular,
costs were split into capital costs and recurring costs (e.g., maintenance costs), as it was
important to construct a building with the lowest possible capital costs, hoping that the
funds needed for the maintenance and use costs, which may also increase, will be found
later [2].

There is an assumption today that, more than ever, the lack of resources used in the
construction of buildings is an important concern; nevertheless, the number of inhabitants
has been rapidly growing, and urbanization and construction of new buildings has in-
creased. New buildings occupy arable or green areas, so it is important to think about
the maintenance activities associated with existing buildings and to strive to reduce the
construction of new structures to the extent possible. It is necessary to make a cost-effective
and intelligent use of the available resources. This involves carefully constructing the
buildings in terms of the types of materials used, of the proper performance of the planned
or designed building, of the proper use of the building—i.e., the use of the building vis a
vis the purpose for which it was designed and constructed—and finally, at the end of a
building’s service life, on the proper disposal of waste from their demolition.
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However, financial resources are of great importance for the realisation of a construc-
tion project. Without sufficient financial resources there is no possibility of selecting the
materials with which it will be built and it is not possible to propose different solutions for
the building’s construction or for anything else. Initially, while the building is visualized,
i.e., designed, it is possible to calculate and predict construction costs, usually as part of
establishing the cost book. The cost book calculates the price for all the positions of work
and, assuming that it is possible, calculates the construction price. Additionally, despite
the seemingly accurate calculation of the quantity and cost of works, there are often major
failures in the calculation of construction prices—usually the calculated price is exceeded.
Most investors or construction participants who directly participate in the construction or
in the financing of the construction are interested only in these initial construction costs.
However, construction costs are not the only costs that arise in the lifespan of a building.
Other emerging costs include those of use and maintenance, though they are often ignored
when deciding between different building solutions. Therefore, while the structure is
being designed and variant solutions are being selected, it is important to take account of
maintenance and use costs.

When building infrastructure projects—such as water supply systems, sewer systems
and electricity systems—the price of constructing a building within this infrastructure sys-
tem is usually considered. As regards to maintenance and the consideration of maintenance
costs, this is ignored at the design and construction stages of buildings. However, this is the
wrong way of thinking and leads to increased maintenance costs, the inability to calculate
and forecast the financial resources necessary for maintenance, the poor operation of the
system, and to problems arising for the eventual users of the system. It is clear that if main-
tenance activities are not planned at all, that it is then very difficult to have the necessary
financial resources secured for them. If the financial resources are not secured, it is not
possible to carry out or implement proper maintenance. Additionally, if an infrastructure
system—such as a sewer system that goes under the ground—is promoted, then regular
maintenance is very important because the construction or unplanned repairs of a new
sewer system destroys all the layers above the pipes (e.g., asphalt, concrete on the street,
pavements, greening surfaces) and are therefore even more expensive due to the need to
restore the layers above the sewer pipes to their original condition.

It is estimated that in Europe about 50% of the budget intended for construction is
spent annually on costs, i.e., construction repair works [3,4]. In the UK, the annual costs
of repairs, maintenance and substitutes for building infrastructure require a large amount
of money [5]. The US spends about USD 18 to 21 billion on maintenance, repairs and
replacement of deteriorated structures [6].

The assessment of lifecycle costs is very important for infrastructure, where capital
costs can be high and savings achieved during years of use and maintenance can also be
quite large. The costs of use and maintenance are high and represent a large proportion of
the total annual costs, which opens the opportunity for significant savings [7].

Research conducted by the United States General Accounting Office (US GAO) showed
that 65% of companies engaged in sewer management do not achieve the planned and
desired degree of replacement or renovation of sewer pipes due to insufficient resources.
This means that 65% of the maintenance and renewal plans have not been implemented,
i.e., they have been implemented below the expected level of maintenance and renewal
due to lack of funds [8].

Sewerage systems, together with water supply systems, are classified as municipal
hydrotechnics, i.e., as a municipal technical system or as settlement infrastructure [9]. One
of the most important infrastructure systems of a city is the sewer system, as it helps to
maintain the human health of a city and is a precondition for general hygiene [10]. This is
enough to demonstrate its importance, and, since it is of such great importance, it should be
properly maintained. As already mentioned, in order to maintain anything, including the
sewer system, it is first necessary to consider the required maintenance activities and then
to foresee certain funds for this purpose in the budget. It is therefore necessary to arrange
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for maintenance funds on time, even if they are not sufficient to meet all maintenance
needs at the moment, because a certain critical part can be maintained and repaired again.
Clearly, it is difficult to foresee the financial resources for future events accurately because
the future cannot and will not ever be predicted. However, even though it is hard, it must
not be neglected and left to chance.

Sewer systems require large financial investments. In order to justify these large
investments and ensure the regular operation of the sewer system, such systems must be
properly managed and maintained, with sufficient funding and control [11]. As waste
water treatment plants and sewer systems reach the end of their life cycle, the financial
resources needed for their use and maintenance increase [12]. According to the American
Society of Civil Engineers (ASCE), 56 million new users are expected to be connect to
centralized waste water treatment systems in the next 20 years, and it is estimated that
USD 271 billion will be needed to meet current and future needs [12,13].

Figure 1 shows the value of information over time. It shows that the most valuable
information is that used for estimating and for forecasting. This is followed by real time,
which also has a significant value that decreases as time passes and loses significance and
importance in the post-operating time [14].
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In the beginning, information is very important, but it is not 100% accurate, nor can it
be, because of the limited amount of it available and its gradual formation; nevertheless,
initial information holds the greatest value. This is applicable to the monetary amount
necessary for the maintenance of the sewer system because information about the future
budget necessary for maintenance is of great importance as it makes it possible to maintain
the sewer system regularly and properly. Such maintenance is much more efficient than if
the necessary maintenance budget is determined instantly, i.e., at the time a failure occurs.
Then, such information about the money required no longer has any value as information,
as the funds for the repair must be immediately found.

Looking at Figure 1, it can be seen how important it is to predict or estimate costs in
the life cycle of a building. As stated in [15], information has its value and is economically
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good, which is just another confirmation of how valuable accurate and accurate information
is at the right time.

2. Previous Research on the Estimation of Buildings Maintenance Costs

Estimating construction costs to mitigate risks is an indispensable step in decision
making. In addition, cost forecasting/estimating is an essential process for each job since it
precedes budgeting and resource allocation in the life cycle of a project. It is challenging
to obtain input data for the cost assessment process when the scope of the work is barely
known, and information gained during this time could lead to poor and rough estimates.
Moreover, the better the project is defined and described, the easier it is to estimate project
costs more precisely. However, it must be considered that too much project elaboration
complicates the cost control process if the project is based on incorrect cost estimates. In
addition, underestimating or overestimating the cost estimate will lead to deviations in the
future, i.e., the planned and realized budget will vary [16]. One major maintenance problem
is that there are no standards for setting a reasonable budget for use and maintenance
activities; the only standards are historical data. Decades ago, the budget was simply
allocated according to an ad hoc procedure and only increased by a certain percentage each
subsequent year [17].

In order to have a positive impact on maintenance costs, maintenance costs are impor-
tant to consider at the beginning of the project design process. Therefore, the possibility to
have an impact on costs is the greatest at the beginning; as the project progresses (construc-
tion phase), the impact is more minor, while in the use phase of buildings, there is minimal
possibility to influence costs since the building has already been built. A lot financial
resources are required to correct something that could have been corrected or predicted in
the beginning phases [18].

In case of sewer systems, it is important at the beginning of the process to take into
account all the characteristics of the system that is designed or chosen between different
variant solutions. When designing the sewer system, the diameters and types of pipes are
determined at the beginning by careful calculation and selection. In this way, it is possible
to influence the maintenance costs of the sewer system. It is known and logically under-
standable, for example, that (pre) smaller-diameter pipes tend to increase the frequency of
clogging and thus limits on the minimum diameters of pipes for particular types of sewers
must be taken into account. In addition, the type of pipe depends, among other things,
on how often it is necessary to clean the pipes (the number of impurities deposited), on
the strength of the pipes, and on the resistance, durability, etc. In the beginning phases,
in addition to the small costs of altering these characteristics of the sewer system, it is
possible to have a significant impact on the cumulative costs of the project and thus on the
maintenance costs, as they fall within the total life costs [19].

The possibility to predict and estimate costs, whether of construction, use, and/or
maintenance, is very important for various reasons (e.g., investors are interested in building
costs of a construction project and users are interested in the costs of use and mainte-
nance). In order to predict maintenance costs, data on building characteristics and historical
maintenance costs should be collected [20]. Historical records of maintenance costs and
cost trends are the most valuable data when a maintenance budget is being planned [21].
However, cost estimates in the future are only that—estimates. During the planned lifetime
of the building, many decisions that are impossible to be known in advance will be made,
affecting construction and maintenance costs [22].

Nevertheless, it is useful and necessary to predict and estimate costs. This has always
been in the interest of many researches, and it will always be, as the possibility to predict
maintenance costs in a timely manner opens up the possibility to prepare a budget for
maintenance costs. Where a certain amount of money is budgeted and prepared for
the maintenance of buildings, that maintenance may be adequately carried out, thus
preventing the deterioration of the property and enabling all users to stay and use the
property conveniently.
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Historical data on project costs can and have already been used in various surveys
to develop a model of monitoring and forecasting performance and different types of
costs [23,24]. The costs of use and maintenance play a major role in the building owner’s
total costs during the service life of the building. Accurate forecasting of these costs can
help the building manager and owner to make decisions and determine the necessary
maintenance budget.

In [25], a model was made to predict maintenance costs and repair costs of office
buildings. Furthermore, a regression model for maintenance forecasting was developed
in [26], and the impact of characteristics on the maintenance of office buildings in Malaysia
was studied. The research was conducted by using literature reviews, questionnaires
(which proved to be the best method to collect data), and semi-structured interviews. They
built two regression models for prediction in SPSS (abbreviation of Statistical Package for
the Social Sciences). The authors concluded that the regression model could be used in
practice [26].

The authors Krstić and Marenjak [27] researched the possibility of collecting historical
data on the costs of maintenance and operation of buildings of Josip Juraj Strossmayer
University in Osijek, Croatia. For this research, surveys and questionnaires were prepared.
Surveys and questionnaires collected data on maintenance costs, operation costs, and
characteristics of buildings.

The two above-mentioned authors, Krstić and Marenjak, also described the devel-
opment and validation of a model of average annual maintenance costs and operation
costs of university buildings with similar characteristics for the Osijek area, Croatia. It
has been shown that it is possible to predict the costs of maintenance and operation of
similar-purpose buildings on an annual basis. In addition to the required small amount of
input data, it was also possible to consult the statistically significant variables needed to
predict maintenance and use costs using the proposed maintenance and operations cost
prediction model. The proposed model allows for the assessment of maintenance and
operations costs already at the project planning stage [28].

Lee and Jeon developed a model for predicting the cost of elementary school mainte-
nance. They studied costs for a period of 30 years, and the modelling was performed by
regression [29].

Boussabaine and Kirkham [30] have modelled the costs of maintaining sports centres
in the UK. The analysis revealed that variables affecting the maintenance costs of sports
centres are floor surfaces, number of users, and the sizes of swimming pools.

Kim et al. dealt with the development of a model for estimating the costs of repairs
and maintenance for schools in [31], and the model was made by regression. Mahmoud
et al. constructed a model for predicting the maintenance costs of historic buildings, and
the accuracy of the regression model was 93% [32].

In his doctoral thesis, the author Nipp [33] conducted research on 34 buildings at
the University of Tennessee Martin in Martin, Tennessee, USA. These buildings represent
the university campus. The developed regression model is based on historical cost data
for a period of ten years. It also stresses the importance of the availability of historical
maintenance data. It points out that no cost estimation equation guarantees 100% certainty
in the calculation and planning of the budget, but can be of great help.

Author Tijanić Štrok [34] conducted research on the management of public educational
institutions in the area of Primorje-Gorski Kotar County, Croatia. Four mathematical
models for estimating maintenance costs based on regression analysis were developed for
primary and secondary schools. It was concluded that if this model would be implemented
in the operation of schools, improvements could be expected in the current practice of the
maintenance and management process.

Previous works show that it is possible to develop a model for forecasting and estimat-
ing maintenance costs for buildings such as schools, faculties, offices, and sports centres.

Another group of buildings, in this case, bridges, are discussed in the following two
works. Bouabaz and Horner investigated the interrelation and impact of maintenance
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costs and bridge slab surfaces, and they developed a regression-based model. The model
was used to forecast maintenance times and estimate these maintenance costs in case of
bridges [35]. Shi et al. [36] developed a regression model to estimate the maintenance costs
of reinforced concrete beams in Shaanxi Province, China.

In addition to regression cost estimation models, artificial neural networks are used
for modelling. Authors Li and Guo investigated maintenance costs for four university
buildings. For modelling, they used simple linear regression, multiple regression, and
artificial neural networks, and the best model was the one made using an artificial neural
network [37,38]. The maintenance costs of the bridges were covered by the authors Bouabaz
and Hamami [39].

The model was made using an artificial neural network, and an accuracy of 96% was
achieved. Asadi et al. made a model based on an artificial neural network to predict the
lifetime costs of bridges. They studied the cost of 14 bridges in Chicago, USA [40].

In the work of author Gudac Hodanić [41], models were developed for estimating the
costs of use and life cycle costs of pontoons and the anchor system of a marina, developed
by the following machine learning algorithms: random forests, neural networks, support
vectors, and raising the gradient. It was concluded that the developed models are applicable
and enable an increase in the quality of decision making in the management of marinas.

A summary of the research on the development of models for predicting and estimat-
ing maintenance costs of buildings is given in Table 1, including the type of building, the
method-making approach, the authors and year, and the reference.

Table 1. Summary of the chronological survey on models for estimating and prediction of mainte-
nance costs of different types of buildings.

Type of Building Method-Making Approach Authors and Year References

Bridges Regression Bouabaz and Horner, 1990 [35]

Sport centers Multiple linear regression Boussabaine and
Kirkham, 2004 [30]

Office buildings AHP method, regression Liu, 2006 [25]
University

buildings—faculties Multiple linear regression Krstić, 2011 [20]

University buildings Multiple linear regression Krstić and Marenjak, 2012 [27]
Office buildings Multiple linear regression Shah Ali et al., 2013 [26]
Office buildings Multiple linear regression Mahmoud et al., 2015 [32]

University buildings Multiple linear regression Krstić and Marenjak, 2017 [28]
Elementary schools Regression Lee and Jeon, 2017 [29]

University
buildings—university campus Regression Nipp, 2017 [33]

Schools Multiple linear regression Kim et al., 2018 [31]
Bridges Regression Shi et al., 2019 [36]

Primary and secondary
schools Regression Tijanić Štrok, 2021 [34]

Bridges Artificial neural network Bouabaz and Hamami, 2008 [39]
Bridges Artificial neural network Asadi et al., 2011 [40]

University buildings Linear regression, multiple regression,
artificial neural network Li and Guo, 2012 [37,38]

Pontoons and the anchor
system of the marina

Machine learning algorithms: random
forest, artificial neural network, support

vectors, raising the gradient
Gudac Hodanić, 2020 [41]

As it can be seen from the previously analyzed works of Table 1, a model for esti-
mating/predicting maintenance costs can be made for many different types of buildings.
However, no work was found in which a model was developed to estimate the maintenance
costs of a sewer system. Since sewer systems are infrastructure systems, the utility of the
water structure, i.e., the public drainage service, is a water service that is of general interest.
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The importance of this paper is thus even greater because it explores the characteristics of
sewer systems that influence the maintenance costs the most.

3. Data Collection and Analysis

In order to create the database necessary for drawing up a regression model for
estimating the costs of sewer system maintenance, a questionnaire was created. Since the
survey was conducted in 2019, data were requested as of 2018 because no complete data
were available for 2019. The period for which the data were requested is 10 years, i.e., the
first year was 2009 and the last was 2018.

In order to facilitate the collection of data on maintenance costs of a sewer system,
the structure of costs and certain data on the functioning of the sewer system have been
developed, as presented in Table 2. Collecting data on maintenance costs of the sewer
system according to the structure below would enable annual monitoring of costs, as well
as the development of more accurate models for estimating the costs of sewer system
maintenance. All costs are given in Croatian kunas (HRK), the currency of Croatia when
the research was conducted.

Table 2. Developed data structure and maintenance costs of sewerage system.

Number Data

1 Maintenance costs of the sewerage system for each year [HRK], of which:
2 (a) machine work
3 (b) human work
4 (c) material
5 (d) other
6 Number of failures per year
7 The most frequent failures
8 Operating costs (electric energy) of pumping stations (HRK)
9 Maintenance costs of pump stations (HRK)
10 Costs of CCTV (Closed-circuit television) inspection (HRK)
11 How many km were inspected by CCTV
12 Costs of cleaning (flushing) sewerage system (HRK)
13 How many km have been cleaned (flushed)
14 Costs of trenchless rehabilitation (HRK)
15 How many km were rehabilitated with trenchless rehabilitation
16 Fuel consumed for maintenance (HRK) or (l)

The values of certain characteristics of sewer systems for 2018 (the last year for which
data on sewer systems were submitted using the questionnaires), such as the total length of
the sewer network, the number of sewer connections, the number of wastewater treatment
plants (WWTPs), and the amount of wastewater discharge, can also be seen as the scope of
the conducted research. Data on these four characteristics for 2018 were downloaded from
the official website of the Croatian Bureau of Statistics [42,43].

Data on the conducted research are given in Table 3.

Table 3. Data on the scope of the conducted research.

Characteristics of Sewer System Total in Year 2018 in
Croatia [42,43]

Total for Completed
Questionnaires Submitted Share

Total length of sewer network [km] 12,529 2668.51 21.29%
Number of sewer connections [pcs] 587,922 132,240 22.49%

Number of WWTPs-a [pcs] 151 31 17.82%
Amount of wastewater discharge [m3] 335,807,000 38,304,853.15 11.41%

Independent variables, which can be considered important for defining the model for
estimating maintenance costs of sewer system, have been defined from all data submitted,
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by analyzing the studies conducted so far, and by reviewing and analyzing the literature.
The questionnaire sent to enterprises defines variables. The list of independent variables is
given in Table 4.

Table 4. List of possible independent variables in model for estimating maintenance costs of the
sewerage system.

Number of
Variable Variable Name Unit of

Measurement Type of Variable

1 Number of employees in sewerage system maintenance activities pcs discrete numerical
2 Total length of sewer network km continuous numerical
3 Total number of sewer connections pcs discrete numerical
4 Number of pumping plants pcs discrete numerical
5 Number of wastewater treatment plants (WWTPs) pcs discrete numerical
6 Average age of sewerage system year continuous numerical
7 Average annual amount of wastewater discharge m3 continuous numerical
8 Average annual costs of sewerage system maintenance HRK continuous numerical
9 Location (land/sea) - qualitative

All valid and fully filled-in questionnaires produced a database that was used for
statistical processing. For each sewer system, the total present value of the maintenance
costs of the sewer system for the reference period, the average annual present value of
maintenance costs and the average annual nominal maintenance costs were calculated. The
total present value of maintenance costs was obtained by reducing the maintenance costs
from the past to the present value according to the literature [44–48], while the discount
rate was set at 3% for December 2021 according to [49,50].

A principle was adopted that assumed independent variables, such as the total length
of the sewer network, the total number of sewer connections, and the number of pumping
plants, did not change during the reference period. The same assumption was also adopted
by Krstić [20] and Gudac Hodanić [41] in their doctoral dissertations.

4. Development of the Model for Estimating Maintenance Costs of the Sewer System
4.1. Regression Analysis

In order to develop a model for estimating maintenance costs, it is necessary to use cer-
tain independent variables to create a model for calculating the dependent variable—main-
tenance costs.

The software used in data processing is Statistica version 14.0.0.15. Statistica is a
comprehensive analytical research and business tool. It is an integrated system that enables
data management, analysis, data mining, visualization, and development of customized
applications that contains a wide variety of basic and advanced analytical processes for
business, data, scientific, and engineering applications. Statistica covers not only analytical,
graphical, analytical, and database management processes, but also the extensive use of
specialized data analysis methods. Input and output files and statistics charts can be
virtually unlimited in size. Output reports can take the form of tables, workbooks, and
reports [51].

In addition to the mentioned software, the programming language R was used. It is
a programming language and environment for statistical calculations and visualization.
It is available online under the general public license (GPL) so that it can be used and
distributed freely and is open source [52–54]. The term “environment” suggests that this is
a thoroughly planned and coherent system and not a gradual collection of very specific
and inflexible tools, as is often the case with other data analysis software [55]. R offers a
wide range of statistical methods for linear and non-linear modelling, classic statistical tests,
analyses of time series, and clustering and is easily expandable with a wide selection of
graphic techniques. Statisticians have developed many specialized statistical procedures for
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various uses through the so-called added packages that are available for free and integrated
directly in the R system [54].

In general, regression analysis reveals relationships between the dependent and inde-
pendent variables [56]. The data consist of continuous numerical and discrete numerical
variables and the regression model for estimating maintenance costs will be developed.
Whenever modelling is discussed, the aim of any model is to imitate the behaviour of the
real system as best as possible, in this case, to assess maintenance costs. This characteristic,
that is, the attribute that the model predicts the future state of the system, is called the
predictive validity of the model [57]. The dependent variable is the one that is forecast [58]
and is the independent variable by which it is forecast.

Regression analysis is the process of tuning functions into a partial dataset. Linear
regression is the tuning of data with linear functions. This is achieved by using the least
squares method [59]. The linear trend direction positioned between the (original) data sets
using the least squares method should be positioned so that the sum of deviations of the
original trend values is zero and that the sum of squares of these deviations is minimal [60].

Regression models can be used to predict the value of the dependent variable, given,
of course, that the value of the independent variable is available [61]. The aim of the
construction and use of the model is to create a simple model that will be easy to use, which
will give a sufficiently close approximation of the complex reality. The model must be
interpreted easily, but it must not be so simple as to ignore important influences.

A multiple linear regression model is the generalization of a simple linear regression so
that there are several independent variables, instead of the one that occurs in simple linear
regression. The aim of multiple linear regression is to explain and quantify the influence of
several independent variables on one or more dependent variables.

The multiple linear regression model (according to [52,62–64]) is:

y = β0 + β1X1 + β2X2 + . . . + βnXn + ε (1)

where:

• y—dependent variable;
• X1, X2, . . . , Xn—independent variables;
• β0, β1, β2, . . . , βn—regression coefficients (constants);
• ε—random error (residual) [62].

Generally speaking, the model used should be as simple as possible.
Some of the advantages of simpler models—that is, models with less predictor

variables—are as follows:

• Prevention of data adaptation—a data set with many dimensions that has many
characteristics can sometimes lead the model to take into account both actual and
accidental phenomena in the data.

• Interpretation—a model that is too complex and has too many characteristics is difficult
to be interpreted, especially when compared to a simpler model.

• Computational efficiency—a model made on fewer dimensional data is more compu-
tationally efficient, i.e., it takes less time to be calculated [65]. Because of that, models
with three or more variables are excluded from further analysis.

4.2. Accuracy of the Model

When considering the accuracy of the model, one of the two most frequently used
indicators is the determination coefficient (R2) [66]. The coefficient of determination R2

shows how many changes in experimental values of the dependent variable are explained
by the obtained model [66–68]. When R2 is near one, it says that the linear model explains
a large portion of the dispersion in experimental values, i.e., only a small part remained
unexplained by the model and should be attributed to a random error [66,68]. Hence,
R2 can serve as a criterion for selecting two models—a model that has a greater R2 is
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better [69]. The size of R2 can vary from zero to one [30]. An R2 equal to one is an ideal link
(regression) [70].

4.3. Correlation Coefficients of Variables

Table 5 shows the correlation coefficients for all observed independent variables and
dependent variables, namely, the average annual present value of maintenance costs. As
it can be seen in the table above, variables to be taken into account when drawing up the
maintenance cost estimation model are those that have a higher correlation coefficient and
where are (p < 0.05). There are four variables: the total length of the sewer network, the total
number of sewer connections, the number of pumping stations and the average annual
amount of waste water discharge. Correlations between the same variables are marked in
yellow in the Table 5, and for them the correlation coefficient is 1.

Table 5. Correlation coefficients of independent and dependent variables.
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Number of employees 1.000 0.694 0.878 0.486 0.452 0.327 0.666 0.525 0.520
Total length of sewer network 0.694 1.000 0.922 0.782 0.526 0.474 0.867 0.910 0.908

Total number of sewer connections 0.878 0.922 1.000 0.693 0.448 0.462 0.883 0.774 0.771
Number of pumping stations 0.486 0.782 0.693 1.000 0.763 0.376 0.742 0.584 0.582

Number of WWTPs 0.452 0.526 0.448 0.763 1.000 0.522 0.121 0.296 0.288
Average age of sewer system 0.327 0.474 0.462 0.376 0.522 1.000 0.235 0.455 0.451

Average annual amount of waste water discharge 0.666 0.867 0.883 0.472 0.121 0.235 1.000 0.792 0.793
Average annual nominal maintenance costs 0.525 0.910 0.774 0.584 0.296 0.455 0.792 1.000 1.000
Average present value of maintenance costs 0.520 0.908 0.771 0.582 0.288 0.451 0.793 1.000 1.000

Since there are four statistically significant variables (listed in Table 6), models with a
maximum of three variables were considered because the specified variables are correlated
with each other. Therefore, having even greater correlation between two or more indepen-
dent variables would make the estimated regression coefficients even less reliable [61].

Table 6. Statistically significant independent variables for maintenance cost estimation model.

Name of Variable p Value

Total length of sewer network 0.000044
Total number of sewer connections 0.003314

Number of pumping plants 0.047173
Average annual amount of wastewater discharge 0.002095
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The statistical significance of certain variables is less than 0.05, which means that the
four variables listed are statistically significant.

Table 6 shows the p values of certain independent variables.
The Table 6 shows that the independent variable number of pumping plants is statisti-

cally significant (p = 0.0471 < 0.05), while the variables total number of sewer connections
(p = 0.0033) and average annual amount of wastewater discharge (p = 0.0020) are very sta-
tistically significant (p < 0.01). The total length of the sewer network variable (p = 0.000044)
is highly statistically significant at p < 0.001.

According to these four variables, several models for further elaboration will be
proposed. Tables 7–9 provide the values of the coefficient of determination (R2) and the
values of the adjusted coefficient of determination (adjusted R2).

Table 7. Proposal for variables of the maintenance cost models with one variable.

Model Name Variable Name in the Model R2 Adjusted R2

Model 01 Total length of sewer network 0.8247 0.8072
Model 02 Total number of sewer connections 0.5948 0.5542
Model 03 Number of pumping plants 0.3386 0.2724

Model 04 Average annual amount of
wastewater discharge 0.6287 0.5915

Table 8. Proposal for variables of the maintenance cost estimation models with two variables.

Model Name Name of Variables in the Model R2 Adjusted R2

Model 05 Total length of sewer network
Total number of sewer connections 0.8549 0.8216

Model 06 Total length of sewer network
Number of pumping plants 0.8673 0.8379

Model 07
Total length of sewer network

Average annual amount of
wastewater discharge

0.8248 0.7859

Model 08 Total number of sewer connections
Number of pumping plants 0.5991 0.5099

Model 09
Total number of sewer connections

Average annual amount of
wastewater discharge

0.6514 0.5739

Model 10
Number of pumping plants
Average annual amount of

wastewater discharge
0.6839 0.6137

Table 9. Proposal for variables of the maintenance cost estimation models with three variables.

Model Name Name of Variables in the Model R2 Adjusted R2

Model 11
Total length of sewer network

Total number of sewer connections
Number of pumping plants

0.9062 0.8710

Model 12

Total number of sewer connections
Number of pumping plants
Average annual amount of

wastewater discharge

0.6840 0.5655

Model 13

Total length of sewer network
Number of pumping plants
Average annual amount of

wastewater discharge

0.8955 0.8564

Model 14

Total length of sewer network
Total number of sewer connections

Average annual amount of
wastewater discharge

0.8631 0.8118
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As there are four statistically significant variables, models with no more than three
variables were considered because certain variables listed below are correlated and the
estimated regression coefficients would be all less reliable in case of a greater correlation
between two or more independent variables [61].

4.4. Proposal for Variables of Maintenance Cost Estimation Models

Models, i.e., names of variables in the model under consideration, are presented in
Tables 7–9.

If all variables are included in the model, as in this case, R2 is 0.9757 and the value of
the adjusted coefficient of determination (adjusted R2) is 0.9332.

By adding an additional independent variable to the multiple regression model, it can
happen that non-significant variables occur, and it is usually the case that R2 dramatically
increases [61]. From this, it can be observed that when all independent variables are
included in the multiple linear regression model, R2 = 0.9757 and the adjusted R2 = 0.9332;
and these are the highest values of both indicators that can be achieved by the model.
Therefore, the R2 values and the adjusted R2 values given in Tables 7–9 are acceptable and
fine, since the proposed models have one, two or a maximum of three variables, which is
less than the maximum number of variables included in the model. Therefore, the values
of the two above coefficients are at their highest values.

Figure 2 shows the coefficient of determination (R2) and the adjusted coefficient of
determination (adjusted R2) for all 14 models proposed in the tables above. Those for
model 15 are also given below and shown on Figure 2.
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Figure 2. Values of the coefficient of determination (R2) and the adjusted coefficient of determination
(adjusted R2) for the observed 15 models.

Table 10 shows the mean absolute error (MAE) and Akaike information criterion
(AIC) values.

For previously proposed model variables, the mean absolute error (MAE) and the
Akaike information criterion (AIC) [71] were calculated. The mean absolute error is rela-
tively easy to calculate. It is a measure of the accuracy indicator of the model, and according
to [72], it is recommended as a measure of deviation. The AIC was proposed by Hirotugu
Akaike [73–75] and the objective of selecting the model using AIC criteria is to estimate
the loss of information so that the model with the lowest expected loss of information is
equivalent to selecting the model with the lowest AIC value [76]. Therefore, the use of
AIC reduces the possibility of model overfitting and decreases the number of variables. It



Buildings 2023, 13, 500 13 of 21

helps to identify and compare the best models and “punishes” models with more than one
variable, since a model with more than one variable is known to have a better match with
the data, creating a risk of model overadjustment [77].

Table 10. MAE and AIC values for the proposed models.

Model Name MAE AIC

Model 01 533,998.4 360.44
Model 02 685,501.3 370.49
Model 03 802,015.7 376.37
Model 04 583,127.2 369.44
Model 05 476,325.1 360.24
Model 06 427,782.2 359.09
Model 07 531,263.6 362.43
Model 08 698,981.9 372.36
Model 09 592,805.5 370.68
Model 10 609,270.9 369.51
Model 11 377,459.6 356.93
Model 12 607,508.4 371.50
Model 13 405,506.6 358.22
Model 14 433,878.3 361.46

In addition to these 14 models, a model with interactions was made (model 15). In
general, two variables, X1 and X2, are said to be interacting if the value of variable X1
affects the value of variable X2 positively or negatively. The interaction is synergy between
two or more variables and reflects the fact that their combined effect on the response (result)
depends not only on the values of individual variables, but also on their combinations of
values [78].

The interaction refers to the fact that the magnitude (value) of the influence of an
independent variable on the response depends on a certain value of another independent
variable [64]; in short, this means that there is a dependence of one predictor variable on
the value of another predictor variable [79].

It can be seen that the position variable, which has two or three possible values
(“mainland little”—sewer systems in continental Croatia less than 200 km long; “mainland
large”—sewer systems in continental Croatia over 200 km long; and “sea”—sewer systems
in coastal Croatia regardless of length) has not yet been taken into account anywhere. The
name of the “mainland little” variable will be given to all sewer systems with a total length
of sewer network of less than 200 km and located in continental Croatia, the “mainland
large” are sewer systems in continental Croatia with a length of over 200 km and the “sea”
variable is for all those sewer systems located in coastal Croatia. These values (mainland
small, mainland large, sea) were obtained by a more careful analysis of the dispersion
diagram for maintenance costs variables and the total length of the sewer net-work. Sewer
systems in coastal Croatia show a different regression direction in relation to the regression
direction for continental Croatia. For continental Croatia, there is a difference in regression
direction for the total length of sewer systems that are 200 km long and those with a length
greater than 200 km [19].

For model 15, data on the coefficient of determination R2, the adjusted coefficient of
determination (adjusted R2), MAE and AIC are given in Table 11.

Table 11. Data for the model with interactions (Model 15).

Model Name R2 Adjusted R2 MAE AIC

Model 15 0.9238 0.8603 302,873.3 358.44
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4.5. Selected Maintenance Cost Estimation Models

Based on all the above, four finally selected models are presented in Table 12.

Table 12. Variables of the maintenance cost estimation model with the corresponding data.

Model Name Variable(s) in Model R2 Adjusted R2 MAE AIC

Model 01 Total length of sewer network 0.8247 0.8072 533,998.4 360.44

Model 04 Average annual amount of
wastewater discharge 0.6287 0.5915 583,127.2 369.44

Model 06 Total length of sewer network
Number of pumping plants 0.8673 0.8379 427,782.2 359.09

Model 15 Total length of sewer network
Position 0.9238 0.8603 302,873.3 358.44

When considering the values of the R2 coefficient of determination and the adjusted
coefficient of determination in Table 12, it is evident that all proposed models have satisfac-
tory values of coefficients for further analysis. The MAE and AIC values are presented and
are satisfactory with respect to model 11, which has three independent variables and whose
AIC value is the smallest of the 15 models observed; moreover, model 15 has the smallest
MAE value of all 15 models observed. With regard to these two models, the concept of
satisfactory values has been defined. In order to make the final selection of the model for
estimating the maintenance costs of the sewer system, validation of all models on the test
sample will be made.

Regression coefficients and constants were obtained via regression analysis in pro-
gramming language R and Statistica software.

Table 13 presents the model name, equation for model and input data, i.e., input
variables, of the developed models.

Table 13. Summary overview of developed models.

Model Name Model Equation Input Data

Model I AANMC = −406158.2 + 6321.7 × TLSN length of sewer network

Model II AANMC = 130800 + 0.2853 × AWD annual amount of wastewater

Model III AANMC = −250789 + 8129 × TLSN – 1515 × NPP length of sewer network
number of pumping plants

Model IV
AANMC = −409506 + 10266 × TLSN length of sewer network <200 km, mainland

AANMC = −2306094 + 10678 × TLSN length of sewer network >200 km, mainland
AANMC = −256960 + 6582 × TLSN length of sewer network regardless of length, sea

Where:

• AANMC, average annual nominal maintenance costs;
• TLSN, total length of sewer network;
• AWD, the average annual amount of wastewater discharge;
• NPP, number of pumping plants.

5. Validation of the Models for Estimating Maintenance Costs of a Sewer System

The validation of the model is an important part of the design of the regression
model [80] and it is the last step in its construction. The validation gives final approval for
the model in the sense that it confirms that it can be used to predict the variable of interest,
namely, the data to be envisaged [62,81]. The validation is a comparison of prediction
results using a model with actual results to see if the model is suitable for the intended
purpose [72,82].

The validation of the model is conducted for the following reasons: to select the best
model, as a measure of the accuracy of the model and for statistical reasons, i.e., to identify
the model that has the least error [83].

The purpose of validation of the obtained model is to:
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• Ensure the feasibility of the model in the future, i.e., that the model can be used in the
future using new data similar to those used in the construction of the model [84,85].

• Avoid overfitting—the phenomenon where the model is suitable only for the dataset
used in the construction of the model (the relearned model is a model that has more
parameters than can be justified)—and underfitting [85] (the phenomenon where
the built model lacks certain parameters, the model does not describe data well or
when independent variables are not significant enough in defining the link between
dependent and independent variables) [86].

In order to validate the model and determine the applicability of the model for es-
timating the maintenance costs of the sewer system, four models were used to estimate
maintenance costs on the sewer system intended for validation. The selected sewer system
is on land and over 200 km long. The sewer system intended for validation is, according
to all characteristics, suitable for validation because it is located in the continental part of
the Republic of Croatia and the independent variables are within the data range used for
modeling. Using the regression model (extrapolation) outside the range of the data values
used for estimation is not recommended [61], i.e., the use of the regression equation outside
the data domain used is risky [87]. For these reasons, it has been decided that this model
will be used to validate the constructed models.

The average annual amount of waste water discharge was obtained in such a way
that, for all the years for which data on the annual amount of waste water were submitted,
the total amount of waste water was divided by the number of years, i.e., an average was
obtained. In addition, an average of the sum of all maintenance costs for the years for
which the data were submitted was calculated to obtain the average annual maintenance
costs.

For validation, an expression will be used to calculate the accuracy of the model
(model accuracy, AC), which is calculated as a percentage of the difference between the
value of the model costs and the value of the actual costs. The closer Ac is to zero, the more
accurate the model is.

The expression for the accuracy of the model (according to [2]) is as follows:

AC =

[
PC − AC

AC

]
× 100% (2)

where:

• Ac, accuracy of calculated costs;
• PC, costs predicted by the model;
• AC, real costs.

The validation results of four models are presented in the Table 14. The estimated
value obtained is the average cost value for one year of sewer system maintenance.

Table 14. Validation results of four models on the test sample.

Model Name Actual Value (HRK) Estimated Value
(HRK)

Accuracy of the
Model, Ac

Model I

1,564,276.60

1,420,813.10 −9.17%
Model II 1,500,127.22 −4.10%
Model III 2,053,042.00 +31.24%
Model IV 779,848 −50.15%

To conclude, both models (model I and model II) are found to be suitable for use
considering the accuracy obtained for validation on the test sample. In addition, model III
is appropriate for use, and the estimated amount of maintenance costs generated by this
model should be on the side of safety, as the amount obtained is overestimated (exceeded).
Using such a model, the estimated maintenance cost is higher than the actual maintenance
cost. However, it is important to take into account that all three models provide average
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annual maintenance costs for the sewer system, and since these are average costs, it is clear
that costs may be lower or higher than this average value. Therefore, it is possible that in a
given year the costs that are now higher will be closer to this estimated value in the future.
Therefore, the use of this model is also justified.

6. Discussion

For the quantification of correlations between dependent and independent variables,
the following values of the Pearson correlation coefficient between dependent variables are
calculated: average annual present values of maintenance costs, average annual nominal
maintenance costs and any independent variables. The analysis has found that there are a
few more apparent correlations between independent variables and maintenance costs.

The maintenance costs of the sewer system have the highest correlation with the
following independent variables:

• The total length of the sewer system;
• The number of sewer connections;
• The number of pumping plants; and
• The average annual amount of waste water discharge.

The most significant correlation with the total length of the sewer system is to be
expected since it is, to some extent, one of the most important characteristics of the sewer
system. This is also the case with an average annual amount of waste water discharge, such
as in residential buildings; the surface of rooms is one of the most important characteristics
of the building itself. The total length of the sewer system and the average annual amount
of wastewater discharge show a significant correlation with maintenance costs.

The advantage of using the cost estimation model for the maintenance of the sewer
system is the simplicity of its use. The variable needed to estimate costs is the total length
of the sewer network or the average annual amount of wastewater discharge. Both models
can be chosen according to what data are available. In addition, the third variable is the
position where the sewer system is located and its length (whether it is up to 200 km
long or over 200 km long—only valid for sewer systems in continental parts as in coastal
Croatia, the length of the position variable is not important). The fourth variable that
can be taken into account is the number of pumping plants, which is also available in the
design phase of the sewer system. These variables are available at the beginning of the
planning and construction of the drainage system. Because of the above, it is possible to
estimate the maintenance costs of the sewer system using this model. The result of using
the maintenance cost estimation model for the sewer system is the value of its average
annual maintenance costs that are the same for each maintenance year in the observed
reference period.

The first and the most important limitation of the model is the smaller amount of data
on which the model has been developed and validated. Cost data are typically considered
a business secret, which, as expected, made it very difficult to collect data. In addition, cost
records kept by companies in charge of the management of sewer systems are, in most
cases, incomplete, inaccurate or difficult to obtain.

The second limitation relates to the number of years for which the maintenance
costs of the sewer system are estimated. The period for which data on the sewer system
maintenance costs have been provided ranges from 2 to 10 years; in this respect, costs can
be estimated for a maximum period of 10 years. The calculated regression equation is valid
for a given area that is bounded by the minimum and maximum values of the dependent
and independent variables, and the use of the model equation outside that area is risky [87].

The third limitation is related to the values of independent variables by which the
dependent variable—the maintenance costs of the sewer system— is estimated. All inde-
pendent variables should be in the range of data used in modelling; otherwise, the use of
such a model is not advisable. An independent variable used to model the maintenance
cost estimation of the sewer system is the average annual amount of wastewater discharge
from 4197.33 m3 to 14,223,945 m3, which indicates that a model can be used for such data
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ranges. In addition, the second independent variable, the sewer system’s length, has taken
values from 5.1 km to 752.42 km, indicating that the model can be used in this range. The
third independent variable ranged from 1 pumping plant to a maximum of 92 pumping
plants, indicating that the model can be applied for ranges within the above values. Overall,
all three ranges of independent variables are large, so it is to be considered that all three
models, depending on which independent variables they take into account, can be used in
the data ranges given above.

7. Conclusions

The literature review and analysis developed an appropriate structure of maintenance
costs for sewer systems to facilitate the systematization of these costs, i.e., using data for
each year from companies in charge of the management and maintenance of sewer systems.
The structure of maintenance costs of the sewer system has also been developed. The
developed sewer system maintenance cost structure can help collect data and develop more
accurate models for estimating the maintenance costs of sewer systems.

After the 15 preliminary models were prepared, according to the adjusted R2, the MAE
and AIC criteria were used to decide on the models to be considered further. Based on
the above criteria, four models were selected. After their validation, a model was adopted
where the independent variable is the average annual amount of waste water discharge.
However, the model with the total length of the sewer system as an independent variable
could also be used, as it shows a satisfactory accuracy of −9.17% on the test sample. This
sample was left just for model validation. The model is more accurate as the accuracy value
is closer to zero, as already mentioned. The model with the total length of the sewer system
for the independent variable has a coefficient of determination R2 = 0.8247, and the model
with the average annual amount of wastewater discharge as the independent variable has
a coefficient of determination R2 = 0.6287.

By selecting significant variables, models were made to estimate the maintenance cost
of a sewer system. The models were constructed using linear regression and were validated
on a test sample. The model using the total length of the sewer system as the independent
variable provides an accuracy of −9.17%; the model using the average annual amount
of wastewater discharge as the independent variable has an accuracy of −4.10%; and the
model using the total length of the sewer system and the number of pumping plants as the
independent variables has an accuracy of +31.24%.

The first two models (model I and model II) are applicable to estimating the mainte-
nance costs of a sewer system, while the third model (model III) is also applicable since
it uses two independent variables and, in certain cases, where the total length of sewer
system and the number of pumping plants are known, could give a better assessment than
the others. The third model gives higher estimates, so the user of such a model should err
on the side of caution.

Certainly, when using the estimation model, the recommendation would be that an
assessment be made according to all three models and that the value of maintenance cost
estimation be greater than needed or that a decision be made based on previous values
of maintenance costs of the observed sewer system should the sewer system be already
in use. Of course, the model for estimating the maintenance cost of a sewer system has
the highest value for those sewer systems that are only in the design phase or are being
built, in which case the maintenance costs can be estimated in the future to plan a certain
maintenance budget.

It has been established that the characteristics most affected by the maintenance costs
of sewer system are as follows: the total length of sewer network, the average annual
amount of wastewater discharge, the number of pumping plants and the location (i.e., is
the sewer system in coastal or continental Croatia).

The main advantage of applying this model for estimating the maintenance costs of a
sewer system is its simplicity, which is one characteristic of a good model. The variable
required to estimate costs is the total length of the sewer network or the average annual



Buildings 2023, 13, 500 18 of 21

amount of wastewater discharge. It is possible to use both models depending on the data
available or to compare the estimations of maintenance costs obtained through each one to
select a more critical maintenance cost value.

The use of the maintenance cost assessment model opens up new possibilities in
planning the necessary budget for sewer system maintenance, thus making maintenance
more efficient. Companies operating the sewer system of a city, settlement or municipality
may include in their budget the average necessary amount to be spent annually on sewer
system maintenance.

Consequently, this model could also be used by the companies responsible for sewer
system management to assess the funds needed for sewer maintenance in the area in which
they operate.

8. Recommendations for Future Research

Since research of this kind on the maintenance costs of sewer systems has not yet been
conducted in the Republic of Croatia, this study can serve as the basis for further research.
In order to obtain the most reliable results, it is necessary to investigate a large number of
cases (larger sample), i.e., to expand the research to several companies in the territory of
the Republic of Croatia. It is necessary to raise the level of awareness of project engineers
and persons who manage the maintenance of sewer systems about the life cycle costs of
sewer systems, including maintenance costs.

Anything relating to money is or can be considered a business secret by both private
and public institutions. Therefore, it is necessary to reduce or eliminate the resistance of
institutions to providing such data for scientific and research purposes. If these maintenance
cost data were made more readily available, this would benefit all stakeholders greatly, as
it would allow for the comparison and development of certain models to assess or forecast
costs, leading to more efficient maintenance. In addition, the time limit for applicability of
the constructed maintenance cost estimation model may be tested.

It is possible to develop a certain information system on the national level in the
Republic of Croatia or even the European Union, where all companies managing sewer
systems would enter certain characteristics of their sewer systems such as the maintenance
costs for a certain period, etc. This would make it possible to compare the quality of
maintenance, maintenance costs and, finally, to develop the most accurate model for
estimating the maintenance costs of sewer systems.

Author Contributions: Conceptualization, D.O., S.M. and M.Š.; methodology, D.O.; software, D.O.;
validation, D.O., S.M. and M.Š.; formal analysis, D.O.; investigation, D.O.; resources, D.O.; writing—orig-
inal draft preparation, D.O.; writing—review and editing, D.O., M.Š. and S.M.; visualization, D.O.;
supervision, D.O., S.M. and M.Š.; project administration, D.O.; funding acquisition, D.O. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding. The APC was funded by Dino Obradović
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u Osijeku. Ph.D. Thesis, Sveučilište Josipa Jurja Strossmayera u Osijeku, Grad̄evinski fakultet Osijek, Osijek, Croatia, 2011.

21. Waier, R.P.; Plotner, C.S. Chapter 15—Maintenance & Repair Estimating. In RS Means: Cost Planning & Estimating for Fa-
cilities Maintenance; Waier, R.P., Plotner, C.S., Morris, S., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 1996; pp. 231–251,
ISBN 978-0-87629-419-2.

22. Wood, B. Building Care; Blackwell Science Ltd.: Oxford, UK, 2003; ISBN 0-632-06049-2.
23. Aziz, A.M.A. Performance Analysis and Forecasting for WSDOT Highway Projects; Washington State Transportation Center (TRAC):

Seattle, WA, USA, 2007.
24. Cheung, F.K.T.; Skitmore, M. Application of cross validation techniques for modelling construction costs during the very early

design stage. Build. Environ. 2006, 41, 1973–1990. [CrossRef]
25. Liu, Y. A Forecasting Model for Maintenance and Repair Costs for Office Buildings; Concordia University: Montreal, Canada, 2006.
26. Shah, A.A.; Ahmad, F.; Peng Au-Yong, C. Office building maintenance: Cost prediction model. J. Croat. Assoc. Civ. Eng. 2013, 65,

803–809. [CrossRef]
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41. Gudac Hodanić, I. Model Procjene Troškova Životnog Ciklusa Pontona Kao Podrška Sustavu Upravljanja Marinama. Ph.D.
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