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This special issue aims at providing recent developments
about the decision making (DM) in the field of civil engi-
neering. This field is vast and plays an important role in
the life of modern society. A very large number of decisions
must be made in the life cycle of constructed objects.
The decisions will be required in the time span starting
from conceptualisation of these objects and covering design,
construction, occupation, and decommissioning. Methods of
DM can facilitate making these decisions in formal and not
tully formal, partially intuitive way. The present special issue
provides numerous examples on how can this be done.

Articles published in this special issue prove that useful
information for making construction related decisions can be
obtained by methods which do not belong to a formal DM, for
instance, sensitivity analysis, stochastic analysis, mathemat-
ical optimization, occupational safety, and risk assessment.
Classical disciplines of engineering are also useful tool for
facilitating decisions in civil engineering. However, all of
these methods can be seen as means of providing input
information for a formal DM.

The formal DM methods, with application of which this
special issue is concerned to a large measure, were intensively
developed and applied to various engineering systems in
recent decades. They are known as methods of multiple crite-
ria decision making (MCDM). Articles included in this issue
show how to apply such MCDM methods as AHP, ANP, and

TOPSIS to making decisions related to construction indus-
try and partially to transportation. Obviously, methods of
MCDM were developed outside the field of civil engineering
and their applications are very diverse. Several useful reviews
of these methods are provided in the books [1, 2] as well as
journal articles [3-8]. However, one can also find MCDM
reviews devoted specifically to civil engineering as well as
the related areas of infrastructure and asset management [9-
11]. Systematically classified information on MCDM methods
and applications can be found in the newly published review
[12].

The problematics of DM cannot be resolved by means of
MCDM alone. Sometimes intuition and sound engineering
judgement will be as useful for making decisions as formal
mathematical methods. A necessary base for such judgement
is results of common engineering and sometimes managerial
analysis. Several articles of this special issue demonstrate how
to solve problems of DM in this not fully formal way.

In “Three-Dimensional Numerical Analysis of the Tunnel
for Polyaxial State of Stress” by W. Qiu et al., the authors
explore the mechanical behavior of rock masses around
excavation under different value of intermediate principal
stress. A new polyaxial strength criterion is used in numerical
simulation to investigate the influence of intermediate princi-
pal stress. A mathematical relationship is established between
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polyaxial failure criterion and Mohr-Coulomb failure cri-
terion and they are applied in the numerical simulation,
respectively. Results indicate that there are some differences
of intermediate principal stress influence on the mechanical
behavior of rock masses based on the both criteria.

In “Solving Civil Engineering Problems by Means of
Fuzzy and Stochastic MCDM Methods: Current State and
Future Research” by J. Antucheviciene et al., a review of DM
methods, developed for dealing with uncertainties by means
of fuzzy logic and probabilistic modelling and applied to
solving problems of civil engineering, is provided. Several
methodological difficulties emerging from uncertainty quan-
tification in MCDM are identified. Prospects of using MCDM
under uncertainty in developing areas of civil engineering are
discussed.

The paper “A Novel Model of Set Pair Analysis Coupled
with Extenics for Evaluation of Surrounding Rock Stability”
by M. Wang et al. studies the problem of evaluation of
surrounding rock stability as a complex and uncertain prob-
lem, involving numerous factors of fuzziness, uncertainty,
and variability. A novel DM model, based on the set pair
analysis (SPA) coupled with extenics, considering incompat-
ibility, certainty, and uncertainty of evaluation indicators, is
presented to analyze the surrounding rock stability.

Q. Hou and X. Zhou present the paper “Cross-Efficiency
Evaluation Method with Compete-Cooperate Matrix” and
investigate the question of cross-efliciency evaluation method
as an effective data envelopment analysis (DEA) method
with self-assessment and peer-assessment to evaluate and
rank decision making units (DMUs). In this paper, a sym-
metric (nonsymmetric) compete-cooperate matrix is intro-
duced and compete-cooperate cross-efficiency method is
proposed to evaluate DMUs with diverse (relative) relation-
ships. Numerical demonstration is provided to illustrate the
reasonability and practicability of the proposed method.

In “Naive Bayesian Classifier for Selecting Good/Bad
Projects during the Early Stage of International Construction
Bidding Decisions” by W. Jang et al., a method for increasing
firms’ profit rates and enhancing the efficiency of Korean
contractors bidding decisions during early stages of a project
cycle is suggested. Naive Bayesian classifier is used as a
screening tool that increases practical applicability using
binomial variables with limited information obtained during
early stages of construction projects.

In the paper “Service Station Evaluation Problem in
Catering Service of High-Speed Railway: A Fuzzy QFD
Approach Based on Evidence Theory,” X. Wu et al. offer the
MCDM approach for the service station evaluation problem
in catering service of high-speed railway (SSEP-CSHR). The
selection of potential service stations for CSHR is carried
out using two-phase fuzzy quality function deployment (F-
QFD) with regard to a series of practical criteria and basic
requirements in context of CSHR.

J. Cho et al. propose quality function deployment (QFD)
to select market products for building envelope solution
in “QFD Based Benchmarking Logic Using TOPSIS and
Suitability Index.” Technique for Order of Preference by Simi-
larity to Ideal Solution (TOPSIS) and Suitability Index (SI) are
used to provide performance improvement criteria and allow

Mathematical Problems in Engineering

analysis on suitability of the building envelope solution based
on user’s required performance criteria, respectively.

In “Planning Tunnel Construction Using Markov Chain
Monte Carlo (MCMC),” J. P. Vargas et al. propose a simu-
lation algorithm which can be regarded as a variant of the
MCMC method. It provides the user with a reliable assess-
ment of excavation times in case of utilizing the standard
method of drilling and blasting.

In “Performance Requirements on Remodeling Apart-
ment Housing and TOPSIS Evaluation” by J. Cho and J. Chun,
the authors look into the problem of performance evaluation
of remodeling apartment housing. They suggest applying the
TOPSIS to measure performance improvement degree on
remodeling design solutions before and after remodeling. The
method presents the objective composite performance score
with multiperformance properties and allows user to decide
the weight for performance.

The paper “Use of a Combination of MRSS-ANP for
Making an Innovative Landfill Siting Decision Model” by
M. K. Younes et al. explores the use of a median ranked
sample set (MRSS) and an analytic network process (ANP)
when ranking the associated environmental, social, land use,
and operational criteria and selecting a suitable landfill site.
The proposed integrated model minimizes the uncertainty
and the subjectivity of human judgments and may become
a valuable tool for the decision makers.

Q. Wang et al. showed and applied a mechanical model
of prestressed steel cantilever to study the optimal position of
the transverse external tendon in the paper entitled “Struc-
tural Optimization of Steel Cantilever Used in Concrete Box
Girder Bridge Widening,” The reasonability and feasibility of
the optimal design are verified by stress state analysis using
finite element method. The structural optimization helps the
designer to find the most suitable shape and layout of a steel
cantilever from structural and architectural points of view.

The authors of “BIM Application to Select Appropriate
Design Alternative with Consideration of LCA and LCCA”
Y. Shin and K. Cho consider how to analyze the information
needed to conduct life cycle assessment (LCA) and life cycle
cost analysis (LCCA) using a building information modeling.
Decision makers can use the results of the assessments at early
phases of projects to evaluate different alternatives taking into
account economic and environmental perspectives.

In “A Straight-Line Method for Analyzing Residual
Drawdowns at an Observation Well” a new straight-line
method to estimate the aquifer parameters by using the resid-
ual drawdowns at the observation is presented by M. Cimen.
In hydraulic engineering, determination of the transmissivity
and storage coefficients of a confined aquifer is important for
effective groundwater resources.

The paper “Predicted Thermal Sensation Index for the
Hot Environment in the Spinning Workshop” by R.-L. Yang
et al. proposes a new heat index, named predicted thermal
sensation (PTS) index, to effectively evaluate the general
thermal sensation of the textile worker exposed to the hot
environment in the spinning workshop. Compared to other
indices, the PTS index can more effectively predict the mean
thermal response of a large group of workers.
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The paper “Sustainability-Related Decision Making in
Industrial Buildings: An AHP Analysis” by J. Cuadrado et
al. proposes an application of AHP method to serve as a
sustainability related DM tool in industrial building projects
during the design stage. Accompanied by an economic
valuation of the actions to be undertaken, this tool means that
the most cost-effective solution may be selected from among
the various options.

I.-H. Han et al. consider the problem of DM related to
occupational safety on the construction site. In the paper
“Decision Making Method Based on Importance-Danger-
ousness Analysis for the Potential Risk Behavior of Construc-
tion Laborers,” they propose an analytical technique allowing
to quantitatively assess the risk to construction workers. This
technique can serve as a practical tool for making decisions
concerning the potentiality of workplace accidents.

In “Map Matching Based on Conditional Random Fields
and Route Preference Mining for Uncertain Trajectories” by
M. Xu et al., the problem of offline map matching accuracy
of uncertain GPS trajectories is investigated. A map match-
ing algorithm based on conditional random fields (CRF)
and route preference mining is proposed. The experimental
results show that the proposed algorithm is more accurate
than existing methods, especially in the case of a low sampling
rate.

The present special issue does not crystallize any special
problem or methodological stream of DM in civil engineer-
ing. It rather demonstrates how diverse problems of DM in
the field of construction and related fields can be. Articles
included in this issue are, to a great extent, a result of a
random choice. Out of 63 manuscripts submitted to the
special issue, only 17 were finally accepted for publication.
Unfortunately, 8 manuscripts were simply withdrawn and we,
guest editors, are very sad about this. Several of them were of
very high scientific quality.

Despite the certain randomness inherent in the final
selection of manuscripts for publication, we think that the
special issue could be interesting to all those who have to
make decisions in the vast field of civil engineering.
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Advancements in building materials and technology have led to the rapid development of various design solutions. At the same
time, life cycle assessment (LCA) and life cycle cost analysis (LCCA) of such solutions have become a great burden to engineers and
project managers. To help conduct LCA and LCCA conveniently, this study (i) analyzed the information needed to conduct LCA
and LCCA, (ii) evaluated a way to obtain such information in an easy and accurate manner using a building information modeling
tool, and (iii) developed an Excel spreadsheet-based framework that allowed for the simultaneous implementation of LCA and
LCCA. The framework developed for LCA and LCCA was applied to a real building case to evaluate three possible alternatives for
an external skin system. The framework could easily and accurately determine which skin system had good properties in terms of
the LCA and LCCA performance. Therefore, these results are expected to assist in decision making based on the perspectives of
economic and environmental performances in the early phases of a project, where various alternatives can be created and evaluated.

1. Introduction

During the planning, design, and construction of a building,
cost management has traditionally been recognized as one
of the most important decision-making factors for project
participants in the construction industry. Cost planning in
the planning and design phase of a project and monitoring
and controlling in the construction phase of a project are
very important management activities that can determine
the success of a construction project. Over the last 10 years,
consideration of the life cycle cost (LCC) to analyze the
economic feasibility has been one of the greatest changes
in the field of project cost management [1]. LCC analysis
(LCCA) is most effective when it is conducted in the initial
phases (i.e., planning and design phases) of a construction
project. For this reason, project managers or engineers have
analyzed the economic feasibility of various alternatives with
a focus on the diverse elements of building, construction
methods, and items [2].

In addition to considering the LCC concept, attention has
been given to greenhouse gas (GHG) emissions in all indus-
tries around the globe. In particular, buildings are believed

to have a considerable impact on the environment because
they account for more than 39% of the total primary energy
consumed and approximately 39% of the GHG emissions that
occur in the United States [3]. Consequently, many studies
have been conducted to both evaluate and reduce the GHG
emissions that occur in the building production cycle. In
particular, the methodology of life cycle assessment (LCA)
is widely used. LCA is used to evaluate the GHG emissions
throughout the entire process, including the material pro-
duction, transport, assembly, operation, and demolition of a
building. Just as with LCCA, LCA is effective when applied
to the planning and design phases of a construction project.
LCA evaluates GHG emissions based on a comparison of var-
ious alternatives as it focuses on the construction production
system, including the materials and construction methods
required in the early phase to complete the construction of
a building [4].

LCA and LCCA have three major points in common:
(i) their effects can be maximized if they are conducted in
the early phase of a project, (ii) they can be conducted for
a production system that includes all the elements of the
building and construction methods, and (iii) they provide
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an analysis process that facilitates the selection of the optimal
alternative by evaluating the economic and environmental
performances of the alternatives [2, 4, 5]. On the other
hand, it is difficult to apply the two techniques to buildings,
compared to other “products,” because of the following
unique characteristics of construction projects: (i) buildings
are large in size, with a wide variety of materials used in
construction projects; (ii) there are a larger number of people
involved in construction projects, and the demands of the
project owner change frequently; and (iii) because each
building is unique, the production system is less standardized
compared to those for most other manufactured goods [6, 7].

Based on this background, this study was conducted to
develop a method for improving the performance of LCA and
LCCA utilizing the three-dimensional parametric building
information modeling (BIM) approach.

This study was conducted using the following four steps.
In step 1, a literature review was conducted to analyze the LCA
and LCCA process and analysis methods, while simultane-
ously examining their limitations and problems. In step 2,
the information and data required for LCA and the LCCA
were analyzed based on the results from step 1. The analysis
led to (i) the information required to conduct both the LCA
and LCCA and (ii) additional information that was required
to utilize each technique. In step 3, the BIM was adopted as
an approach to provide information and data for the LCA
and LCCA implementations, which were analyzed in step 2.
In addition, a spreadsheet-based framework, which compiled
the information outflow from the BIM, was developed to
conduct the LCA and LCCA simultaneously. In step 4, a case
study, in which the developed framework was applied to a
real building project, focused on identifying the applicability
of the research output. The case study facilitated an in-depth
analysis of the usefulness of the framework that was suggested
in the present study.

2. Step 1: State of the Art

2.1. LCA. The LCA concept is generally accepted within the
environmental research field. When applied to buildings,
LCA encompasses the analysis and assessment of the envi-
ronmental effects of building materials, components, and
assemblies throughout the entire life of the building, includ-
ing its construction, use, and demolition [8]. Because of the
increase in the number of methods for LCA and examples
of its use, international organizations such as the Interna-
tional Standard Organization (ISO) have worked on the
standardization of LCA, which has resulted in the ISO 14040
series. In particular, ISO 14041 covers the “definition and
inventory analysis of LCA” and is recognized as the standard
for the LCA technique in many cases. According to ISO
14041, LCA could be applied in the following four steps. (i)
The LCA goal and scope are defined to secure the reliability
of the analysis results by clarifying the scope of the target
product. (ii) A life cycle input-output inventory analysis
is conducted to establish the life cycle inventory database
(LCI DB), which contains a large volume of process and
production data, including the raw material inputs, energy
use, main product to coproducts ratio, production rates, and
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equivalent environmental releases. The unit process datasets
form the basis of every LCI DB and the foundation of all LCA
applications. A unit process dataset is obtained by quantifying
the inputs and outputs in relation to a quantitative reference
flow from a specific process. These inputs and outputs are
generated from mathematical relationships based on the raw
data. Consequently, a “unit process” is defined as the “smallest
element considered in the life cycle inventory analysis” in ISO
14040. (iii) An environment impact assessment is performed
based on the results of the inventory analysis, and (iv) the
evaluated data is interpreted. LCA can be used in a variety of
ways to manage an environmental load, compare alternatives,
and establish environmental policy [9].

In the construction field, many studies have been con-
ducted to evaluate the environmental performance based on
LCA analysis. Hong et al. [3] suggested an integrated model
for assessing the cost and CO, emissions and calculated
the CO, emissions based on the strength of ready-mixed
concrete. In another study, Hong et al. [10] introduced a
green roof system with energy saving measures focusing on
elementary schools in Seoul, South Korea, to analyze the
cost and CO, emissions. Khan et al. [11] developed decision-
making methodology that integrated the LCA concept into
risk analysis theory for identifying optimal plant design in
the project early phase. Lee et al. [12] confirmed that the
difference in CO, emissions depended on the strength of the
concrete according to the period of use. Cole [8] confirmed
the difference in CO, emissions using different major struc-
tural systems of buildings.

2.2. LCCA. LCCA is used to evaluate the economic feasibility
based on the calculation of the equivalent values of all the
important costs that occur within the life span, with particu-
lar focus on buildings or the major components of buildings
[13]. An LCCA is conducted using the following four steps. (i)
The analysis target is identified, which is the first step toward
making a cost-effective decision by creating and evaluating
the alternatives that can meet the minimum performance
standards. (ii) The basic assumptions are established for
the LCCA, including the analysis period and discount rate.
In addition, the initial investment cost, operating cost,
alteration/replacement cost, and other associated costs are
confirmed, and the time of the occurrence of each cost is
verified. Because these cost items occur at different points
in time, it is important to convert each cost to the value at
a single point in time. (iii) The LCC is calculated for each
alternative by adding up the costs according to the type
for each alternative. (iv) The related indices are calculated
to evaluate the economic feasibility (the LCCA), including
the net savings, savings-to-investment ratio, and payback
period. In addition, a sensitivity analysis can be implemented
to complement the LCCA methodology, which will provide
reliability to the LCCA results.

Many previous studies have examined LCCA. Early stud-
ies on the LCC focused on minimizing the installation cost in
the initial phases of building construction and maintenance,
along with the replacement cost in the operation phase.
Recently, attention has been given to studies on the energy
cost in the operation phase, with the goal of evaluating
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the environmental performance of various materials and con-
struction methods. For example, Uygunoglu and Kegebas [14]
analyzed the energy saving performance in relation to the
form and thickness of a concrete block and examined the
payback period accordingly. Wong et al. [15] conducted an
LCCA when green roof systems were used, which aimed at
proving economic effects. Zhang and Wang [16] examined
the economic performance of thermal power plants using
LCCA. Chang et al. [17] used LCCA to analyze the water-
conservation and energy saving effects of green roof systems
and examined the cost-reduction effects of those systems.
Akadiri et al. [18] developed an assessment model based on
the use of diverse sustainable materials and suggested cost-
reduction effects that could be attributed to the use of sus-
tainable materials. Fu et al. [19] suggested a new algorithm for
calculating the carbon emission in order to optimize building
plans in terms of sustainability through comparing the five
LCA tools.

2.3. Integration of BIM into LCA and LCCA. While BIM def-
initions vary significantly according to the organization and
researcher, the common concept is that the BIM is a program
or process for extracting and reusing data by developing
a model, which is presented in a multidimensional virtual
space, using the data on the life cycle of a construction project
[20, 21]. Currently, BIM is used widely in the construction
industry because of the following advantages: (i) a graphic
user interface, which provides a work environment where
the operator can observe the work visually, (ii) convenient
modification and addition because object-based modeling
can be performed, which leads to excellent design changes
and alternative comparisons, and (iii) the production of
diverse information with high usability. In other words, one-
time modeling allows for the production of various design
documents and quick and accurate quantity estimation for
various alternatives [22].

Several previous studies on BIM have been conducted,
but very few studies have been conducted that describe the
integration of BIM into LCA and LCCA. Basbagill et al.
[23] developed a combined BIM-LCA method to figure out
which materials and superstructure designs could be effective
in terms of CO, emissions reduction according to BIM pre-
scriptions for replacing materials in different types of struc-
tures. Consequently, it is possible to provide a method to
help engineers select materials and superstructures appro-
priately during the early phases of a project. Han et al. [24]
suggested an optimization method for building components
that integrates genetic algorithms into the BIM approach,
along with the LCCA result for each component. In this
research, the BIM approach was utilized to calculate the
energy consumption as a function of the installation of each
component. Ristiméki et al. [25] developed a model for
combining LCA and LCCA, in which a single energy system
was adopted. This research demonstrated that the developed
model was limited to a small part of a building, because of
the difficulty in acquiring the data necessary to conduct the
two analysis methods simultaneously. Iddon and Firth [26]
analyzed CO, emissions of a small dwelling house during
the planning phase, where they utilized the BIM approach to

consider various alternatives to building components, includ-
ing structure and envelope systems. In the previous research
referenced above, BIM has been used mostly to conveniently
generate various design alternatives for conducting LCA or
LCCA analysis, but there have been few ideas or theories on
how BIM could not only be integrated to conduct LCA and
LCCA, but also how to conduct them simultaneously.

2.4. Problem Statements. Given the increased focus on the
economic and environmental performances of construction
projects, most of the elements comprising projects have
been considered in evaluations of their performances using
LCA and LCCA. Despite this, the previous studies that were
conducted had the following limitations. (i) The analyses were
limited to a small number of design alternatives, because a
large volume of data was needed to implement the LCA and
LCCA. (ii) Some recycling of previous data was needed for
each implementation of the LCA and LCCA because of the
unique characteristics of construction projects. (iii) There has
been little research focused on the application of the BIM
approach for conducting LCA and LCCA simultaneously,
for the purposes of reducing and recycling the information
required for the two methods.

Based on this background and the identified problems,
this paper proposes a method for efficiently performing LCA
and LCCA, while reducing and recycling the information
required for the two methods. This paper (i) identifies the
information needed to conduct the LCA and LCCA (in step
2), (ii) shows how the information required for the two
methods can be obtained conveniently using a BIM approach
(in step 3), and (iii) demonstrates how the LCA and LCCA
can be computed simultaneously, based on the developed
framework, which incorporates the information obtained
using the BIM approach (in step 3).

3. Step 2: Identifying Data Required for
Conducting LCA and LCCA

As the first stage for developing a method that facilitates the
LCA and LCCA implementation, in step 2, the information
required for conducting the two methods was identified,
along with each phase of the LCA and LCCA (i.e., construc-
tion, operation, and disposal) and the target activities of that
phase, as listed in Table 1.

3.1. Required Data for LCA and LCCA in Construction Phase.
According to the LCA methodology by the ISO, the target
activities of the LCA in the construction phase of a building
consist of the production, transport, and assembly of materi-
als. According to Hong et al. [3], an examination of previous
studies related to LCA showed that the environmental impact
factors generated in the construction phase can generally be
calculated using (1). As shown in this equation, the quantity
of environmental emissions in the construction phase for sys-
tem A (EQi‘m) is the sum of the environmental impacts from
the releases during production, transport, and assembly:

(1) Environmental emissions in the production process:
if system A consists of i materials, the environmental
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TABLE 1: Data required for conducting LCA and LCCA.
. Target activities for conducting Required information for LCA Required information for LCC
Life cycle phase
LCA and LCCA Q EF Additions Q UC Additions
Manufacturing factory e o (i) Unit cost, including labor and
Construction  Transporting ® @ (i) Fuel type ® ® cquipment costs. It can be found
Assembling site ® o (ii) Fuel consumptions using RS Means data
(i) Operation period (i) Operation period
Maintenance and repair ® @ (ii) Repair cycle ® @ (ii) Repair cycle
Operation (iii) Repair rate (iii) Repair rate
Replacement ® @ (i) Replacement cycle ® O (i) Replacement cycle
Operating ® (i) Energy consumption ® (i) Energy consumption
Disposal Disposal o o (i) Fuel type ® @ (i) Unit cost for disposal

(ii) Fuel consumptions

*Q = quantity of materials, EF = emission factor, and UC = unit cost.

impacts generated in the production process can
be calculated by multiplying the quantity of each
material (Q,JZVI) and the emission factor of the envi-
ronmental release when manufacturing that material
(EFQ/I ). In general, the emission factor of each material
can be referred from the LCI DB of the countries.

(2) Environmental emissions in the transport process:
if manufactured materials are transported to the
construction site by j number of vehicles, the environ-
mental impacts can be calculated by multiplying the
quantity of each vehicle (QX) by the emission factor
of the environmental release of that vehicle (EFZ).

(3) Environmental emissions in the assembly process on
site: if k number of the equipment is used to assemble
the materials at the construction site, the environ-
mental impacts can be calculated by multiplying the
quantity of equipment (Q) by the emission factor of
the environmental release of the individual pieces of
equipment (EFf).

(4) To determine the emission factors of the transport
vehicles and installation equipment, (i) the fuel type
(i.e., gasoline, diesel, etc.) for each vehicle and piece
of equipment for conducting the work should first be
identified, and then (ii) the emission factors, along
with the fuel type, can be found by referring to the
LCI DB [27].

(5) With consideration of the above environmental im-
pacts in each element, the amount of environmental
emissions in the construction phase can be calculated
using

i j
Con M M \'"4 \%4
EQF™ = Y (QMxEFY)+ > (Q) xEFy)

a=1 b=1

@

+

M=

(QF xEE),

I
—_

(o

where EQS® = the quantity of environmental emis-
sions in the construction phase for system A,

QM = the quantity of material a comprising system
A, EFQ/I = the emission factor of the environmental

release while manufacturing material a, Q; = the
number of vehicles used to transport material b,
EFZ =the emission factor of the vehicle used for mate-
rial b, QCE = the pieces of installation equipment, and
EF” = the emission factor of the equipment.

Generally, according to Dell'Isola and Kirk [13], the costs
of items in the construction phase to conduct the LCCA
can be calculated using (2). If system A would consist i of
materials, the installation costs of system A (Cg‘s) can be
determined by multiplying the quantity of each material in
the system by the installation cost of a unit area (i.e., unit
cost). The unit cost generally refers to reported data such as
from RS Means. Thus, such data includes the labor cost and
equipment cost per unit area:

1
C =Y (Qxuc,), )

a=1

where C}* = the installation cost of system A, Q' = the
quantity of material a comprising system A, and UC, = the
unit cost for installing material a (i.e., $/m?).

As described above and listed in Table 1, to conduct the
LCA and LCCA in the construction phase, it is necessary
to obtain the following information: (i) the quantity of each
material in the targeted system and the quantity of each
set of equipment for transportation and installation, (ii) the
emission factor of each material and piece of equipment, and
(iii) additional information such as the fuel type and fuel con-
sumption of equipment, as well as the unit installation cost.

3.2. Required Data for LCA and LCCA in Operation Phase.
The target activities of the LCA in the building operation
phase consist of maintenance and repair (M&R), replace-
ment, and operation. According to previous studies, the
quantity of environmental emissions generated during the
operation phase can be calculated as follows [28]:

(1) Environmental impacts for M&R and replacement:
these can be calculated in the same manner as

www.EngineeringBooksPDF.com



Mathematical Problems in Engineering

the environmental impacts during the construction
phase. Along with the expected occurrence times for
the replacement and M&R of the system, environ-
mental impacts can be calculated considering the
quantity and emission factors of the material, trans-
port vehicle, and installation equipment.

(2) Environmental impacts during operation: these are
calculated by multiplying (i) the annual quantity of
energy consumption (Qf) for each type (ie., heat-
ing, air-conditioning, appliance, etc.) needed for the
operation of buildings, (ii) the emission factors of
environmental release depending on the energy type
(EFaE), and (iii) the period in operation (1) (refer to
3)):

EQ = (Qf xEEY) xn, (3)

where EQ9 = the quantity of environmental emissions
during the operation phase for system A, QF = the
annual energy consumption of the system, EF” = the
emission factor of environmental release depending
on the energy type, and n = the period in operation.

The LCCA during the operation phase includes the M&R
and energy costs, which can be calculated using (4) and (5),
respectively:

(1) Maintenance, repair and replacement costs (CIXIR):
along with the expected occurrence times of the M&R
and the replacement of the system, the costs are
calculated by multiplying (i) the quantity of each item
(ng) in system A that requires maintenance, repair,
and replacement by (ii) the unit cost (UCZAR) for
such target activities. Moreover, because M&R and
replacement costs will be incurred in the future, the
equivalent present worth of the costs discounted at
the interest rate (DR) for the M&R and replacement
time (T};) should be considered (please refer to [13] for
the details):

1
1
CMR _ (QMRXUCMRX—>) (4)
4 dzl ¢ 4 7 (1+DR)™

where CIXIR = the present worth of total M&R and
replacement costs of system A, Q" = the quantity of
each item comprising the system that requires M&R
and replacement, UCY™® = the unit cost for M&R and
replacement, DR = the discount rate, and T; = the
M&R and replacement time of each item.

(2) The operation energy cost (C) is the product of the
quantity of annual energy consumption (QF) and the
unit cost of the energy source (UCF). Moreover,
because the cost is a future cost that occurs annually,
the discount rate (DR) for the operation period (n)
is considered to convert the cost to an equivalent

present value in total (please refer to [13] for the de-
tails):

(1+DR)" -1

CE: E UCE 7Y
A= (Qx )XDR(1+DR)”

(5)

where C% = the present worth of total energy cost
of system A during n years, Q° = the annual energy

consumption of the system, UCE = the unit cost of
the energy source, and #n = the period in operation.

As described above and listed in Table 1, to conduct the
LCA and LCCA during the operation phase, it is essential
to obtain (i) the quantity information, (ii) information on
the emission factor, and (iii) additional information such as
information on the M&R and replacement (i.e., operation
period, repair cycle, repair rate, replacement rate, etc.) and
information on the energy (i.e., energy consumption and
energy cost).

3.3. Required Data for LCA and LCCA in Disposal Phase.
During the disposal phase of the building, the LCA and
LCCA can be conducted based on (6) and (7), respectively
[28]. The quantity of environmental emissions during the dis-
posal (EQY) can be calculated considering the quantity of the
disposal equipment (Q-) and the emission factor according
to the energy type of the individual pieces of equipment
(EFEED) (refer to (6)). Therefore,

m

EQY =) (Q° xEE"). (6)

e=1

The disposal cost (CY) can be calculated by multiplying
the disposal quantity (Qf) by the unit cost (UCA?) for the
disposal work. Similar to the M&R cost, the disposal cost
needs to be converted to an equivalent present cost dis-
counted at a certain interest rate (DR) for the time of the
disposal (T;), because the cost will be incurred in the future
(refer to (7)). Therefore,

1

cR=QPxuclx ————.
A 47 1+ DR

7)

As described above and listed in Table 1, the following are
needed to conduct the LCA and LCCA during the disposal
phase: (i) the quantity information, (ii) information on the
emission factor, and (iii) additional information such as the
fuel type and consumption of the equipment and unit cost for
disposal.

3.4. Required Data for LCA and LCCA. As analyzed in this
step, a large amount of information is needed to conduct
the LCA and LCCA, which makes project managers hesitant
to apply these techniques. In addition, even if they are
used, it is difficult to apply them to a range of alternatives.
Therefore, this study developed a method to overcome the
problems associated with conducting LCA and LCCA based
on “easiness of data acquisition” and “data recycling.” This
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section identifies the data required for LCA and LCCA, along
with the project phase, and then classifies the data into two
categories: (i) the data commonly required and (ii) additional
data, as listed in Table 1.

4. Step 3: Framework for Conducting
LCA and LCCA

In step 3, a framework for the LCA and LCCA was developed
using the following process: (i) mapping between the required
LCA and LCCA data analyzed in step 2 and the acquirable
data from BIM and (ii) embodying the calculation methods
(Equations (1) to (7)) and all the data needed for LCA and
LCCA into an Excel spreadsheet-based framework.

4.1. Mapping Required Data for LCA and LCCA with BIM
Data. Despite some differences between the different types
of BIM software, the application of BIM generally facilitates
the acquisition of the following data: (i) visual model data
expressed in a three-dimensional space, (ii) information on
a quantity estimation, (iii) information on the necessary
energy consumption to operate a building through an energy
simulation, and (iv) information on construction interference
among work activities [29].

As listed in Tablel, it is important to obtain diverse
information to conduct the LCA and LCCA. Therefore,
mapping can be performed as follows between the data that
can be obtained from the BIM and the information that is
required to conduct the LCA and LCCA:

(i) Quantity information about the material resources for
each alternative: as listed in Table 1, the basic data
to conduct the LCA and LCCA are information on
the quantity of the input resource for each life cycle
of the building. Among such diverse quantity infor-
mation, information about the quantity of materials
used to form the relevant building is fundamental
to conducting the LCA and LCCA. This is because
information about the quantity of materials has the
greatest influence on making a decision based on the
results of the LCA and LCCA in the construction
and operation phases. Such information about the
quantity of materials can be readily obtained from
BIM. Furthermore, information about the quantities
of materials for various alternatives can be obtained in
a convenient and accurate way in the feasibility phase
of a project, in which the level of change in the design
plan can be significant.

(ii) Energy consumption: considering the recent trend of
using many energy saving techniques, energy con-
sumption is the most important factor among the
factors that affect the results of the LCA and LCCA
in the operation phase of a building. If the BIM is
used in the operation phase, it is possible to obtain
information on the energy consumption in a case
where various energy saving techniques are applied.
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In addition to a building information model of a par-
ticular building, information on the following build-
ing conditions is required for analyzing the building’s
energy consumption: its location, azimuthal angle,
climate condition, mechanical systems, and thermal
conductivity performance. Once these conditions
have been established, the BIM software can calculate
the energy consumption of the building, expressed by
parameters such as the monthly energy balance.

In the delivery process for an environmentally friendly
building, the following aspects have recently become impor-
tant great issues: (i) information about the quantity of mate-
rials and data on the energy consumption are the most fun-
damental for conducting the LCA and LCCA for various
design alternatives, depending on the application of energy
saving techniques; and (ii) the convenient acquisition of such
core data from the BIM can be a great benefit when the LCA
and LCCA are implemented in the delivery process for an
environmentally friendly building.

In the meantime, the remaining data listed in Table 1 (i.e.,
the LCI DB, machinery data, operation period, etc.) can be
obtained based on the existing methodologies for the LCA
and LCCA.

4.2. Framework for Conducting LCA and LCCA Using BIM.
Because the data obtained from BIM are readily compatible
with an Excel spreadsheet, the framework was established
using the spreadsheet program, in which the LCA and LCCA
implementation methods are automatically connected to
each other. As shown in Figures 1 through 4, the framework
consists of four sheets in total, including three sheets for
conducting the LCA and LCCA in the construction phase,
operation phase, and disposal phase and one sheet for
summarizing the results from these three sheets. Meanwhile,
the data on each sheet can be entered manually after it has
been extracted automatically using BIM.

4.2.1. Worksheet for Construction Phase. As shown in
Figure 1, cell lines 1 to 6 on the sheet represent the quantity
information that is commonly required to conduct the LCA
and LCCA for the system, which was extracted automatically
using the BIM. In other words, cell lines 1 and 2 show the
material information for each system, whereas cell lines 3 to 6
present the quantity information for each material, including
the weight (i.e., cell line 3) and the equivalent volume (i.e.,
cell line 4), area (i.e,, cell line 5), and length values (i.e., cell
line 6) corresponding to this weight.

Cell lines 7 to 25 are used for inputting the information
that is needed to conduct the LCA for the equipment that is
used in manufacturing (cell lines 10 to 17), transport, and
construction (cell lines 22 to 25). In addition, (i) the fuel type
of the input equipment and vehicles for material manufac-
ture, transport, and construction (i.e., electricity, diesel, and
gasoline) and (ii) the capacity of the equipment and vehicles
(i.e., kg/EA, m3/EA, m?/EA, and m/EA) make it possible
to calculate the required amount of fuel for the equipment
and vehicles for the manufacture, transport, and construction
(i.e., cell lines 18 and 26). Subsequently, the emission factors
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A B [ C] D E[F[G[H[I[J[K[LIM[NJO[P[Q[R][S[T[U[V[W X Y
1 -, System A ~ System N
Bl Quantities Material 1 Material 2 Material i
[3 | BIM [Weight (kg) Q" ~ Q"
14 | data Equivalent volume (m®) EV - lew ~ EV - wa
15 | Equivalent area (m?) EA - Q) ~ EA-QM
6 Equivalent length (m) EL - in ‘.- ~ EL - Q,M
17 | Fuel types of equipment Fuel types of equipment
18 | Manufacturing equipment Electricity| Gasoline| Diesel [Electricity|Gasoline | Diesel | ~ |Electricity|Gasoline| Diesel
19 | cleluc| clrlrd c] Flrc el Flrc c] Flrc c] Flrc] |c Trlrid c]Flrid c]F Jrid
[10] (kg) B ~ [PG10 = FI0/EI( - ~
[11] R -
}—i Equipment (m*) -
4] capacity —
1| per hour |(m?) —
6| : T e = -
1_7 (m) E 1] _ N . B .
17] EF ) E18 = E3 + SUM(G10:G11) + E4 + SUM(G12:G13) + E5 SUM(G14:G15) + E6 + SUM(G16:G17) -
| 18| User | Fuel's sum for equipment o, | Q[ 9. | E, [ N
| 19| input Transportation Fuel types of vehicles Fuel types of vehicles
| 20| data and Electricity| Gasoline| Diesel |Electricity] Gasoline | Diesel | ~ [Electricity|Gasoline| Diesel
21 construction vehicles c|rlrcclFlrd clrlrd c| rlrd c| Flrd c] Flrd  [c[Flridc]rlrid clFlr
7] v N | — | R . T -1
£ e g e o a3 N
S capacity : -
2| perbour | (m?) — ok s ot s -
% F ! 2
é Ei /_al_l__l—_;_—l_(_l__ '_):__It_r_(T_'_l_sll—l. . - i
| 26] Fuel’s sum for vehicles o |, |l Q. o, | o ~| . &, Qa
27| For material Material 1 Material 2 ~ Material i
28] Emission factors EF EF) ~ EFM
29| (LCIDB) For equipment Electricity| Gasoline Diesel [Electricity| Gasoline | Diesel | ~ [Electricity|Gasoline| Diesel
30 quip EF, EF, EF, EF, EF, | BF, |~| EF, | EF, | EF,
31 Unit cost ($/m?) UCy ~ UCy
33| LCA | CO, emission quantity for materials (kg) | E33 = E3 « E287°"! ~ EQ;‘;"I /—) Total EQCS“i
34| result | CO, emission quantity for machinery (kg) EQY2 | EQS™ EQYY ~ EQZOI)‘CZ / ﬁT&a& Eéc__mzz
LCC N 7 I Ny e
35| josale|  Initial costs ($) ( _________________________________________ - s / /ﬁ Total ™
N> E35=E5E31, oy \ﬁ
_________ N
. LY3
C’ = capacity per one cycle 1 Y35 = SUM(E35:X35) |

(S}

F* = fuel value for the capacity
F/C? = resource per unit capacity

FIGURE 1: Worksheet for LCA and LCC analysis in construction phase.

according to the type of material and equipment from the LCI
DB (cell lines 27 to 30) are used to calculate the CO, emission
quantity for materials and machinery (cell lines 33 and 34).
To calculate the construction costs comprising the LCC, it is
necessary to input the unit cost (cell line 31) of each system,
which can be provided by RS Means, and so forth.

4.2.2. Worksheets for Operation and Disposal Phases. As
shown in Figure 2 and (3) to (5), the material quantities and
energy requirements per year, which can be extracted by the
BIM program, are used to conduct the LCA and LCCA in
the operation phase. Based on this information and program,
if a user enters (i) the electricity price (ie., cell (D7) in
Figure 2), (ii) unit cost (i.e., adopted from the sheet “con-
struction phases,” cell (E31) in Figure 1), and (iii) operation
information per system (i.e., cells (D9) to (D15) in Figure 2),
they can automatically obtain the LCA and LCCA results in
the operation phase.

The LCA and LCCA in the disposal phase are performed
in a manner similar to that in the construction phase. They are

also conducted based on the input values for the equipment
used to demolish buildings (refer to Figure 3).

4.2.3. Worksheet for Summary. This sheet includes the results
corresponding to “Total ~” on sheets 1 to 3 above (i.e., line 33,
line 34, and line 35 of column Y on sheet 1; line 19, line 20,
and line 21 of column L on sheet 2; and line 16 and line 17 of
column Y on sheet 3) (refer to Figure 4).

5. Step 4: Case Application

A case application was conducted to verify the usability of the
developed framework and the methodologies for conducting
the LCA and LCCA. The following presents an overview of
the building project selected for the application:

(i) Location: 868-4 Hak-dong, Dong-gu, Gwangju, Re-
public of Korea.

(ii) Structural system: steel-reinforced concrete structure.
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A B | C D | E | F G H [ 1 [J K L
1 . System A ~ System N
1 tit
2 Quantities Material 1 Material 2 ~ Material i
ER BIM Equivalent area (m?) EA-QM “e ~ EA-QM
14 | data Source - Electricity M M M
Energy . ot-water| , . |Ventilation . N N N
5_ simulation Energy type Heating supply Air-conditioning fan Appliance /»\\ KN /)«\\
6 Energy requirement N v e
(MWh/yr) ERy | ERgw | ERuc ERy | ER, AN A
7 Electricity price ($/MWh) uck ~ X ~
18 | Unit cost' ($/m®) UC, - UCn
9 Replacement term (yr) e ~
W Maintenance term (yr) 00a -
T User Maintenance rate (%) L. ~
—: Operate
input i .. ~
1_2 dft a information Swdyperido) | 000000 0000000000000 4=l e
ﬁ Number of replacement times oe ~ i D16 D3 D8w
14 Number of maintenance times .. - ]
E Discount rate (%) oo ~ 7 I_)_IZ ___(P}_*_I?@_*_ Dl 1'
16 Replacement cost ($) ! uch®! —~ UC%Rl
17 Maintenance cost ($) ! uch® b~ UCh®?
LCA | CO, emission quantity B EQE E E E S N Bt S S Se———
E > L1 M Dl H1
19 result | during operation phase (kg/yr) EQy Qinw Qic EQy EQy , ’ L19 = SU = £ < -9— H19)—| Total EQZ
20| LCC | Energy costs ($) cE iare < ,_L20=D20 |ﬁ_ Total CE
21| result [ R&M costs ($) CYR ~| 121 ESDM@ﬂ:@ij‘ Total CM}

Unit cost' = adopter from the sheet for “construction phase”

FIGURE 2: Worksheet for LCA and LCC analysis during operation phase.

A B [c] D E[F[G[H[I]J[K]L[M|N]O]P]Q[R]S]T]U]V[W X Y
L] Quantities System A = System N
2 ]Bv [ Material 1 Material 2 - Material i
| 3 | data |Weight (kg) QM ~ QM
4 Equivalent volume (m®) EV - Q{V’ o ~ EV - QIM
5] Disposal cost ($/kg) uch ~ ey
16| Operate Study period (yr) ~
7 information | Discount rate (%) ~
18| Fuel types of equipment Fuel types of equipment
9 | User | Disposal equipment Electricity | Gasoline | Diesel | Electricity| Gasoline | Diesel | ~ [Electricity|Gasoline| Diesel
10| mPut el lmelcLelucl cl elec] c] rlrc| c] rlrc| c] rlrc| [cTrld ] Fld c] Flen
] date T S = GI1=FIELTT
- pethouy | (M) i I I ;E‘l—’):;_EA hafey s 1M N N N I N N I I
12 Fuel’s sum for equipment A e o i i ~ o o o
113] Emission For Electricity | Gasoline Diesel | Electricity| Gasoline Diesel | ~ |Electricity|Gasoline| Diesel
14 factors (LCI DB)| equipment [ EF, EF, | Ef, EF, EF, EF, ~| EF, | EF, | ER,
LCA | CO, emission quantity - Fp 1 ED ED ED ED ED ED === ol
161 esult] for machinery (kg) JBQre | BQ, | EQig EQ;, EQ, EQa |~ EQ/ [~ Total EQ™
LCC| . T 5 ] F——
17| o | Disposal costs 5) ( I b e
S Ele T Eiz s Bid ——1E17 = (B3 + 5)/(1+ E7)0 k6, e

C' = capacity per one cycle
F? = fuel value for the capacity
F/C? = resource per unit capacity

FIGURE 3: Worksheet for LCA and LCC analysis in disposal phase.
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A B C
Assessment
1| Phase LCCO, Lee
2 Total EQ"! > [B2 = “construction phase”¥331 | 0 foo-o---———o--ooooo-o
—1 Construction 2 Qconz '::::;—::::::.::,E:::”:::j Total C'™ —| C2 = “construction phase”!Y35)
3 Total EQ —B3 = “construction phase 1Y34!
4
— Operation
5
6 | Disposal
7 | SUM
FIGURE 4: Summary worksheet for LCA and LCC analysis.
o

Original model and alternative model 2

(a)

Alternative model 1

(®)

FIGURE 5: Results of BIM for each alternative.

(iii) Type: office building.

(iv) Stories and floor area: 11 stories (one story below
ground and 10 stories above ground), a building area
of 881.68 m?, and a gross floor area of 7,105.94 m?.

Because it is important to obtain a large volume of data
to conduct the LCA and LCCA for the entire building, the
application of the developed framework was designed to
focus only on the external skin of a building. In addition,
the LCA and LCCA were conducted with particular focus on
the construction and operation phases. Because the external
skin of a building plays an important role in achieving energy
efficiency, it has a remarkable effect on the results of the LCA
and LCCA. Consequently, among the various alternatives
for the skin of a building, it is possible to select the most
valuable skin system based on the LCA and LCCA results, if
the developed framework is used. In this study, the authors
considered three alternatives for the external skin system,
including the original external skin system. The following
descriptions give an overview of each alternative:

(i) Original skin system: 22 mm double-glazed curtain
wall (5 mm glass + 12 mm air layer + 5 mm glass) with
a thermal transmittance of 2.79 W/m’ K.

(ii) Alternative 1: cement brick wall with double-glazed
windows (5 mm glass + 6-mm air layer + 5 mm glass)
with a thermal transmittance of 3.25 W/m® K.

(iii) Alternative 2: 24 mm low-E glass curtain wall (6 mm
glass + 12 mm argon layer + 6 mm low-E glass) with a
thermal transmittance of 1.80 W/m® K.

5.1. Modeling and Data Acquisition. The modeling of the
building was performed using the “ArchiCAD version 15”
software in the following order: (i) creation of site, (ii) cre-
ation of structural columns, (iii) creation of bearing wall, and
(iv) creation of the slab. After one story was completed, copy
and paste commands, along with the grid system function,
were used to complete the modeling of the floors (up to the
10th floor). Next, the modeling of the external skin system for
each alternative was performed before entering the attribute
information. The time required was approximately 12 h.
Figure 5 presents the completed 3D building information
model. As mentioned, the modeling of the internal space
was excluded from this case study because the purpose of
the case application was to conduct the LCA and LCCA for
each alternative external skin system. According to several
previous studies, the skin system of a building critically affects
its thermal conductivity performance. Consequently, the skin
system could be regarded as one of the most important
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TABLE 2: Quantity and energy data obtained by BIM.
Type of data from BIM Properties of each alternative
Original skin Alt. 1 Alt. 2
. Volume (m®) 20.96 18.53 20.96
Aluminum frame ]
Weight (kg) 56,815 50,213 56,815
Glass Volume (m?) 10.64 19.38 12.77
Weight (kg) 25,321 46,123 30,385
3
Cement brick VOh.lme (m’) B 68.16 -
Weight (kg) — 20,264 —
3
Quantity data Mortar VOh_lme (m’) B 641 o
Weight (kg) — 16,020 —
3
Polystyrene Voll.lme (m”) 14.2
Weight (kg) — 426 —
3
Concrete Volume (m”) — 31.24 —
Weight (kg) — 74,976 —
3
Argon Volume (m”) — — 12.77
Weight (kg) — — 17.62
Heating 311 323 308
Hot-water supply 291 291 291
Energy amount (MWh/yr) A1r—cc3.nd}t10n1ng 2,653 2,737 2,487
Ventilation fan 130 130 130
Appliance 1,770 1,770 1,770
Total consumption 5,155 5,251 4,986

factors affecting the energy consumption of a building. There-
fore, this research was structured to conduct energy sim-
ulations based on numerous alternatives for building skin
systems, while the other simulation conditions were fixed.
As described in step 3, the additional information necessary
for calculating the energy consumption during the operation
phase was set as follows: (i) location (35°9" in latitude and
125°54" in longitude), (ii) bearing angle (340°), (iii) type of
use (office building), (iv) climate data: KOR Kwangju_471560_
IWEC [30], and (v) type of air-conditioning and heating
system (central system).

Once the modeling was complete, (i) the element func-
tion of ArchiCAD was used to retrieve the quantity informa-
tion for each alternative external skin, and (ii) EcoDesigner,
which is an add-on function of ArchiCAD, was used to
calculate the energy consumption for each alternative, all of
which are listed in Table 2. According to the calculations,
alternative 2, in which low-E glass was used, showed the
lowest total energy consumption (4,986 MWh/yr).

5.2. Input Data for LCA and LCCA. To conduct the LCA and
the LCCA for the three target alternatives, it was important to
provide the information needed by the three worksheets (i.e.,
Figures 1, 2, and 3). For example, Figure 6 shows the input
data and results for the worksheet in the construction phase
when the original skin system (i.e., normal curtain wall) was
used.

As shown in the figure, the information obtained from
the BIM provided quantity information on aluminum and
glass (i.e., cell (E3) to cell (E6) and cell (N3) to cell (N6) in
Figure 6), which are the main materials comprising the orig-
inal skin system. Second, because (i) three sets of equipment

(i.e., aluminum cutter, notching clipper, and painter) were
used for manufacturing the aluminum, (ii) they were oper-
ated by electricity, and (iii) they manufactured raw aluminum
in “length” units; the equipment capacity and fuel require-
ment were entered into cells (E14) to (E16) and cells (F14)
to (F16), respectively. Similarly, the capacity and fuel require-
ment of the equipment for glass manufacturing were entered,
as shown in Figure 6 (i.e., cells (N10) to (N13) and cells (O10)
to (O13)). In addition, the capacity and fuel requirement of
the vehicles used for construction (i.e., a forklift, tower crane,
and loader) were entered into lines 21 to 23, according to their
fuel types. Finally, the unit cost of $179.737/m? for the curtain
wall installation work was entered based on the “Korean Price
Information for Construction Work,” which is similar to the
cost data provided by RS Means in the USA [31].

To calculate the LCA and LCCA during the operation
phase, (i) the analysis period used when simultaneously con-
ducting the LCA and LCCA was determined to be 40 years,
which was the life span of the reinforced concrete building
as stipulated by legislation, and (ii) the discount rate for the
LCCA was calculated based on the inflation rate and deposit
interest rates over the past 10 years, which were provided by
the Bank of Korea.

6. Results and Discussion

6.1. LCA and LCCA Results. Table 3 lists and Figure 7 shows
the LCA results. As listed in Table 3, when a building is
operated for 40 years, among the three alternatives, alter-
native 2 has the lowest CO, emission (low-E curtain wall
system: 26,389,800kg). The CO, emission of alternative 2
(i.e., 944,786 kg) is the highest among the three alternatives in
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TaBLE 3: LCA and LCCA results for each alternative.

1

Building skin system Original skin Alt. 1 Alt. 2
Aluminum frame 839,987 750,011 839,987
Glass 100,432 39,121 104,346
Cement brick — 21,391 —
CO, emission in Manufacturing Mortar 16,873
construction phase
p Polystyrene 826
Concrete — 13,231 —
%kc I; results Argon — — 453
& Construction 940,419 841,453 944,786
CO, emission in . One year (kg/yr) 668,310 675,572 659,745
. Energy consumption
operation phase 40 years (kg) 26,732,400 27,022,880 26,389,800
CO, emission in Disposal (kg) 2 104 2
disposal phase
Total amount of CO, emission 27,672,400 (kg) 27,864,438 (kg) 26,389,800 (kg)
Construction phase Initial investment costs 191,220 196,924 223,988
. Replacement and maintenance costs 136,765 132,938 160,201
LCCA results  Operation phase
(US $) Energy costs 8,204,352 8,359,094 7,935,464
Disposal phase Disposal costs 9,565 14,507 10,154
Total amount costs $8,541,902 $8,703,462 $8,329,808
A B [ C ] D E[F[G[H[I[J[K[LI[M[N[O[P[Q[R[S[T[U[V W
11 Quantities Normal curtail wall installation
| 2 | Aluminum Glass
3] Weight (kg) 56,814.68 25,320.98
4| BM pquivalent volume (m?) 20.96 10.64
5 Equivalent area (m?) (N/A) 1063.89
6| Equivalent length (m) 2795.31 (N/A)
| 7] Fuel types of equipment
| 8] Manufacturing equipment Electricity | Gasoline Diesel Electricity Gasoline Diesel
[ 9] C|F |[Fc C| F|FIC[ C| F|FC|C]| FJ|FC| C]| F]J|FC| Cc]| F[FC
| 10] K Glass reinforcer 5000[ 90 |o0.018
11 (kg) Glass multilayer 5000 94.5(0.0189
E 5 Glass cutter 3 [18] 6
| 13] Equipment | (m") Spattering equipment 0.4] 60| 150
| 14] capacity Aluminum cutter | 2.5(16.5] 6.6
[ 15] per hour (m) Nothing clipper  [1.25[ 8 | 6.4
| 16] Painter 0.4 ] 0.3/0.75
| 17] User [ Fuel’s sum for equipment 38,435.513 0 0 166,901.148 0 0
[ 18] input . . Fuel types of vehicles
[ 19] data Trar'lsportatlon and construction Electricity Gasoline Diesel Electricity Gasoline Diesel
| 20] vehicles c | F[rclcFFrclc|F[rc|lc]|FIJ|Frc|c]|FTIrc|c]FIFrcC
| 21| Vehicle | (kg) Fork-lift 2000 4 [0.002 2000 4 [0.002
22 capacity Tower crane 12000| 94.5 (0.0079 12000| 94.5 [0.0079)
[ 23] per hour[ =) Loader 2.45[14.9 [6.082 2.45[14.9 [6.082
| 24 Fuel’s sum for vehicles 447.416 0 241.1 199.403 0 115.351
| 25] For material Aluminum Glass
% Emission factors Electricity [ é:;(l)%ilne [ Diesel Electricity | %Z:(g)l?r?e | Diesel
(28] (LCIDB) For equipment 0.487218 | 0.06225 | 0.05644 0.487218 | 0.06225 | 0.05644
9 Unit cost ($/m”) 179.737
| 31| LCA [ CO, emission quantity for materials (kg) 821,028.941 [ 19,011.751 840,041
32| result [ CO, emission quantity for machinery (kg)|  18,944.462] 0 [ 13.608 | 81,414.414] 0 [ 6.51 100,379
33| LCG | nitial costs () 191,220.397 191,220

C' = capacity per one cycle
F? = fuel value for the capacity
F/C? = resource per unit capacity

FIGURE 6: Example of application of worksheet for construction phase.
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FIGURE 7: Results for accumulating LCA amount over years.

the construction phase but the lowest (659,745 kg/yr) in the
operation phase. Therefore, alternative 2 was found to have
the lowest total amount of CO, emissions. Figure 7 shows the
cumulative CO, emissions over the operation time.

This alternative (low-E curtain wall system) can be con-
sidered to be the most environmentally friendly alternative
after 8 years.

In addition, Table 3 lists and Figure 8 shows the LCCA
results. As listed in Table 3, when the building is operated
for 40 years, among the three alternatives, alternative 2 is
the most economical (low-E curtain wall system: $8,329,808).
The initial investment cost of alternative 2 is the highest
($223,988) among the three alternatives, whereas the energy
cost of alternative 2 is the lowest ($7,935,464). Therefore,
alternative 2 was found to be the most economical in terms of
the total amount cost. As shown in Figure 8, which depicts the
cumulative LCC over the operation time, alternative 2 can be
considered to be the most advantageous alternative in terms
of the cost at the time point of 3.4 years because the energy
cost is the lowest.

6.2. Advantages and Disadvantages of Applying BIM Technique
to Conduct LCA and LCCA. Given the recent trends in the
construction industry, which place emphasis on the eco-
nomic and environmental performance, LCCA and LCA

have been widely used. However, their implementation has
been a great burden to engineers and project managers. The
application of the results of this study will be useful in resolv-
ing such problems. In the case application results, it took
approximately 12 hours to perform the BIM for the three
alternatives for the external skin system, and the model
provided information on the material quantities required and
energy consumed, which are key items of information for
conducting LCA and LCCA. The methodology suggested in
this paper can be used to obtain LCA and LCCA results in an
efficient manner.

The BIM made it possible to obtain the results of the
quantity calculation immediately, and it is compatible with
other software because commercial BIM programs can pro-
vide their results as Excel spreadsheet. Because various
design documents are used to conduct the existing two-
dimension-based quantity calculations, a large amount of
time is required, and errors occasionally result. On the other
hand, because the BIM can provide relevant information
immediately, it is possible to save time in the early phase of
the construction project and obtain more accurate quantity
information. In addition, it is important to analyze the energy
consumption that is required in the operation phase, wherein
the LCA and the LCCA are conducted, which requires con-
siderable time and effort. The energy evaluation function of
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FIGURE 8: Results for accumulating LCC amount over years.

the BIM facilitates calculations of the energy consumption
considering the environmental effects.

It is necessary to calculate the fuel consumption for a
diverse range of machineries when the LCA is conducted. On
the other hand, it is still a burden for engineers to analyze such
requirements, because no information on the machinery can
be gathered from the BIM results. The information related
to machinery can be supported by COBIE spreadsheets [32].
In addition, for a quantity surveying task, it is common to
use a margin to make the results of the task more adjustable,
whereas there is no margin for the quantity calculation results
provided by BIM. Therefore, it is important to add such a
function to the BIM tool to make it possible to conduct the
LCA and LCCA in a more accurate way. Finally, it is necessary
to have macro or library functions as add-ons that allow for
LCA and LCCA for the BIM in the future. In other words, if
the macro or library functions, which can create the required
data automatically, were added to the developed framework,
it would be possible to conveniently gather the diverse data
necessary for implementing the framework.

7. Conclusions

This study evaluated the usability of BIM to conduct LCA
and LCCA in the early phase of a construction project. To
accomplish this, (i) the methodology and information needed
to conduct the LCA and LCCA were analyzed, (ii) mapping
between the required information and the information that

could be obtained using the BIM was conducted, and (iii) an
Excel worksheet-based framework was developed. To identify
the usability of the BIM to conduct the LCA and LCCA, a
case application was conducted that analyzed three external
skin systems for an actual building. Based on the possible
diverse alternatives that were considered as a result of the
characteristics of the early project phase, the BIM and devel-
oped framework could suggest alternatives with better per-
formance in terms of the economic and environmental
aspects. Therefore, if the framework developed in this study
is applied, it is expected to be suitable for making important
decisions in the early phases of a project.

BIM was applied to the framework developed in this
study to obtain the quantity information and energy con-
sumption of a project. Consequently, it was insufficient to
verify the accuracy of the acquired information. Because the
accuracy depended on the performance of the BIM software,
this study did not conduct such verification. Rather, a test of
the usability of the BIM and framework was performed. In
the future, it will be necessary to develop a BIM library to help
engineers and project managers gather the required informa-
tion, including the LCI DB, to conduct the LCA and LCCA.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

www.EngineeringBooksPDF.com



14

Acknowledgment

This study was supported by the Basic Science Research
Program funded by the Ministry of Education,
Science, and Technology (nos. 2014044260 and NRF-
2014R1A1A1004766).

References

[1] E. P. Karan and J. Irizarry, “Extending BIM interoperability
to preconstruction operations using geospatial analyses and
semantic web services,” Automation in Construction, vol. 53, pp.
1-12, 2015.

[2] W.Li,J. Zhu, and Z. Zhu, “The energy-saving benefit evaluation
methods of the grid construction project based on life cycle cost
theory;” Energy Procedia, vol. 17, pp. 227-232, 2012.

[3] T. Hong, C. Ji, and H. Park, “Integrated model for assessing
the cost and CO, emission (IMACC) for sustainable structural
design in ready-mix concrete,” Journal of Environmental Man-
agement, vol. 103, pp. 1-8, 2012.

[4] G.Zheng,Y.]Jing, H. Huang, X. Zhang, and Y. Gao, “Application
of life cycle assessment (LCA) and extenics theory for building
energy conservation assessment,” Energy, vol. 34, no. 11, pp.
1870-1879, 2009.

[5] Y. Huang, R. Bird, and O. Heidrich, “Development of a life cycle
assessment tool for construction and maintenance of asphalt
pavements,” Journal of Cleaner Production, vol. 17, no. 2, pp. 283-
296, 2009.

[6] C.Scheuer, G. A. Keoleian, and P. Reppe, “Life cycle energy and
environmental performance of a new university building: mod-
eling challenges and design implications,” Energy and Buildings,
vol. 35, no. 10, pp- 1049-1064, 2003.

[7] L Z. Bribidn, A. A. Usén, and S. Scarpellini, “Life cycle assess-
ment in buildings: state-of-the-art and simplified LCA method-
ology as a complement for building certification,” Building and
Environment, vol. 44, no. 12, pp- 2510-2520, 2009.

[8] R.J. Cole, “Energy and greenhouse gas emissions associated
with the construction of alternative structural systems,” Building
and Environment, vol. 34, no. 3, pp. 335-348, 1998.

ISO, ISO 14040, Life Cycle Assessment (LCA)—DPrinciples and
Guidelines, Part 1.3, 97, International Organization for Standard-
ization, 2008.

[10] T.Hong, J. Kim, and C. Koo, “LCC and LCCO, analysis of green
roofs in elementary schools with energy saving measures;
Energy and Buildings, vol. 45, pp. 229-239, 2012.

[11] EI.Khan,R.Sadiq, and T. Husain, “GreenPro-I: a risk-based life
cycle assessment and decision-making methodology for process
plant design,” Environmental Modelling and Software, vol. 17, no.
8, pp. 669-692, 2002.

[12] S.Lee, W. Park, and H. Lee, “Life cycle CO, assessment method
for concrete using CO, balance and suggestion to decrease
LCCO, of concrete in South-Korean apartment,” Energy and
Buildings, vol. 58, pp. 93-102, 2013.

[13] A.J. Dell'Tsola and S. J. Kirk, Life Cycle Costing for Facilities,
Construction Publishers & Consultants, Kingston, Mass, USA,
2003.

T. Uygunoglu and A. Kegebas, “LCC analysis for energy-saving
in residential buildings with different types of construction
masonry blocks,” Energy and Buildings, vol. 43, no. 9, pp. 2077-
2085, 2011.

=

(14

Mathematical Problems in Engineering

[15] N. H. Wong, S. E Tay, R. Wong, C. L. Ong, and A. Sia, “Life
cycle cost analysis of rooftop gardens in Singapore,” Building
and Environment, vol. 38, no. 3, pp. 499-509, 2003.

[16] G. Zhang and W. Wang, “The research of comprehensive
evaluation model for thermal power equipment based on life
cycle cost,” Systems Engineering Procedia, vol. 4, pp. 68-78, 2012.

[17] N.-B. Chang, B.J. Rivera, and M. P. Wanielista, “Optimal design
for water conservation and energy savings using green roofs in
a green building under mixed uncertainties,” Journal of Cleaner
Production, vol. 19, no. 11, pp. 1180-1188, 2011.

[18] P. O. Akadiri, P. O. Olomolaiye, and E. A. Chinyio, “Multi-
criteria evaluation model for the selection of sustainable mate-
rials for building projects,” Automation in Construction, vol. 30,
pp. 113-125, 2013.

[19] E Fu, H. Luo, H. Zhong, and A. Hill, “Development of a car-
bon emission calculations system for optimizing building plan
based on the LCA framework,” Mathematical Problems in Engi-
neering, vol. 2014, Article ID 653849, 13 pages, 2014.

[20] National Institute of Building Sciences, Building SMART Alli-
ance Strategic Goals, National Institute of Building Sciences,
2007, http://www.nibs.org/?page=bsa.

[21] GSA, GSA BIM Guide Overview, US General Services Admin-
istration, Washington, DC, USA, 2007.

[22] B. Succar, “Building information modelling framework: a
research and delivery foundation for industry stakeholders,”
Automation in Construction, vol. 18, no. 3, pp. 357-375, 2009.

[23] J. Basbagill, F. Flager, M. Lepech, and M. Fischer, “Application of
life-cycle assessment to early stage building design for reduced
embodied environmental impacts,” Building and Environment,
vol. 60, pp. 81-92, 2013.

[24] G. Han, J. Srebric, and E. Enache-Pommer, “Variability of opti-
mal solutions for building components based on comprehensive
life cycle cost analysis,” Energy and Buildings, vol. 79, pp. 223-
231, 2014.

[25] M. Ristiméki, A. Sdynéjoki, J. Heinonen, and S. Junnila, “Com-
bining life cycle costing and life cycle assessment for an analysis
of a new residential district energy system design,” Energy, vol.
63, pp. 168-179, 2013.

[26] C.R.Iddon and S. K. Firth, “Embodied and operational energy
for new-build housing: a case study of construction methods in
the UK, Energy and Buildings, vol. 67, pp. 479-488, 2013.

[27] Korea Life Cycle Inventory (LCI) Database, “LCI Database,”
2015, http://www.edp.or.kr/lci/lci.asp.

S. Tae, S. Shin, J. Woo, and S. Roh, “The development of apart-
ment house life cycle CO, simple assessment system using
standard apartment houses of South Korea,” Renewable and
Sustainable Energy Reviews, vol. 15, no. 3, pp. 1454-1467, 2011.

BuildingSMART KOREA, Overview of BIM—Definition of BIM,
BuildingSMART KOREA, 2015, http://www.buildingsmart.or
.kr/overview/BIM.aspx.

(28

[29

[30] American Society of Heating and Refrigerating and Air-Con-
ditioning Engineers, “Resources & Publications—International
Weather for Energy Calculations,” 2013, http://www.ashrae.org/
resources—publications/bookstore/climate-data-center#iwec.

[31
[32

Korea Price Information, 2013, http://www.kpi.or.kr.

W. East, COBIE (Construction-Operations Building Information
Exchange), US Army Engineer Research and Development
Center, US Army Corps of Engineers, Washington, DC, USA,
2007.

www.EngineeringBooksPDF.com



Hindawi Publishing Corporation
Mathematical Problems in Engineering
Volume 2015, Article ID 381926, 13 pages
http://dx.doi.org/10.1155/2015/381926

Research Article

Use of a Combination of MRSS-ANP for
Making an Innovative Landfill Siting Decision Model

Mohammad K. Younes,! N. E. Ahmad Basri,! Z. M. Nopiah,l
H. Basri,! and Mohammed F. M. Abushammala?

' Department of Civil and Structural Engineering, Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia
Department of Civil Engineering, Middle East College, Knowledge Oasis Muscat, P.B. No. 79, 124 Al Rusayl, Oman

Correspondence should be addressed to Mohammad K. Younes; mohyoumoh@hotmail.com
Received 4 April 2015; Revised 7 June 2015; Accepted 8 June 2015
Academic Editor: Jurgita Antucheviciene

Copyright © 2015 Mohammad K. Younes et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Landfill siting is a complex, multicriteria decision-making problem that needs an extensive evaluation of environmental, social,
land use, and operational criteria. Integration of a median ranked sample set (MRSS) and an analytic network process (ANP) has
been implemented to rank the associated criteria and select a suitable landfill site. It minimizes the uncertainty and the subjectivity
of human judgments. Four groups of experts with different backgrounds participated in this study, and each group contained four
experts. The respondent preferences were ranked in a 4-by-4 matrix to obtain the judgment sets for the MRSS. These sets were
subsequently analyzed using ANP to obtain the priorities in the landfill siting criteria. The results show that land topology and
distance from surface water are the most influential factors, with priorities of 0.18 and 0.17, respectively. The proposed integrated

model may become a promising tool for the environmental planners and decision makers.

1. Introduction

Facility site selection model is complex and needs extensive
assessment and comparison efforts [1]. Proper landfill siting
is essential to reduce the environmental and health impacts
associated with its construction and operation [2]. In general,
solid waste treatment and disposal facilities belong to a
group of obnoxious or undesirable facilities, and, therefore,
landfill siting faces two major challenges: (i) social objection
represented by a phenomenon known as BANANA (build
absolutely nothing anywhere near anyone) or NIMBY (not
in my back yard) and (ii) the large number of technical,
social, and environmental factors that must be considered
in selecting the best location to minimize nuisances and
maximize efficiency and social acceptance [3]. Solid waste
landfill remains a convenient method for the disposal of
an increasing amount of municipal solid waste, notably in
developing countries [4]. Landfill site selection requires a
different type of criteria processing to account for the unequal
criteria importance [5-9]. Moreover, increasing the num-
ber of participating parties in the decision-making process

widens its popularity and strengthens it [10], but analyzing
and homogenizing the preferences of these stakeholders are
complex issue, especially with conflict of interests among the
participated interest groups.

Decision support systems like the analytic hierarchy
process (AHP) and its generalization (ANP) have been widely
implemented to handle the complex problems. Multicriteria
decision-making (MCDM) using ANP is composed of the
following steps: (i) identifying the factors and the compo-
nents within the network together with their interactions
and relations; (ii) conducting pairwise comparisons among
the network elements and the main/subcriteria to build
the unweighted supermatrix; (iii) obtaining the weighted
supermatrix via weighting the blocks of the unweighted
supermatrix by the corresponding priorities of the clusters
(from which the resulting matrix is column stochastic); and
(iv) developing the limit matrix by increasing the power of
the weighted supermatrix until the weights converge [11].

The ANP is implemented to drive the relative priorities of
the criteria using the judgment of individuals [12]. However,
ANP implementation requires higher number of judgments
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TaBLE 1: Definition of the scale of importance [58].

Intensity of importance Definition

Explanation

9 Extremely important
7 Strongly important
5 Moderately important
3 Slightly important

1 Equally important
2,4,6,and 8

This activity is of the highest possible order of affirmation

This activity is strongly favored (dominant) over other activities
This activity is moderately favored over other activities

This activity is slightly favored over other activities

This activity equally contributes to the objective

Intermediate importance between two adjacent responses

than AHP. Because of the ability of ANP to treat the
interactions and feedback and thus justify the decision [13],
ANP is widely used in many decision-making applications.
However, ANP-based decisions are limited by the uncertainty
in judgment during the pairwise comparison [14]. A previous
study [1] combined ANP and data envelopment analysis
to leverage both the available qualitative and quantitative
data for the location of a landfill site. Additional studies
[15, 16] implemented ANP to suggest the best location of
a landfill site. Several researchers [17, 18] integrated a fuzzy
set, AHP, and a weighted linear method to prioritize the site
evaluation criteria and applied this process using Geographic
Information System (GIS) software. Moreover, hybrid model
of an ANP and a triangular fuzzy function were used by [14] to
measure remedial countermeasures. A landfill site suitability
analysis using an AHP and a compromised programming
method was also reported [19]. An AHP was applied to find
the weighted site evaluation criteria and was used in GIS to
suggest the best landfill location [20].

The ranked sample set (RSS) was first proposed by Mc
Intyre in 1952 to estimate the population mean, and since
that time it was modified and developed many times [21, 22].
Applying of the RSS to estimate the population mean and
median leads to notable gains in precision [23]. The MRSS is
an adaptation of RSS, and, in this method, only the median
observation is considered from each of randomly selected
sets. The MRSS is advantageous (relative to RSS) because it
minimizes the ranking errors and enhances the estimation
efficiency [24]. The MRSS proposes promising applications
in environmental researches because of its capability to
represent a population without extensive observations [25].
For instance, the spray deposits on the leaves of apple trees
were assessed using RSS [26]. An RSS method was also
applied to collect samples from gasoline stations for analysis
intended to verify the conformity of these stations with
clean air regulations [27]. Prior sample knowledge was also
integrated with RSS to minimize the cost of evaluating a
stream habitat region for salmon [28].

This study presents a model to reduce the imprecision
and vagueness of the human decision-making. It identifies
the relative importance of landfill siting criteria as a case
study. The presented model leverages the power of an
expert system to extract knowledge that is subsequently
applied to a hybrid MRSS-ANP system to obtain the criteria
weights.

2. Methodology

Landfill siting is a multicriteria decision-making process. The
proposed model decomposes this process into three levels:
problem construction, criteria analysis, and selection [7].
Problem (case) construction determines the problem, aims,
assessment criteria, the experts, and their groups. Criteria
analysis extracts the expert knowledge and performs data
analysis using MRSS. The selection step determines the
importance of the landfill siting criteria using ANP and the
rank of the final priorities.

2.1. Case Construction. The problem construction starts with
a literature review used to determine the main and sub-
criteria of the landfill site selection. There are no general
approaches to select a set of evaluation criteria but it can be
selected through an examination of the relevant literature,
analysis study, and expert opinions [29]. However, the criteria
selection was based on the usage (the most commonly
found in literature), expert opinions, and data availability.
These criteria were subsequently arranged in a hierarchi-
cal structure, and the hierarchical tree defines the most
general network. The landfill siting criteria were classified
into four main groups: social [30, 31], operational [16, 18],
environmental [32, 33], and land use [34-36]. Moreover, the
subcriteria fall under each main group, as shown in Figure 1.
After the initial classifying, the experts were determined
and divided into four clusters (groups). A cluster analysis
splits the data into meaningful groups that are usually
associated or share characteristics [37]. The resulting groups
involved the governmental sector, private sector, academia,
and nongovernment organizations interested in solid waste
and environmental issues.

A developed questionnaire asked the stakeholders to
draw pairwise comparisons among the criteria and the
subcriteria with respect to landfill site selection. The used
questionnaire takes into account the interactions and feed-
backs between the criteria. Table 1 shows the intensity of the
importance of the criteria. The odd-numbered rankings were
used to determine the criteria importance, whereas the entire
range from 1 to 9 was used to develop the ANP multicriteria
decision analysis.

2.2. Criteria Analysis. The stakeholders preferences were
grouped into four random sets. Each set consists of the
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Determining the priorities of the landfill siting criteria

criteria

Objective J/

L

’ Environmental ‘ ’ Land use ‘ ’ Operational ‘
: N
I ]
Depth of ground | ||
Proximity to water Proximity to
nearest I critical sites Landfill area | |
settlement Proximity to —
surface water
Soil cover —
<
5 availability
E Aesthetics _ Fault zones Road
3 (rock cracks) — accessibility Haul distance

’ Topology (Terrain) u

FIGURE 1: Hierarchical structure of the landfill siting criteria.

TaBLE 2: Comparison of the importance of land use with the
importance of operation methods.

Sector Government "7V3€ NGO Academia
sector

Expert group number 1 7 0.33 0.20 1

Expert group number 2 1 3 1 0.14

Expert group number 3 7 5 3 7

Expert group number 4 3 3 3 0.20

responses of one government, private, academia, and NGO
respondent. The respondents are experts in the field of solid
waste management and landfill siting issues through their
work experience. Table 2 shows an example of one of the
comparisons by displaying the obtained preferences of the
respondents and their sets. Next, these responses were ranked
in increasing order for each individual set, as shown in
Table 3. After that, the importance of the landfill siting criteria
was obtained using the second scenario [21]:

(i) If the sample size, n, is odd, then the median is
selected by ((n + 1)/2)th. This observation can be
denoted as X(((,11)/2).,)> and the general formula is

{X(((n+1)/2):n)1’ X(((n+1)/2):n)2’ ceed X(((n+1)/2):n)n} . (1)

(ii) If the sample size n is even,

then the median is selected by (1/2)th. This observation can
be denoted as X (,,/5).,)» and the general formula is

X (y2my X (pymyzs - - > X(j2ympm} - (2)

2.3. Final Priority Selection. The study aim is to determine
the overall priority of each criterion and apply it in the
case study considering the interactions and the feedbacks
among the main and subcriteria. ANP systematically breaks
down the problem to justify the decision [38, 39]. To capture
the interactions and feedback, a hierarchical framework
that contains all main and subcriteria must be constructed.
Thus the comparisons can be performed and synthesized
to determine the unweighted, weighted, and limit matrices
that determine the priorities of importance of the landfill
siting criteria. Figure 2 shows the interactions and feedback
between the landfill siting components. An arrow and/or
loop arrow specify the dependence and feedback for which
the two-side (double) arrows indicate the influences between
the elements on both groups. The inner-dependence or self-
feedback is indicated by a loop arrow at the top of each group.

The resulting relative importance sets from the previous
step contain the preferences of government, private, NGO,
and academic stakeholders and are used in the ANP. This
step is repeated for the sixty-three pairwise comparisons
to build the comparison matrix (unweighted supermatrix).
The inputs of the supermatrix depend on the presence and
the type of dependence among the group elements that are
shown in Figure 2. The matrix is subsequently input into
the Super Decisions (version 2.2) software to develop the
weighted and limit matrices [40]. The weights obtained in the
limit matrix represent the final importance priorities. Finally,
the integrated landfill siting procedures are summarized
in Figure 3. This figure illustrates the guidelines for such
decision-making problem.

2.4. Case Study. Selangor is the most populated and highly
developed state in Malaysia; it has a diversified economy
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Operational criteria

Landfill area Soil cover

availability
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Social criteria
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(Terrain) ground water

(rock crackS)

water

FIGURE 2: Interactions and feedback between criteria.

including industry, commerce, agriculture, and tourism.
Moreover, Selangor completely surrounds two federal terri-
tories, which are Kuala Lumpur (KL), the national capital
of Malaysia, and Putrajaya the federal capital. The areas of
Selangor, Kuala Lumpur, and Putrajaya are 7,930, 243, and
92 km?, respectively. There is a great demand to depend on
scientific approach for determining a landfill site in Selangor
due to increasing amounts of solid waste and land scarcity.
Thus Boolean logic was implemented to exclude unsuitable
areas that cannot be used as a disposal site [19]. The exclusion
is done by overlaying technique and in dependence on
constraint factors [6, 41]; these factors are based on Malaysian
guidelines for development of solid waste sanitary landfill
[42]. However, the Boolean logic is restrictive in nature [43];
thus, by its implementation, the study area is classified into
two classes suitable area with value (1) and unsuitable area
with value (0) as shown in Figure 4 and described in (3):

Boolean Suitablity Index = Hb‘, (3)
j=1

where Boolean Suitability Index has a value (0 or 1), b]- is
the Suitability Index for each constraint criterion and has a
value (0 or 1), and n the total number of constraint criteria
[2]. Finally, the potential landfill sites were suggested based
on assumed landfill area and ranked using the obtained
MRSS-ANP weights and Suitability Index (SI), which is the
sum of products of the standardized score of each criterion
multiplied by the weight of each criterion:

SI=>W,xC, (4)

where W, is weight of factor I and C, is criteria grading of
factor map i [34].

3. Results and Discussion

3.1. Case Construction. Figure 1 shows the developed hierar-
chical structure of the landfill site evaluation criteria. Each
main criterion has an ultimate goal, that is, to maximize
the preservation of nature (environmental), acceptance by
the public (social), or appropriateness of the site (land use).
Additionally, the target of operational criteria is minimizing
the costs. The eleven subcriteria that share common char-
acteristics were grouped together under the main criteria.
Since the solid waste hauling distance, availability of soil cover
for daily landfill operations, and landfill area are controlled
during landfill construction or operation, they were classified
under one group (operational) [43].

Moreover, land use involves the locations of critical
sites highways and roads that are identified by the town
planning department and these locations are highlighted for
specific consideration in future plans. Examples of critical
sites include airports, hospitals, railway, and other institutes
[18]. Landfills serve large communities, but only subset of
those communities commonly experiences the impacts of
the landfill (typically the ones that are located near it)
[44]. However, these effects can be minimized using spe-
cial arrangements designed to reduce the nuisances caused
during waste transportation and enhance the landscaping
around the landfill to create a green buffer. The environmental
criteria aim to conserve air, water, and soil and to minimize
land altering activities [32] by applying the best available
techniques and environmental practices to achieve these
goals.

Figure 2 displays the dependence and feedback among
the criteria. The environmental criteria do not relate to the
aesthetics or distance from the nearest settlement; therefore,
an interconnection or feedback between the environmental
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F1GURE 3: The landfill site selection algorithm.

and social main group is not shown. One or more of the
remaining subcriteria relate to an additional criterion from
outside of the group. For example, reciprocal effects were
noted between the land topology and surface water. Surface
water alters the land topology, whereas the topology affects
the water runoff and maximizes or minimizes the movement
of pollutants. Pairwise comparisons were used to compare the
criteria and to allocate the criteria priorities using the Saaty
method [39, 45]. The respondents were divided into four
stakeholder sets to reduce vagueness and enhance quality.

3.2. Criteria Analysis. Based on the interactions and feedback
among the criteria, sixty-three pairwise comparisons were
required. The preferences of each respondent were recorded
for each comparison. Every set of responses contained the
opinion of one expert from each group, that is, government,

private, academia, and NGO. Therefore, the response range
within the same set is relatively large because of the conflicts
of interest of the stakeholders. The expert responses within
the same group were observed to converge, but outlier
responses were noted due to human nature and the various
backgrounds of the experts. For instance, one governmental
expert might emphasize environmental concerns because of
personal involvement in environmental regulations, whereas
another governmental expert may emphasize planning and
land development because of personal involvement in a
planning department. Similarly, one NGO representative
could emphasize conservation, whereas another NGO rep-
resentative might emphasize service to society. Therefore,
points of view can diverge within an identical group.
Sixty-three pairwise comparisons were performed to
identify the relative importance of the landfill siting criteria.
An example of one of these comparisons is shown in Table 2.
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FIGURE 4: Selangor and potential landfill sites maps.

This table compares land use and operational methods to
create a positive social impression with respect to the landfill
site. For instance, the second expert in the first group
indicates that operation method is slightly more important
than the land use. In Table 3, the relative weights are ranked
in increasing order. Because four preferences are contained
in each set, the median weight set is determined using (2).
Therefore, the second and the third quarters represent the
MRSS and determine the relative importance set of the
landfill siting criteria. The obtained relative importance set
displayed in Table 3 is “1; 5; 7; 3 This technique guarantees
representation of the best set regardless of the origin of the
responses. This result is displayed in Table 3 in which an
increasing response rank is required regardless of the sector.

3.3. Final Priority Selection. The ANP uses three matri-
ces: unweighted supermatrix, weighted supermatrix, and
limit matrix. The unweighted supermatrix is the relative
importance of all main components and subcomponents.

Mathematical Problems in Engineering

TABLE 3: Ranked comparison of the importance of land use with
operational methods.

Ranked experts preferences

Expert group number 1 0.20 0.33 1 7
Expert group number 2 0.14 1 1 3
Expert group number 3 3 5 7 7
Expert group number 4 0.20 3 3 3
TABLE 4: Priorities group matrix of the main criteria.
Sector Land use Environmental Operational Social
Land use 0.183 0.143 0.116 0.540
Environmental  0.526 0.571 0.488 0.0
Operational 0.204 0.286 0.275 0.163
Social 0.087 0.0 0.121 0.297
TaBLE 5: Final priorities of the main criteria.

Main criteria Final priority
Land use 0.142
Environmental 0.546
Operational 0.262
Social 0.05

The weighted supermatrix clarifies the values of each group
and its elements. The limit matrix represents the priorities
results and is obtained by raising the weighted supermatrix
to a high power to acquire constant values.

Table 4 shows the priorities group matrix. Zero values
mean that there are no interconnections between the criteria
in the matrix; this independence is shown in Figure 2 in
which no interactions are displayed between the environ-
mental and social groups. The priority value of each main
criterion in Table 4 depends on the relationship between the
criteria groups. For instance, operations have an importance
of 0.286 with respect to minimizing the landfill effects on
the environment. This importance decreases to 0.16 when
considering the creation of a positive social opinion with
respect to the landfill site.

The final priorities of the main criteria group are shown
in Table5, and the highest rank of 0.54 is shown for
environmental criteria, followed by operational methods and
techniques (priority rank of 0.26). A landfill should be located
and designed to protect human health and to conserve the
environment. Therefore, environmental criteria gained the
highest rank and this is the present worldwide trend [29]. In
addition, according to the obtained results we can conclude
that the social and operational criteria are considered to
be insignificant by stakeholders. However, such results were
reported by many researchers. For instance, Ismail (2011)
[46] reported ground water, surface water, and protected
area as the most important factors followed by land slope.
Afzali et al. (2011) ranked the surface water (19%) followed by
ground water (13%) as the most important physical criteria.
Nadi et al. (2010) [47] ranked the hydrology and water as
the most important criteria (33.4%) and social and financial
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TABLE 6: Weight priorities of the overall subcriteria.
Group Criteria Priority normalized Final priority
by group
SW 0.317 0.173
Environmental GW 0.157 0.085
FZ 0.181 0.099
TO 0.345 0.188
Land use s 0.409 0.058
RA 0.591 0.083
HD 0.145 0.038
Operational LA 0.511 0.135
SA 0.344 0.091
: AE 0.579 0.029
Social
NS 0.421 0.021

SW: proximity to surface water, GW: depth of ground water, FZ: proximity to fault zone, TO: topology, CS: proximity to critical site, RA: road accessibility, HD:
haul distance, LA: landfill area, SA: soil availability, AE: aesthetic, and NS: nearest settlement.

TABLE 7: Summary of the rankings and SI for the potential landfill sites.

Site number Environmental Land use Operational Social oI
GW FZ TO CS RA HD LA SA AE NS

LF1 0.173 0.085 0.040 0.113 0.058 0.017 0.038 0.135 0.091 0.029 0.004 0.782
LF2 0.173 0.068 0.040 0.113 0.058 0.083 0.038 0.135 0.091 0.029 0.004 0.832
LF3 0.035 0.017 0.020 0.188 0.058 0.083 0.038 0.135 0.091 0.029 0.008 0.702
LF4 0.138 0.068 0.099 0.113 0.058 0.083 0.038 0.135 0.091 0.023 0.013 0.859
LF5 0.104 0.085 0.020 0.075 0.058 0.066 0.038 0.135 0.091 0.017 0.021 0.711
LF6 0.138 0.051 0.040 0.150 0.058 0.064 0.038 0.135 0.091 0.017 0.004 0.787
LF7 0.035 0.017 0.099 0.113 0.058 0.083 0.038 0.135 0.091 0.029 0.008 0.706

criteria as the least important criteria with weight equal to
15.5% and 15.3, respectively. Demesouka et al. (2013) indicated
the hydrology as the most important factor followed by the
environmental criteria and ranked the social and economic
factors as the least important or insignificant factors. In a
study done by [48], the social and technoeconomic criteria
gained the lowest importance of 9% and 6%, respectively.
Moreover, such conclusion was also reported by Ismail
(2011) for landfill siting in Malaysia because the social and
operational (technical) criteria can be extended and mod-
ified. A study done by [49] reported that urban area and
water resources are the most important criteria that should
be considered for construction intermunicipality landfill.
However, sometimes it is inappropriate to compare among
studies from different countries because the obtained weights
are dependent upon surveyed respondents, different studied
factors, and different local and environmental conditions.
The final priorities of the factors related to landfill site
selection are shown in Table 6. The overall highest rank
is for land topology (18.8%) because of its direct effect
on both surface water and groundwater as well as on soil
erosion by control of water runoff [50]. Surface water is
the second highest factor (17.3%). Surface water can easily
become polluted and can therefore propagate pollutants. The

third highest rank is for landfill area (13.5%); this ranking is
due to the requirement to locate the landfill in a manner that
reduces the price of the land because the land price represents
the highest cost for alandfill. In addition, the landfill size must
be optimized to minimize environmental effects and the costs
associated with identifying a new landfill site.

However, applying (2) produced Table 8 that describes
the preference sets of the performed sixty-three comparisons.
Each element in the set represents the preferences of each
expert group. Table 9 is a result of applying the preferences
sets in ANP and represents the unweighted supermatrix. It
is two-dimensional matrix of element by element, and it
provides relative importance of all components (main criteria
and subcriteria) [45]. The weighted and limit matrices are
described by Tables 10 and 11, respectively. In the limit matrix,
the constant values of each value are determined by taking
the necessary limit of the weighted supermatrix [38]. Social
criteria and haul distance got the lowest rank. The influence of
these criteria on the design of a landfill can be minimized with
suitable arrangements. For example, if appropriate transfer
station is used, then the solid waste hauling cost is reduced.
Additionally, planted buffer zones and special landscaping
can reduce visual and odor pollution to minimize the nui-
sance to neighbors. Moreover, shifting traffic as far as possible
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TaBLE 8: MRSS preference sets.

Number Comparison target Comparison elements MRSS preference sets

1 Land use (operational) 0.33,1,7,and 3

2 To create positive social opinion Land use (social) 1,1,5,and 1

3 Operation (social) 0.2,1,0.2,and 1

4 Environmental (land use) 1,3,5,and 5
To protect environmental i )

5 clements Environmental (operational) 1,1,5,and 1

6 Land use (operational) 1,1,5,and 1

7 Environmental (land use) 1,3,3,and 3

8 Environmental (operational) 1,1,7, and 3

9 For sustainable and strategic land Environmental (social) 51,7 and 7

10 use planning Land use (operational) 0.33,0.2,1,and 3

1 Land use (social) 1,0.14, 3,and 3

12 Operation (social) 1,1,5,and 5

13 Environmental (land use) 1,7, 5,and 5

14 To minimize the operational cost Environmental (operational) 1,1,3,and 3

15 and to operate the landfill with Environmental (social) 1,1,5,and 3

16 best avai.lable techniques ?nd Land use (operational) 0.33,1,1,and 1
best environmental practices .

17 Land use (social) 1,0.2,3,and 1

18 Operation (social) 5,1,5,and 3

19 Proximity to critical sites (road accessibility) 0.2,0.11,0.33, and 1

20 Soil cove availability (landfill area) 0.33,1,5,and 1

21 To protect surface water Avoiding faulting zones (depth of ground water) 0.33,0.14,3,and 1

22 Avoiding faulting zones (topology) 1,0.14,3,and 1

23 Depth of ground water (topology) 3,1,1,and 1

24 Landfill area (soil cover) 1,0.2,5,and 3

25 To reduce the effects on fault Proximity to surface water (depth of ground water) 1,1,3,and 1

26 zones Proximity to surface water (topology) 1,1,1,and 1

27 Depth of ground water (topology) L1, 1,and]1

28 Landfill area (soil cover) 1,1,5and 1

29 To protect the ground water from Proximity to surface water (avoiding fault zones) L1, 1,and]1

30 pollutants Proximity to surface water (topology) 1,1,0.2,and 0.3

31 Avoiding fault zones (topology) 1,1,5,and 3

32 Landfill area (soil cover) 1,0.14, 3,and 1

33 To reduce altering the land Proximity to surface water (avoiding fault zones) 1,1,3,and 3

34 topology Proximity to surface water (topology) 1,1,1,and 1

35 Avoiding fault zones (topology) 1,0.2,0.33,and 1

36 Proximity to surface water (avoiding fault zones) 1,1,5and 1

37 Proximity to surface water (depth of ground water) 1,1,5,and 7

38 To protect the critical sites Avoiding fault zones (depth of ground water) 1,1, 3,and 3

39 Aesthetic (proximity to living settlement) 0.33,1,5,and 3

40 Road accessibility (proximity to critical sites) 0.33,1,1,and 3

41 ) . Proximity to surface water (topology) 0.33,1,0.2,and 0.2

42 Tolocate landfill in places easily Haul Distance (landfill Area) 5,5,5,and 5
accessed by roads >

43 Aesthetic (proximity to living settlement) 0.33,1,3,and 1

44 Proximity to surface water (topology) 1,3,5and1

45 To minimize the solid waste haul Proximity to critical sites (road accessibility) 0.33,0.2,0.2, and 0.14

46 distance Landfill area (soil cover) 1,1,1,and 1

47 Aesthetic (proximity to living settlement) 0.33,0.3,1,and 1
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TaBLE 8: Continued.
Number Comparison target Comparison elements MRSS preference sets
48 Proximity to surface water (avoiding fault zones) 1,1,3,and 3
49 Proximity to surface water(depth of ground water) L,1,3,and 5
50 Proximity to surface water(topology) 3,1,7,and 7
51 Avoiding fault zones (depth of ground water) 1,1,3,and 3
52 To determine the optimum Avoiding fault zones (topology) 3,1,7 and 3
53 landfill area Depth of ground water (topology) 0.33,1,3,and 3
54 Proximity to critical sites (road accessibility) L,1,3,and 5
55 Solid waste haul distance (landfill area) 1,1,1,and 5
56 Solid waste haul distance (soil cover) 1,1,3,and 3
57 Landfill area (soil cover) 0.33,1,5,and 1
58 Aesthetic (proximity to living settlement) 0.33,1,1,and 1
59 Top rotect the soil cover from Proximity to surface water (topology) 0.33,1,0.2,and 0.33
pollution
60 L o Proximity to critical sites (road accessibility) 0.33,0.33,1,and 1
61 To minimize t.he possibility of Solid waste haul distance (landfill area) 1,1,3,and 1
the landfill being seen >
62 Aesthetic (proximity to living settlement) 1,0.33,3,and 1
63 To lqcate the landfill as far as Solid waste haul distance (landfill area) 1,1,7and 7
possible from settlements
TaBLE 9: Unweighted supermatrix.
Environmental Land use Operational Social
Group labels
SW GW FZ TO CS RA HD LA SA AE NS
Environmental
SW 0.00 0.25 0.41 0.40 0.54 0.25 0.75 0.48 0.25 0.00 0.00
GW 0.55 0.00 0.26 0.00 0.16 0.00 0.00 0.15 0.00 0.00 0.00
FZ 0.21 0.46 0.00 0.20 0.30 0.00 0.00 0.29 0.00 0.00 0.00
TO 0.24 0.28 0.33 0.40 0.00 0.75 0.25 0.08 0.75 0.00 0.00
Land use
CS 0.25 0.00 1.00 0.00 0.33 1.00 0.17 0.75 0.00 0.33 0.00
RA 0.75 0.00 0.00 1.00 0.67 0.00 0.83 0.25 0.00 0.67 1.00
Operational
HD 0.00 0.00 0.00 0.00 0.00 0.83 0.00 0.49 0.00 0.67 0.83
LA 0.33 0.67 0.67 0.50 0.00 0.17 0.50 0.31 1.00 0.33 0.17
SA 0.67 0.33 0.33 0.50 0.00 0.00 0.50 0.20 0.00 0.00 0.00
Social
AE 0.00 0.00 0.00 0.00 0.75 0.50 0.33 0.50 0.00 0.50 1.00
NS 0.00 0.00 0.00 0.00 0.25 0.50 0.67 0.50 0.00 0.55 0.00

from populated areas may minimize noise complaints. In
general, these considerations are inexpensive and require
minimal labor compared with the other criteria.

Finally, incorporating the participation of conflicting
stakeholders minimizes the uncertainty and risk of reproduc-
ing homogenous decisions and enhances the quality of the
decisions. Additionally, consistent and reliable results must be
achieved [51, 52]. The landfill sitting factors and stakeholders
are both predefined and grouped in sets. Stakeholder group-
ing and interviews are time-saving tools that effectively gather
perceptions and values from the experts [53]. However, to
ensure an efficient and unbiased representation of the expert

judgments, an MRSS was used to rank and calculate the
judgment sets [27, 54].

3.4. Case Study. As consequence of rapid urbanization and
economic growth the solid waste generation is increased
dramatically in Selangor state. Owing to this increase, the
search for and the provision of an efficient solid waste man-
agement method has become an essential matter [55]. Landfill
is the main solid waste disposal method in Malaysia [4].
Figure 4(c) shows the map of Selangor including Putrajaya
and Kuala Lumpur cities. The restricted area that cannot
be used to construct a landfill is shown in Figure 4(b).
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TABLE 10: Weighted supermatrix.
Group labels Environmental Land use Operational Social
SW GW FZ TO CS RA HD LA SA AE NS
Environmental
SW 0.00 0.17 0.24 0.23 0.36 0.13 0.37 0.23 0.16 0.00 0.00
GW 0.31 0.00 0.15 0.00 0.11 0.00 0.00 0.08 0.00 0.00 0.00
FZ 0.12 0.31 0.00 0.11 0.20 0.00 0.00 0.14 0.00 0.00 0.00
TO 0.14 0.19 0.19 0.23 0.00 0.39 0.12 0.04 0.48 0.00 0.00
Land use
CS 0.04 0.00 0.14 0.00 0.08 0.18 0.02 0.09 0.00 0.18 0.00
RA 0.11 0.00 0.00 0.14 0.15 0.00 0.10 0.03 0.00 0.36 0.54
Operational
HD 0.00 0.00 0.00 0.00 0.00 0.17 0.00 0.14 0.00 0.11 0.14
LA 0.09 0.22 0.19 0.14 0.00 0.03 0.14 0.09 0.36 0.05 0.03
SA 0.19 0.11 0.10 0.14 0.00 0.00 0.14 0.05 0.00 0.00 0.00
Social
AE 0.00 0.00 0.00 0.00 0.08 0.04 0.04 0.06 0.00 0.15 0.30
NS 0.00 0.00 0.00 0.00 0.03 0.04 0.08 0.06 0.00 0.15 0.00
TABLE 11: Limit matrix.
Group labels Environmental Land use Operational Social
SW GW FZ TO CS RA HD LA SA AE NS
Environmental
SW 0.173 0.173 0.173 0.173 0.173 0.173 0.173 0.173 0.173 0.173 0.173
GW 0.085 0.085 0.085 0.085 0.085 0.085 0.085 0.085 0.085 0.085 0.085
FZ 0.099 0.099 0.099 0.099 0.099 0.099 0.099 0.099 0.099 0.099 0.099
TO 0.188 0.188 0.188 0.188 0.188 0.188 0.188 0.188 0.188 0.188 0.188
Land use
CS 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.058
RA 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083
Operational
HD 0.038 0.038 0.038 0.038 0.038 0.038 0.038 0.038 0.038 0.038 0.038
LA 0.135 0.135 0.135 0.135 0.135 0.135 0.135 0.135 0.135 0.135 0.135
SA 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091
Social
AE 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029 0.029
NS 0.021 0.021 0.021 0.021 0.021 0.021 0.021 0.021 0.021 0.021 0.021

The restriction map was obtained by implementing the guide-
lines issued by Department of Environment. These guidelines
determine the prohibited landfill construction areas that are
urban, sensitive ecological areas, heritage and cultural sites,
strategic agricultural area like paddy fields, flood plain zones,
swamps and water bodies, and parks. Moreover, it suggests
a buffer distance, like distance from human settlements
(500 m), highways (300 m), floodplain areas (100 m), and
proximity to surface water (100 m buffer). The restriction
area represents 80% of the total Selangor area. The top map
in Figure 4(a) shows the potential area in green color. After
that, seven sites were determined as a potential landfill sites
based on their area. The landfill area assumed to be around
100 hectare, and this assumption is based on Pariatamby and
Tanaka (2014) recommendation [56] for minimum landfill

size required for economically efficient gas collection system
and the recommendation for potential impacts of landfill
based on its size [57]. The ranks of the potential landfill sites
are shown in Table 7. These ranks were obtained using the
results of MRSS-ANP model for site evaluation criteria and
Suitability Index (SI), which is the sum of products of the
standardized score of each criterion multiplied by the weight
of each criterion. The highest ranks are for sites numbers LF4
and LF2, with SI equal to 0.859 and 0.832, respectively, as
shown in Figure 4.

4. Conclusions

The siting of undesirable facilities is a process characterized
by uncertainty and complexity, as well as multiple and
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conflicting criteria. Determining the site evaluation criteria
and constructing the dependence and connections among
these factors is the key preliminary step in the siting pro-
cess. Therefore, an appropriate hierarchical structure must
be constructed for the evaluation criteria, and the expert
groups must be determined. However, participation of all
potential stakeholders in decision-making process is essential
to justify and increase the decision acceptance and quality.
Moreover, it minimizes the risk and avoids production of
identical decision. Stakeholders grouping and interviewing
are efficient way to collect their perceptions. Moreover,
MRSS is a statistical tool that guarantees gathering unbiased
representation of the study society, and thus it was used in
this study.

Environmental criteria were assigned the highest priority
(54.6%). Environmental effects have the highest complexity
and represent the core of the mitigation measures. The second
highest criterion was operational methods and techniques.
These processes are pivotal in reducing the effects of a
landfill. Social criteria were the least important because the
social issues related to landfill sites can be minimized by
proper management. Overall, land topology and distance
from surface water were the most important subcriteria
and have weights equal to 18.8% and 17.3%, respectively,
whereas aesthetics and proximity to the nearest settlement
have the lowest priorities of 2.9% and 2.2%, respectively.
These results can be justified as the proposed site is a sanitary
landfill with gas and leachate collection system; therefore,
the main pollution threats are from the outside, namely,
from rainwater. The risk of odor pollution is low because
of the applied mitigation measures, that is, leachate and gas
collection and buffering zones around the site. Furthermore,
the landfill area lacks vegetation; therefore, the topology of
the land primarily controls the water runoft and permeability,
thus directly affecting soil erosion and surface and ground
water.

Finally, this paper incorporated an MRSS and ANP to
obtain a methodological framework with which to evaluate
the landfill siting criteria. Compared with a traditional ANP,
several additional benefits can be achieved using an MRSS-
ANP model. First, this process can enhance handling of
the vagueness and imprecision associated with the pair-
wise comparison process. Second benefit is addressing the
interactions, interdependencies, and feedback among the
decision evaluation criteria. Third, the combined approach
can assist the decision makers to more confidently justify
their decisions with minimum funds and expertise. This
approach serves as a guide for applying the complex MCDM
process to real-life and environmental problems in which the
adequate participation of stakeholders and influence factors
must be considered. This study represents a first attempt to
combine statistical analysis with an ANP to prioritize landfill
siting criteria, and further sensitivity analyses are suggested
for future work.

Appendix

For details see Tables 8, 9, 10, and 11.
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The present review examines decision-making methods developed for dealing with uncertainties and applied to solve problems of
civil engineering. Several methodological difficulties emerging from uncertainty quantification in decision-making are identified.
The review is focused on formal methods of multiple criteria decision-making (MCDM). Handling of uncertainty by means of
fuzzy logic and probabilistic modelling is analysed in light of MCDM. A sensitivity analysis of MCDM problems with uncertainties
is discussed. An application of stochastic MCDM methods to a design of safety critical objects of civil engineering is considered.
Prospects of using MCDM under uncertainty in developing areas of civil engineering are discussed in brief. These areas are design
of sustainable and energy efficient buildings, building information modelling, and assurance of security and safety of built property.
Itis stated that before long the decision-making in civil engineering may face several methodological problems: the need to combine
fuzzy and probabilistic representations of uncertainties in one decision-making matrix, the necessity to extend a global sensitivity
analysis to all input elements of a MCDM problem with uncertainties, and an application of MCDM methods in the areas of civil

engineering where decision-making under uncertainty is presently not common.

1. Introduction

Decision-making is applied in different areas of human
activities. In the case of existence of at least two possible
options, a person (ie., a decision-maker) has to make a
decision and to select the one which is best suited for his
demands. Complex problems in science, engineering, tech-
nology, or management are characterised by multiple criteria.
Usually they are hardly measurable, conflicting or interacting
with each other. Decision-making (DM) problems based on
multiple criteria are objects of MCDM.

MCDM is a discipline concerned with the theory and
methodology for handling problems common in everyday
life. They arise in such areas as business, engineering, social

organisation, and so forth [1]. MCDM has grown as a part of
operation research pertaining to the design of computational
and mathematical tools for supporting the subjective evalua-
tion of performance criteria by decision-makers [2].

As it is mentioned in a review paper [3], the origins
of MCDM methods can be dated over 270 years ago. As
an individual scientific discipline, MCDM has been widely
spreading since the middle of the previous century. Numer-
ous works on MCDM are summarized in a number of review
papers [4]. Three main types of review papers related to
MCDM can be distinguished: reviews of developments and
extensions of a particular method (e.g., [5]) as well as its
applications (e.g., [6, 7]); reviews of different approaches to
modern MCDM methods (e.g., DM under uncertain and
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FIGURE 1: The main types of criteria used to construct the decision-making matrix of MCDM.

incomplete information and DM for groups of persons [2, 8]);
reviews of applications of different MCDM methods for a
particular problem [9-11].

Most, if not all, decisions in engineering are made under
uncertainty. Accordingly, classical crisp methods, involving
deterministic conditions under certain decision environ-
ments, are losing their relevance and new extensions for
handling various types of uncertainties in MCDM problems
appear. In most cases, uncertain elements of MCDM prob-
lems express subjective expert opinions and less often they
represent stochastic nature of input data. Understanding the
significance and impact of different types of uncertainties in
input information and its relation to reality can increase the
quality of DM process.

The present review strives to examine the current state
of uncertainty modelling in MCDM and to identify several
problems which decision-makers may face in the immediate
future. The review is organized as follows. Section 2 presents
the scope of the review and identifies several problems
related to MCDM under uncertainty. Section 3 presents
the latest references on applications of MCDM approaches
in uncertain decision environments of civil engineering.
Section 4 summarizes the applications of sensitivity analysis
(SA) in fuzzy and stochastic MCDM techniques. Section 5
analyses published work on introducing measures of risk
and reliability in the MCDM related to civil engineering.
Section 6 attempts to identify the need for future research.
This section presents a brief discussion on potential appli-
cations of MCDM under uncertainty in the areas which
currently receive much attention in research and practice.
Finally, conclusions and prospective research trends are
presented in Section 7.

2. The Scope of the Review

Generally, a MCDM problem is defined as follows. Let a =
(a,ay,...,a...,a,)" be a vector of decision alternatives
and ¢ = (¢,6,...5Cjh...,C,) a set of criteria, according
to which suitability ofl alternatives a; is to be judged. The
problem is stated as a mxn decision-making matrix C with the
elements ¢;;. The value ¢;; expresses an impact of the criterion

¢; on the alternative ;. Values of c related to the alternatives a;

are the row vectors ¢; = (¢, ¢y> - - - .»C;,) and, with these

»Gij -
vectors, the matrix C is formulated as [¢;, ¢5,..., Cj.. ., .1t
In many MCDM methods, the importance of the criteria c; is
expressed by the weights w; which sum up to unity and are
usually grouped into the vector w = (wy, w,, ..., wj, ..., w,).
The purpose of DM is to determine the most preferable
alternative among a; with respect to all criteria or to rank the
alternatives. The result of ranking is expressed by a preference
sequence, for example, m:a, > a, > a, > ---.

A large variety of MCDM methods have been developed
to date. A universal and comprehensive classification of these
methods does not exist. For the purposes of the present
review, MCDM methods will be classified according to the
nature of the criteria grouped into the decision-making
matrix C (Figure1). In the previous five decades, a devel-
opment of MCDM was focused mainly on solving MCDM
problems with crisp elements of C. In parallel with this
process, fuzzy MCDM methods have been developed since

1970s [12]. These methods allow solving MCDM problems

with a decision-making matrix ‘C, the elements of which
are modelled by fuzzy sets. Development and application of
fuzzy MCDM methods significantly increased during the last
two-three decades. One of the possible representations of ¢;
by fuzzy sets is grey numbers based on interval arithmetic.
Several recent publications devoted to a use of grey numbers
for decision-making in engineering can be cited here [13-
15]. Finally, in the recent time, several MCDM methods
were created and applied to a solution of decision-making
problems, in which elements of C are modelled by means of
probability distributions. Such a matrix will be denoted by the
symbol C.

The fact that until now uncertainties in MCDM problems
were expressed in several different ways generates a problem
of choosing among these possibilities. Further problems
related to handling uncertainties in decision-making are
illustrated in Figure 2. A decision-maker having to rank the
alternatives a; in the presence of uncertainties may face the
following problems:

(1) The problem of choice among different representa-
tions of uncertainty related to criteria values ¢; and
weights w;.
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FIGURE 2: Four problems related to handling uncertainties in MCDM.

(2) Specification of the weights w; in the case where they
are uncertain quantities.

(3) The problem of choice among available MCDM meth-
ods for solving a problem with the decision-making

. — =
matrices C or C.

(4) Analysis of sensitivity of MCDM results to the
changes in all elements of input data given by the

> —_
matrices C or C and the vectors w, ‘W, or W. Input
uncertainties can cause possible permutations in the
sequences of preferences, 71, obtained by means of a
specific MCDM method k.

The first problem has its origin “outside” the domain of
MCDM. Discussions of the type “fuzzy versus probabilistic”
or “nonprobabilistic versus probabilistic” last many years and
do not seem to be finished until now (e.g., [16]). In most
applications of MCDM under uncertainty, authors do not
trouble themselves to explain why a particular method of
uncertainty quantification was preferred over others. The
fuzzy logic prevails over probabilistic modelling by the num-
ber of MCDM methods developed to date and the number
of MCDM applications to practical problems. Currently, one
can state the obvious that probability distributions can be
specified in Fisherian format for ¢; in the presence of suffi-
cientamount of statistical data on ¢;;. A representation of ¢;; by
fuzzy sets is better suited for ¢; expressing subjective expert
opinions. However, it is important to remember that the
Bayesian approach to probabilistic modelling has excellent
means of quantifying and updating subjective judgments
(e.g., [17]). This approach does not break down when data
on ¢; is sparse or absent. MCDM problems can be solved
when uncertainties in ¢; are represented in any of the
aforementioned formats. A true problem will arise when the
decision-making matrix will be a “mixture” of the elements
¢;; expressed by different means of uncertainty quantification,
probabilistic and nonprobabilistic.

The second problem of specifying elements of the vector
of weights, w, is obviously an “internal” problem of MCDM.
There is a body of literature devoted to specifying values of
w;. Methods used to determine criteria weights are classified

into subjective, objective, and hybrid or integrated ones [18-
20]. However, the task of assigning specific values to the
components w; will always be subjective or at least partly
subjective, no matter what is the degree of mathematical
sophistication behind this assignment. A really intriguing
question is how w; can be interpreted as uncertain quantities.
The experts who usually specify the values of w; can be

uncertain (vague) regarding their opinions on w;. Should

weights be modelled by a fuzzy vector W or a vector W with
components expressed by probability distributions?

The third problem reflects the well-known decision-
making paradox which was first identified by Triantaphyllou
and Mann in 1989 [21]. The paradox was exhibited by many
MCDM methods developed to deal with the crisp decision-

making matrix C. Switching to uncertain matrices CorC
will not resolve this paradox. It will be likely to persist also in
the field of decision-making under uncertainty. The present
review will not address this tricky issue.

The fourth problem arises naturally, because a MCDM
method is in essence a mathematical model relating the input
information expressed by C and w to the output information
given by the preference sequence 7. A sensitivity of 7 to
changes in elements of C and w can be estimated (analysed)
by standard mathematical means of general use. However, a
sensitivity analysis (SA) of a MCDM problem with uncertain

. — —~ . «—> — .
matrices C or C and/or uncertain vectors W or W is a
nontrivial task.

The four problems of MCDM under uncertainty listed
and briefly discussed above are of methodological nature.
This kind of DM can face also problems of different nature,
namely, an application in such areas of civil engineering as
development of sustainable and energy efficient buildings,
building information modelling, assurance of security, and
safety of built property. Solving MCDM problems in these
areas will face the necessity to model uncertainties related
to long-term predictions, vague information available in
the process of building design, and possibility of rare but
extremely damaging events. A particular need for modelling
uncertainties in MCDM problems arises at a design of
safety critical objects of civil engineering. Failures of such
objects or damage to them can cause severe consequences to
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society and environment. Many of safety critical objects are
assessed (designed) by applying methods of reliability theory
or probabilistic risk assessment. Measures of reliability and
components of risk estimates can be uncertain quantities. An
application of MCDM to the design of safety critical objects
requires including these quantities into the decision-making
matrix C. In most cases, uncertainties related to reliably
and risk are modelled by means of probability distributions.
Therefore, the decision-making matrix will be formulated as
the matrix C. A combination of SA and MCDM applied to
the design of the safety critical objects will allow revealing the
most important MCDM criteria related to safety.

The following sections of this review will consider the
problems raised above in greater detail. The attention will be
focused on both results achieved until now and problematic
issues which may require attention in the future.

3. MCDM Techniques under Uncertainty in
Civil Engineering

Decision-making in the field of civil engineering is increas-
ingly complex and is associated with situations where robust
decisions are required to be taken. These decisions are made
in different stages of civil engineering projects. For example,
decision-making takes place during feasibility study stage
prior to design, procurement, and construction stages in
order to determine the viability of project undertaken by an
investor. Also it often faces the need to deal with hazardous
phenomena, including industrial accidents able to damage
built property, structural failures, extreme natural phenom-
ena, and human acts affecting security. Proper decisions
made by architects and civil engineers may reduce the risk
posed by the aforementioned phenomena.

Decision-making in this field can be facilitated by an
application of formal methods, such as methods of multiple
criteria decision-making. Factors relevant to decisions can
be identified using the methods of uncertainty and SA of
mathematical model outputs.

The result of the evaluation of an alternative according
to a given criteria is a single value (e.g., number or verbal
expressions) for unambiguous deterministic information.
For ambiguous information, the result of the evaluation of
variants according to a given criteria is a random variable
if the information is stochastic in nature or a fuzzy variable
if the information is nonstochastic in nature. The stochastic
nature of a phenomenon is associated with the unlimited
repeatability of the phenomenon. Unrepeatable phenomena
or phenomena with uncertain knowledge significance are
nonstochastic in nature.

3.1. Fuzzy MCDM. The fuzzy framework is the most com-
mon approach to describe and handle uncertainty in MCDM.
Considering the imprecisions and uncertainties, that is,
fuzziness of the available data and the decision-making
procedures, fuzzy set theory can be applied [22]. In a fuzzy
MCDV, the elements ¢; of C are characterised by fuzzy sets.
In what follows, such elements will be denoted by the symbol

d P . . ..
¢; and a decision-making matrix containing fuzzy elements
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will be ‘C. The fuzzy set theory can be used for a MCDM,
whenever probability distributions of ¢;; are unknown due to
lack of statistical data or there is no wish to express subjective
judgments about values of ¢; in a probabilistic way. The
weights w; can also be modelled as fuzzy variables (E; and
so0 the vector w can be a fuzzy one, W.

In MCDM problems, three types of fuzziness can be
observed: the ratings of each alternative with respect to each
criterion are uncertain or imprecise and weights are crisp
numbers (((?j), w j); the ratings of alternatives are crisp num-
bers while fuzzy numbers are used to assess the weights of all
criteria (g;;, (uT}); both the ratings and the weights are fuzzy

(Zj’, Wj). Each type of uncertainty has its own characteristics
and is appropriate for special cases.

A lot of fuzzy extensions of MCDM methods have been
proposed and applied in engineering, technology, or man-
agement. Fuzzy extensions of MCDM involve application
of basic fuzzy logic, using triangular fuzzy numbers and
arithmetic operations, also trapezoidal fuzzy numbers, as well
as intuitionistic fuzzy relations, interval-valued intuitionistic
fuzzy relations, type-2 fuzzy sets, and hesitant fuzzy sets
concepts. Nonfuzzy uncertain decision methods include reli-
ability theory and probabilistic and grey-valued formulations
for handling incomplete or imprecise information. The most
widely applied fuzzy extensions of MCDM methods are
fuzzy AHP (analytic hierarchy process), with the origins
dated to 1983 [23] and various numerous extensions of fuzzy
TOPSIS (technique for order preference by similarity to ideal
solution) [2, 24]. Several latest extensions of more recently
developed methods are worth to be mentioned: extension of
weighted aggregated sum product assessment in an interval-
valued intuitionistic fuzzy environment (WASPAS-IVIF)
[25], a complex proportional assessment method extended
with interval-valued intuitionistic fuzzy numbers (COPRAS-
IVIF), and suitable for group decision-making [26]. The most
recent extended versions of MULTIMOORA (multiobjective
optimization by ratio analysis plus full multiplicative form)
utilize the basic fuzzy logic [27, 28] or are based on the
interval 2-tuple linguistic variables [29], intuitionistic fuzzy
numbers [30], or hesitant fuzzy numbers [31]. ARAS under
fuzzy environment was also presented [32] and further
applied [33, 34].

Numerous researches utilize not a single fuzzy MCDM
(FMCDM) method but combine several of the methods. Two
groups of researches can be distinguished: either integrating
two or more available techniques and proposing so-called
hybrid methods or employing several methods for a solution
of a problem and comparing ranking results. The study [2]
reviews papers on development and applications of MCDM
during the last two decades by various aspects. The analysis
covers 1081 papers related to MCDM and fuzzy MCDM.
While a detailed survey is made on 403 papers published in
peer review journals and entirely devoted to fuzzy decisions,
involving 217 papers in a field of engineering, it is obvious
that engineering applications cover over 50 percent of overall
applications. Accordingly, it can be stated that fuzzy MCDM
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is useful and applicable technique for complex decision-
making in civil engineering under uncertainty.

The increasing importance of the methods can be based
on the findings that the number of developments and appli-
cations is increasing every year. On the basis of collected
data [2], annual distribution of papers in engineering field
is explored. The period is divided into several stages. The
first stage covers 1994-2005, when a number of papers are
small or even absent in certain years. The later period starting
from 2006, when a number of researches began increasing, is
grouped in three years. A chart (Figure 3) shows increase of
FMCDM applications in engineering, measured by a number
of publications included in the review paper [2] on FMCDM
techniques and applications during two decades.

The last period from the above four covers 46 percent of
publications issued during 20 years. The largest number of
researches on the whole is observed in 2014.

The latest FMCDM approaches are applied in various sub-
fields of civil engineering field. Subfields which are the most
numerously supported by considered approaches are related
to sustainability and building lifecycle assessment, supply
chain management in construction, technology and inven-
tory selection in construction industries, location selection
and infrastructure modelling, and knowledge management.

Environmental, social and economic aspects of sustain-
able building were incorporated when evaluating mining
projects and their impact on environment [35], assessing
building energy performance [36] or performance of pave-
ments with emphasis on sustainability [37].

Supply chain management is handled through proper
supplier selection considering multiple criteria simultane-
ously. Various approaches are applied for supplier evaluation
and selection, starting from the most common fuzzy AHP
and hybrid methods integrating AHP and TOPSIS [38], AHP
and PROMETHEE [39], and so forth. Also novel extensions
based on interval type-2 fuzzy sets [40] or intuitionistic fuzzy
information [41] are utilized.

Selection of technologies, inventory, or materials in con-
struction is also widely supported by FMCDM. Examples
of the most recent applications are for selecting material
handling equipment [42, 43], inventory classification [44],
and selection of robots for automated technology operations
[45].

Fuzzy decision-making methods are extremely important
for handling vagueness in special-purpose building projects
and their location. Fuzzy multiple criteria approaches suc-
cessfully applied for nuclear power plant site selection [46],
deep-water see port selection [47], and health monitoring of
tunnels [48].

Regarding DM methodology in civil engineering applica-
tions, it can be concluded that the most common approach is
observed to be fuzzy AHP-TOPSIS hybrid technique [38, 49],
also combining fuzzy AHP with other classical methods as
PROMETHEE [50] and DEMATEL [51, 52].

Another group of researches applies several FMCDM
methods simultaneously and compares ranking results. An
example can be provided of material selection applying a
number of hybrid approaches, namely, FAHP-VIKOR, FAHP-
PROMETHEE, FAHP-TOPSIS, and FAHP-ELECTRE [53],
technology selection applying FAHP, TOPSIS-E, VIKOR-F,
and COPRAS-G [45], and so forth.

3.2. Stochastic MCDM. The probabilistic framework is the
second approach to describe and handle uncertainty in
MCDM. In this framework, the elements ¢; of the decision-
making matrix C are modelled by random variables ¢;
expressing uncertainty in possible values of ¢;;. The uncer-
tainty is quantified by means of probability distributions
which can be specified in the format Fisherian or Bayesian
statistics. Presence of G;; in C generates a matrix C, all or some
elements of which are random. Stochastic MCDM methods
are used to solve the decision problems with the matrix C.

MCDM solved with an emphasis on stochastic uncer-
tainty (SMCDM) is focused on decision problems of the
selection of alternatives from several criteria that are math-
ematically described neither as crisp numbers nor as fuzzy
numbers or linguistic variables but as random variables [54].
Stochastic methods for the determi