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a b s t r a c t

A green building material (GBM) is an ecological, health-promoting, recycled, or high-performance
building material that impacts the material selection to cover all three pillars (3Ps) of sustainability.
The absence of clear instructions for GBMs and the difficulty of precision adjustments of GBM criteria
with 3Ps sustainability make GBM selection a challenge. In addition, the consideration of all sustain-
ability factors in GBM selection is a multi-criteria decision problem that requires mathematical tech-
niques such as the multi criteria decision making (MCDM) method.

This study applies a hybrid MCDM methodology to resolve multiple incompatible and conflicting GBM
criteria to align with 3Ps sustainability. The Decision-Making Trial and Evaluation Laboratory (DEMATEL)
was used to analyze the efficacy of and interrelationship between GBM criteria. This tool is a hybrid
model using fuzzy analytic network process (FANP) for aligning and ranking GBM criteria based on 3Ps
sustainability. Additionally, the study inspects four groups of professionals in Malaysia who involved in
GBM selection and modified one of the oldest GBM criteria models considering the criteria identified
from a comprehensive literature review. The results show that the relationship between GBMs and
sustainability criteria are different based on the separate 3Ps of sustainability. The evaluation and results
provide a valuable reference for building professionals to enhance sustainable construction through
green materials.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The impact of building materials differs based on contamination
and the material's function in each stage of its life cycle production
from cradle to grave (Balaras et al., 2005; Moncaster and Symons,
2013). Green materials with low or no impact on humans and the
environment can decrease embodied energy (Thormark, 2006;
Venkatarama Reddy and Jagadish, 2003), energy consumption
(Papadopoulos and Giama, 2007), CO2 emission (Gonzalez and
Navarro, 2006), indoor air pollution (Ries et al., 2006), and recy-
clability (Kubba, 2010). This strategy is required to achieve sus-
tainability in building materials (Halliday, 2008; Barrett et al., 1999;
hoshnava), raheleh.rostami@
Valipour), mohammad@utm.
).
Abidin, 2010). Themainstream theory for sustainability has become
the idea of three pillars (3Ps): environmental, social and economic
sustainability (Adams, 2006). These 3Ps have been drawn in a va-
riety of ways: pillars (Forestry Commission of Great Britain, 2009),
concentric circles (Scott Cato, 2009), or interlocking circles (Adams,
2006). Therefore, applying sustainability to materials selection re-
quires achieving all 3Ps of sustainability.

Based on sustainability criteria, selecting materials with low
embodied energy, waste, energy consumption, and pollution
directly reduces the environmental burdens of construction ma-
terials and indirectly affects the other two dimensions of sustain-
ability: economic and social (Weißenbergera et al., 2014).
Economically, building materials with low energy consumption
contribute to sustainability criteria (Abeysundara et al., 2009). So-
cially, the type of material contributes to the residents' health
status. People spend over 80% of their time indoors (Frontczak and
Wargocki, 2011), and hazardous materials can directly affect indoor
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air quality and therefore the occupants' health (Birt and Newsham,
2009). Green building materials (GBMs), as an important term in
the 20th century, has been potential to minimize these total im-
pacts in terms of material selection (Ip and Miller, 2012; Changa
et al., 2015).

Usually, the material selection process considers some typical
concerns such as quality, performance, aesthetics, and cost, and this
process would reveal the material performance criterion overall.
Nowadays, the evolution process of material selection has moved
more towards the attention to green and sustainable performance
criterion. One of those is “State-of-the-art” in GBMs performance
criteria; that undoubtedly consider multi-attribute. GBM as high
performance building material is an environmentally, healthy, and
recyclable material which is performed of efficiently reducing im-
pacts to environment and human health during its whole life cycle
(LC). Although the material selection process is fundamentally the
same for both green and non-green material, but the variance of
GBMs criteria encounter a greater burden for GBMs selection pro-
cedure. This process is becoming quite complex and multi-criteria
decision problems when is aimed to alignwith 3Ps of sustainability.

Many assessment tools such as Building for Environmental and
Economic Sustainability (BEES) (BEES) and Leadership in Energy
and Environmental Design (LEED) (LEED) focus on sustainability in
terms of material selection. However, the majority of these tools
focus on environmental issues and do not consider economic or
social sustainability (Sinou and Kyvelou, 2006). Therefore, to
consider all three sustainability pillars in material selection,
mathematical decision techniques need to be developed (Rao,
2008; Rao and Patel, 2010). Selecting building materials is a
multi-criteria decision problem, largely based on experience rather
than using a numerical approach (Jato-Espino et al., 2014; Pacheco-
Torgal et al., 2014; Nassar et al., 2003). In this regard, multiple-
criteria decision making (MCDM) has developed as part of pro-
cedure research, designing computational and mathematical tools
to help decision makers evaluate performance criteria (Behzadian
et al., 2012; Zavadskas et al., 2015). Building material selection
typically encompasses multiple conflicting criteria that need to be
evaluated to make more informed and better decisions. Numerous
studies in the construction industry use multi-criteria decision
making methods (Behzadian et al., 2012; Shapira and Goldenberg,
2005; Ugwu et al., 2006; Wong and Li, 2008; Bahareh et al., 2011;
Wang et al., 2012), but no work has been done yet to address
selecting green building materials with MCDM (Pacheco-Torgal
et al., 2014; Florez and Castro-Lacouture, 2013; Franzoni, 2011).
The aim of this study is to develop a methodological and systematic
approach for building material selection that aligns, prioritizes, and
weights the GBM criteria considering the three pillars (3Ps) of
sustainability and their network relations (Akadiri and Olomolaiye,
2012). In addition, the objectives of this research are the following:

1 Recognize and categorize the GBM criteria and expand the
correlation with sustainability criteria.

2 Analyze the efficacy of and the interrelationship between the
GBM criteria with the applicable method.

3 Pairwise compare and express the valuation and magnitude of
the GBM criteria based on the 3Ps of sustainability.

4 Analyze and weight the GBM criteria based on 3Ps sustainability
with the appropriate methods.

To achieve these objectives, this study uses the hybrid multi-
criteria decision making (MCDM) methodology to resolve multi-
ple incompatible and conflicting GBM criteria to align with 3Ps
sustainability (�Saparauskas and Turskis, 2006). Specifically, the
Decision-Making Trial and Evaluation Laboratory (DEMATEL) was
used to analyze the efficacy of and the interrelationship between
the GBM criteria, and fuzzy analytic network process (FANP) was
used for the best weighting of the GBM criteria based on 3Ps sus-
tainability. The DEMATEL is a useful tool for analyzing correlations
among factors using the crisp values (Vafadarnikjoo, 2014), and the
FANP method is a multi-criteria decision making method based on
the analytic hierarchy process that enables the existence of in-
terdependences among criteria (Saaty and Cillo, 2009).

2. Literature review

2.1. The role of sustainability in selecting building materials

Sustainability is a complex concept that has become one of the
major issues in material science (Kates, 2010). Selecting building
materials is one of several factors that can influence sustainability
in the construction industry (Behzadian et al., 2012). Disagreement
on the environmental impacts from buildingmaterials is inevitable,
but it has the capability to steer the sustainability criteria to reduce
the total impact (Torgal and Jalali, 2011). Sustainability is a guiding
influence for all human work, including the construction industry,
that improves the quality of human life within the carrying capacity
of the supporting eco-systems (IUCN/UNEP/WWF, 1991). The 2005
World Summit on Social Development defined 3Ps of sustainability:
environment, economic, and social; which can be mutually rein-
forcing (Forestry Commission of Great Britain, 2009; United
Nations General Assembly, 2005). Based on this definition, the
consideration of all three sustainability pillars is required for a
suitable strategy to align sustainability with the selection of
building materials to minimize their total impacts. Some research
has studied sustainability in terms of selecting building materials
(Akadiri and Olomolaiye, 2012; Akadiri et al., 2013; Govindan et al.,
2016); and, classified sustainable buildingmaterials criteria into the
three pillars of sustainability. However, the aim of this research is to
weight and align the GBM criteria with the three sustainability
pillars.

The words “sustainable” and “green” are often used inter-
changeably, but they do not mean the same thing. The definition of
“green” focuses on products and people, while “sustainable” (Kates,
2010) is a much wider term based on the 3Ps that examines the
implications of those products and services used over a much
longer period of time. Green engineering is raising to the design,
commercialization and use of procedures and products that are
economically feasible while reducing the generation of the source
of pollution and minimizing the risk to human health and the
environment (Braz. J. Chem. Eng., 2272). But, the term of ‘green’
deals directly with an elimination of hazardous materials and
constituents that possess hazardous characteristics (IECR, 2015;
Separation and Purification Technology, 2015).

Historically, green buildings can be traced back to ancient times
with the use of eco-friendly materials. However, the official green
building movement started during the energy crisis, and the
concept of sustainability was researched and developed in the
1960s and 1970s (Mao et al., 2009). The initial effort was published
in the book Silent Spring (Carson, 1962), which described sustain-
able development as related to green building (Mao et al., 2009). A
green building material considered as an ecological, health-
promoting, recycled, or high-performance building material that
is capable of efficiently minimizing the environmental impacts and
human health damage during its entire life cycle (Li, 2013). GBMs
comprise a growing list of products and materials currently in the
market used to build, furnish, and power buildings (Bezdek, 2008).
To be on these lists, materials have to meet certain eco-friendly
criteria such as being manufactured from recycled materials or
containing low volatile organic compound (VOC) levels (United
States Environmental Protection Agency). The ideal building
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material would have no negative environmental impacts, or
perhaps even positive environmental impacts, including impacts
on air, land, and water purification (Franzoni, 2011). The potential
of GBMs is based on the three sustainability criteria (United States
Environmental Protection Agency):

� Environmental benefits: Enhance and protect ecosystems;
improve air andwater quality; decreasewaste streams to air and
land; and preserve and restore natural and renewable resources.

� Economic benefits: Decrease operating costs; create, expand,
and shape markets for green products and services; improve
occupant productivity; and optimize life-cycle economic
performance.

� Social benefits: Enhance occupant comfort and health; heighten
aesthetic qualities; minimize strain on local infrastructure; and
improve overall quality of life.

However, no perfect greenmaterial exists. In practice, a growing
number of green materials can reduce or eliminate negative im-
pacts on people and the environment (Halliday, 2008; Mickaityte
et al., 2008). The absence of a standard for GBMs has led this
study to aligning GBMs with 3Ps sustainability.

In this research, the precision adjustment of GBM criteria with
the three sustainability pillars intensified the difficulty of selecting
building materials. For instance, a manufactured material made
with natural or renewable resources can be considered a GBM
(Spiegel and Meadows, 2010b). This material directly affects the
environmental dimension of sustainability, but it could also indi-
rectly affect the other two dimensions (social and economic) of
sustainability. The best advantage of this material is reducing the
final production cost, which falls under the economic dimension of
sustainability (Chikhia et al., 2013) and the affordable characteristic
of GBMs (Akadiri and Olomolaiye, 2012). Conversely, affordable
GBMs can be manufactured using natural and renewable resources,
which aligns with the environmental, social, and economic sus-
tainability dimensions. With this material description, all GBMs
and sustainability criteria have mutual effects that lead to unex-
pected consequences in terms of GBM selection (Fig. 3). Therefore,
based on the aim of this study, the methodical and systematic
approach for weighting the aligned GBMs with sustainability
criteria should consider the relationships and effects of each
criterion.

2.2. Hybrid multi-criteria decision making (MCDM)

The MCDM has been considered as an active method for
research since 1970s and is concerned with structuring and
resolving decision and planning problems related to multiple
criteria (K€oksalan et al., 2011). It has ability to concept an inclusive
judgement and theoretical implications from many indicators that
considered in different fields such as ‘environmental performance’
(Rowley et al., 2012). Besides, MCDM has been used extensively to
evaluate sustainability, and a good overview can be found in to
provide a path towards the achievement of a sustainable future
(Cinelli et al., 2014).

The analytic hierarchy process (AHP) has been commonly used
in MCDM to measure quantitative and qualitative criteria (Saaty,
1980). AHP decomposes an MCDM problem into a hierarchical
structure by assuming that the criteria relationships in different
levels are independent (Saaty and Vargas, 1987). According to this
research (section 2.1), the network relation and effect of all of the
criteria on GBMs and sustainability must be considered. AHP has
difficulty with interval judgments to implement in real-life prob-
lems (Velasquez and Hester, 2013). Additionally, the assumption in
AHP of independent relationships at different levels of the
hierarchical structure is not always true in MCDM problems (Ayag
and Ozdemir, 2012). Thus, analytic network process (ANP) as a
generalization of AHP created by Saaty in 1996 to address problems
involving interdependent relationships between criteria (Saaty,
1996). This method applies a network structure instead of a hier-
archical structure and. In current research, ANP could be an appli-
cable method for considering the network relation between GBMs
and sustainability criteria. This method can assess the consistency
of the decisions and processes by breaking down the problem into
smaller parts, appropriate for a more detailed analysis. Analyzes of
construction industry experts' correspond to the information could
be sometimes ambiguous evidence or judgments. Thus, to address
these uncertain human judgments, the fuzzy ANP method was
developed (Mikhailov and Singh, 2003); this method has been
appropriately applied to increase the capabilities of the ANP
method for commerce with inconsistent and uncertain judgments.
Due to the fuzzy logic in the pair wise comparison of elements, the
ANP method becomes more flexible and provides more accurate
and truthful results (Ayag and Ozdemir, 2012).

Recently, the fuzzy ANPmethod has been successfully applied in
various fields, alone or as a hybrid with other methods
(Buyukozkan and Cifci, 2012; Dagdeviren and Yuksel, 2010; Nguyen
et al., 2014; Sevkli et al., 2012; Tavana et al., 2013; Vinodh et al.,
2011). ANP certainly has shortcomings, which cannot be evalu-
ated for one element in isolation. Identifying the drawbacks and
strengths of ANP requires the pair wise comparison of elements
(Konidari and Mavrakis, 2007). This problem can be exponentially
complex with the number of criteria and their interdependencies
(Wolfslehner et al., 2005). Thus, a hybrid method is a decision-
making tool that covers the futility and uselessness from one
method with the usefulness and utility of another method (Wang
and Yang, 2007). Therefore, based on recent literature which sug-
gest combining methods (e.g., the DEMATEL and ANP methods
(Vujanovi�c et al., 2012), the DEMATEL, fuzzy ANP and TOPSIS
methods (Chen and Chen, 2010), and the DEMATEL and FANP
methods (Uygun et al., 2015)), and based on the objectives of this
study, two separate MCDM techniques (including FANP and
DEMATEL) are considered in current study to cover the research
methodology.

The complexity of the multi criteria problem of this study can be
reduced through the collaboration of the Decision Making Trial and
Evaluation Laboratory Model (DEMATEL) with the Fuzzy Analytical
Network Process (FANP) method. The Fuzzy ANP alleviate ambi-
guity and uncertainty evidence of human judgment and increase
the capability of ANP to provide more accurate and truthful results.
And, DEMATEL converts the relationship among factors and
fundamental dimensions from the complex system to a logical
organizational model (Gabus and Fontela, 1972; Lin andWu, 2004).
With this method, the factor comparisons are significantly reduced,
which does not require the comparison of all of the element pairs
with respect to each element when establishing the inner de-
pendencies of the elements (Liou et al., 2011). This method in-
creases the sensitivity of interrelationships between the factors for
choosing the outsource providers. Therefore, the hybrid DEMATEL
and FANP method was applied as the logical, organizational, and
applicable method for aligning and considering the network rela-
tionship among GBM criteria and 3Ps sustainability with a pairwise
comparison of factors. The research methodology used for this
study is summarized in Section 3 with four sub-sections.

3. Research methodology

This study considered four groups of professionals involved in
building material selection including: the supervisor, consultant,
contractor, and supplier. The four sub-sections in the methodology
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section describe the procedure for obtaining the cause and effect
for network relationships among GBMs and sustainability criteria:

1 Identify and classify the GBM criteria to determine the basic
model of the network relationship among GBM criteria and 3Ps
sustainability.

2 Collect data with interviews and surveys.
3 Analyze the correlation among GBMs criteria using the DEMA-

TEL method as the logical and organizational method.
4 Use FANP to align and precisely weight the GBM criteria and 3Ps

sustainability considering the network relationship among all of
the factors.

In research methodology, combinations of methods are adopted
to enable in depth study of the GBMs criterion and 3Ps of sus-
tainability, which helped to achieve the research aim and objec-
tives. Information collected from comprehensive literature review,
and followed by a pilot survey for adjustment the questionnaires to
the concept of GBMs and sustainability in term of building material
selection. Besides, the survey and consequent interviews with
professionals was used to conclude based on the research
Fig. 1. The Flow of the research
objectives; and established a model for significant GBMs criteria.
This model was confirmed via experts’ review through survey. Fig.1
illustrates the research methodology.
3.1. Identifying the criteria of green building materials (GBMs)

To identify the GBM criteria, data were preliminary obtained
from a comprehensive literature reviews including articles and
books related to green materials. The reviews suggest three basic
steps of building product selection which can begin after estab-
lishing the project-specific goals (Froeschle, 1999):

� ResearchThis step involves gathering all of the technical infor-
mation to be evaluated, including manufacturers' information
such as indoor air quality (IAQ) test data, source material char-
acteristics, and recycled content data. In addition, this step may
involve researching building codes, government regulations,
building industry articles, model green building product speci-
fications, and other sources of product data. Research step leads
in identifying the full range of the project's building material
options.
methodology in this study.
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� EvaluationThis step involves confirmation of the technical in-
formation and filling in information gaps. Evaluation and
assessment are relatively simple when comparing similar types
of building materials. However, this step is more complex when
comparing different products with the same function. In this
case, evaluation may require processing both descriptive and
quantitative forms of data.

� SelectionThis step often involves the use of an evaluation to
score the GBM criteria. The total score of each product evalua-
tion will indicate the product with the highest attributes in 3Ps
sustainability. Individual criteria included in the rating system
can be weighted to accommodate project-specific goals and
objectives. During the process of evaluating materials, two
valuable tools are resource management and toxicity that
impact our natural resources and the relative environmental
and social health. In addition, performance issues are also a
valuable tool for evaluating a material that encompasses dura-
bility, energy efficiency, the amount of waste generated, and the
potential for reuse or recycling (U.S. Department of Energy).

In this research, the specifications and characteristics of GBMs
are classified into three separate and continuous periods of the
material life cycle from cradle to grave: cradle to gate (material
production process), material lifespan, and the disposal phase
(Table 1).

The oldest identification and recommendation of GBM criteria
was conducted by Spiegel and Meadows (Spiegel and Meadows,
2010b) and Lynn Froeschle (Zhou et al., 2009). This study modi-
fied Lynn Froeschle's suggested model (Froeschle, 1999) consid-
ering the criteria identified in Table 1. Accordingly, resource
efficiency (RE), indoor air quality (IAQ), energy efficiency (EE),
water conservation (WC), and affordability (AF) were considered in
this study as the main GBM criteria (see Fig. 2). The first two criteria
(RE and IAQ) were classified in individual sub-criteria, but the
remaining criteria were categorized based on the material's life
cycle. The whole material life cycle is demotic and common from
cradle to grave. Definitions of the main criteria are presented in
Table 2.

3.2. Data collection from the questionnaire

The interviews and questionnaire survey were conducted as the
Table 1
GBM Specifications over their Life Cycle.

Cradle to gate Material lifespan

Low energy consumption during production (Bank et al., 2011;
Crosbie et al., 2011)

Low cost product (Ries et al., 2006; Emmitt and Yeomans,
2008; Lipiatt, 2007)

Low water consumption during production (EPA-841-R-08-
00, 2004)

Use recycled content (U.S. Environmental Protection Agency,
2009; epa.gov; Asokan et al., 2009)

Use natural or renewable resources (Bank et al., 2011; Crosbie
et al., 2011; Khoshnava et al., 2014; Abdul Khalil et al., 2013)

Resource efficient manufacturing process (Calkins, 2009;
Kibert, 2008)

Locally available (Bunz et al., 2006; Calkins, 2009; Abdul Khalil
et al., 2013; Ugwu et al., 2006)

Salvaged, refurbished, or remanufactured (Bondanza, 2011)
Low or non-toxic production process (Spiegel and Meadows,

2010a)
Minimal chemical emissions (Bahareh et al., 2011)
Low-VOC assembly (Yu and Kim, 2010)
Healthfully maintained (TSCA, 1976)
Systems or equipment (Kim and Rigdon, 1998)

Energy efficiency during
et al., 2010)
Low cost maintenance (
Wong et al., 2008)
Low water consumption
00, 2004; U.S. Geologica
Durable (Joseph and Tre
2010; Zhou et al., 2009;
Low-VOC for indoor air
Meadows, 2010a; Bahar
Moisture resistant (Unit
Environmental Protectio
Healthfully maintained
Meadows, 2010a; TSCA
2011)
secondary resources to the GBM factors in Malaysia. Three types of
questionnaires were used in this study:

1. The first type was used to identify the independency and rela-
tionship between GBM and sustainability criteria by the
DEMATEL method. Five-point Likert scale questions were used
in this section (Appendix A in supplementary information).

2. The second type of questionnaire was used to rank the GBM
criteria using the fuzzy analytic network process (FANP)
method. This ranking was done on a scale of 1e9. FANP options
were analyzed in a pair-wise comparison; for this purpose, the
subjects were issued numbers from 1 to 9 according to their
intensity of the role. Table 3 shows the linguistic scale
(Appendix B e Part 1, in supplementary information).

3. The third type of questionnaire was used to determine the
impact of each criterion on the environmental, economic, and
social GBM selection. Five-point Likert scale questions were
used in this section. The questionnaires were distributed
through email or personally requested from the respondents
(Appendix B e Part 2, in supplementary information).

For this study, 80 experts from Malaysia including: supervisors,
consultants, contractors, and suppliers were selected. The re-
spondents had to meet two criteria before being invited to partic-
ipate in the survey: have extensive work experience within the
construction industry in Malaysia and have gained in-depth
knowledge of green building materials. Table 4 shows the back-
ground information of the respondents: 58.2% of the respondents
came from the public sector (A), 32.6% came from the private sector
(B), and the rest were mainly selected researchers and academics
(C). Furthermore, the experts had over five years of experience in
green building materials, and nearly 63% of the respondents had
between 5 and 10 years of industrial experience. The flow of the
research methodology for this study is schematically illustrated in
Fig. 1. The following sections describe the methods that were
applied in each stage.

3.3. Hybrid multi-criteria decision-making methods (MCDMs)

Totally, a hybrid method is a decision-making tool that covers
the futility and uselessness from one method with the usefulness
and utility of another method (Wang and Yang, 2007). Based on the
Disposal to grave

lifespan (Goggins

Ries et al., 2006;

(EPA-841-R-08-
l Survey, 2005)
tsiakova-McNally,
Wong and Li, 2008)
(Spiegel and
eh et al., 2011)
ed States
n Agency)
(Spiegel and
, 1976; Lee et al.,

Energy efficiency in disposal phase (Thormark, 2006; U.S.
Environmental Protection Agency, 2009; epa.gov)
Low cost in disposal phase (Lipiatt, 2007; Chen et al., 2010;
Asokan et al., 2009)
Water conservation (EPA-841-R-08-00, 2004; U.S. Geological
Survey, 2005)
Reusable or recyclable (U.S. Environmental Protection Agency,
2009; epa.gov; Abdul Khalil et al., 2013; Asokan et al., 2009)
Low or non-toxic (Spiegel and Meadows, 2010a; TSCA, 1976)
Minimal chemical emissions (Bahareh et al., 2011)
Healthfully maintained (TSCA, 1976; Lee et al., 2011)



Fig. 2. Green building materials criteria for this study.

Fig. 3. The prototype and basic model of mutual and network relations among GBMs and sustainability criteria.
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objectives of this study, two separate MCDM techniques are
considered to cover the research methodology. AHP is common
MCDM method which has been used to measure quantitative and
qualitative criteria (Saaty, 1980). The decision makers with AHP
method may feel that some of the criteria are more important in
compare with the others, and have more effect on chain's turnover.
However, if there are a number of feedbacks and mutual relation-
ship among criteria, an insignificant criterion can turn to an



Table 2
Definition of the main GBM criteria in this study.

Main GBMs Criteria Definition

Resource efficiency (RE) Product manufactured with resource efficient processes including energy consumption, minimizing waste, and reducing greenhouse gases
Indoor air quality (IAQ) Promotes healthy IAQ by identifying indoor air pollutants or enhancing the air quality
Energy efficiency (EE) Materials or components that help reduce energy consumption in buildings and facilities
Water Conservation (WC) Products and systems that help reduce water consumption in buildings and conserve water in landscaped areas
Affordability (AF) The building product's life cycle cost is comparable to conventional material or are within a project-defined percentage of the overall budget

Table 3
Linguistic scale for importance.

Linguistic scale for importance Fundamental scale Triangular fuzzy scale Triangular fuzzy reciprocal scale

Equally important(EI) 1 (1, 1,1) (1, 1,1)
Intermediate1(IM1) 2 (1, 2, 3) (1/3, 1/2, 1)
Moderately important(W) 3 (2, 3, 4) (1/4, 1/3, 1/2)
Intermediate2(IM2) 4 (3, 4 ,5) (1/5, 1/4, 1/3)
Important(M) 5 (4, 5, 6) (1/6, 1/5, 1/4)
Intermediate3(IM3) 6 (5, 6, 7) (1/7, 1/5, 1/6)
Very important(S) 7 (6, 7, 8) (1/8, 1/7, 1/6)
Intermediate4(ID) 8 (7, 8, 9) (1/9, 1/8, 1/7)
Absolutely important(E) 9 (9, 9, 9) (1/9, 1/9, 1/9)

Table 4
Background information of the selected experts.

Role of the respondents

Sector Public Private Academic
Percentage 32.6 58.2 9.2

Position

Category Supervisor Consultant Supplier Contractor
Number 20 20 20 20

Industrial experience of the respondents

Years Five or below 5e10 11-15 Above 16
Percentage 0 62.5 20.4 17.1
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important one in the case of using AHP method. So, AHP is not
receptive of communicating feedbacks (Bayazit, 2006). So it's
needed to apply the methodology for getting more virtual results
when there is network relationship among criteria.

The ANP method has solved this problem entirely. But, it has
some limitation which are not appropriate to be used in this
research. One of the most significant problems e is the existence of
too many norms in decision making model which leads to a long-
some questionnaire or complicated super matrixes in ANP.

Since experts usually don't have enough time, patience and
tolerance to answer such questionnaires and super matrixes may
need to be compared more than AHP method; not coming to a
logical judgment is possible. Therefore, applying ANP is too
complicated and it takes a lot of time (Lee, 2009). Among existing
methods, DEMATEL method would be presented as a perfect one to
evaluate and weight the norms (Saadati., 2010).

1. Through taking advantages from the principals of Graph theory,
this technique, extracts affecting and being affected mutual re-
lationships between the ingredients of Graph, and define the
gravity of effects by a numeral score.

2. Using the feedback of each relationship is one of the advantages
of this method; which means that in structure of this technique
each ingredient can effect on all other ones in same, upper or
lower levels while being impressible by any of them at the same
time.

3. In addition, the significance and gravity of each parameter
would be specified not only by upper and lower ones but all the
existing parameters or in other words by the whole model.
Applying this method also requires decision maker's enough
knowledge about the target of decision making and the environ-
ment of this possess, and all the cession ingredients. Since always
this perfect knowledge about system doesn't exist, decision maker
can't be completely sure while judging binary comparisons. Thus,
DEMATEL method would be also used to solve this problem.
3.3.1. Decision-making trial and evaluation laboratory (DEMATEL)
The Decision-Making Trial and Evaluation Laboratory (DEMA-

TEL) techniquewas implemented to show the dependencies of each
GBM criterion. An expert teamwas organized to support the model
formulation. DEMATEL is a comprehensive method for building and
analyzing a structural model involving causal relationships be-
tween complex criteria (Chiou et al., 2011). The methodology, ac-
cording to the concrete characteristics of objective affairs, can
confirm the interdependence among the variables or attributes and
restrict the relationship that reflects the characteristics with an
essential system and development trend (Wu and Lee, 2007; Chiu
et al., 2006; Hori and Shimizu, 1999). The solution steps to obtain
the dependencies of each criterion are as follows:

Step 1: Generating a direct relation matrix.
Based on the questionnaire, the experts and decision making

team were asked to note the degree of direct effect between each
pair of elements based on their experience, assessed on a five-level
scale: 1 (no influence), 2 (low influence), 3 (medium influence), 4
(high influence), and 5 (very high influence). The initial direct-
relation matrix was obtained by converting their assessments
into values. The assessments by each expert give us an initial expert
direct matrix, X(k), where k is the number of experts (k¼ 1, 2,…, p).
The diagonal elements of each matrix, X(k), were all set to zero. The
initial expert direct matrix X(k) can be represented as:

T¼�tij�n�n;i;j¼1;2;…;n XðkÞ ¼
h
aðkÞij

i
n�n

¼

E1
E2
:
:
En

0
BBBBB@

E1 E2 :::: En
0 aðkÞ12 ::: aðkÞ1n

aðkÞ21 0 :::: aðkÞ2n
« « 1 «

aðkÞn1 aðkÞn2 / 0

1
CCCCCA

(1)

where n is the number of the element, and i, j ¼ 1, 2, …. n.
Then, the initial expert direct matrix was used to acquire the
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direct-relation matrix:

H ¼ 1
p

Xp

k¼1

h
aðkÞij

i
n�n

¼ �hij�n�n (2)

Step 2: Calculating a normalized initial direct relation matrix.
Based on the initial direct relation matrix for dependencies of

each criteria factor, H, the normalized direct-relationmatrix, N, was
derived from the following equation:

N ¼ l*H

N ¼ l*H

l ¼ 1

max1�i�n

Xn

j¼1
hij

; i; j ¼ 1;2;…;n (3)

Step 3: Calculate the total-relation matrix.
Based on the normalized direct relationmatrix, the total relation

matrix, T, was obtained from the following equation:

T ¼ NðI � NÞ�1 (4)

Step 4: Setting a threshold value.
This step is needed to isolate minor effects presented in the total

relation matrix, T and to then obtain an appropriate cause-effect
diagram. Therefore, decision makers must set a threshold value
(z) for the influence level. Some elements, whose influence level in
the total relation matrix, T, are higher than the threshold value, can
be chosen and converted into the cause-effect diagram.

Step 5: Drawing a cause-effect diagram.
The sum of the rows and the sum of the columns are denoted as

vector R and vector C in the following equations:

TZ ¼ �tij�n�n; i; j ¼ 1;2;…;n; tij � z

R ¼ ½ri�n�1 ¼
hXn

j¼1
tij
i
n�1

;

C ¼ ½ci�1�n ¼
hXn

i¼1
tij
i
1�n

;

(5)

The cause-effect diagram, or impact relation map (IRM), can be
obtained by mapping the dataset of (R þ C, R � C). Indeed, the
horizontal axis (Rþ) is named “relation,” which deciphers how
much importance the element has, while the vertical axis (R�) is
named “Influence,” which separates elements into a cause group
and an effect group. Generally, when the (riþ) is positive, then the
element i is affecting other elements and i belongs to the cause
group. Otherwise, if (ri�) is negative, then the element i is being
influenced by others and i belongs to the effect group.

Step 6: Obtaining the dependency matrix.

In this step; the sum of each column in T ¼ �tij�n�n; i; j

¼ 1;2;…;n (6)

is equal to one by the normalization method and the dependency
matrix can thus be obtained.
3.3.2. Fuzzy analytic network process
The ANP developed by Saaty in 1996 (Saaty and Cillo, 2009) is a

generalization of AHP. The ANP is a general theory of relative
measurement used to derive relative composite ratio scales from
individual ratio scales that represent relative measurements of the
influence elements that interact with respect to control criteria. The
ANP captures the dependence outcome and dependence within
and between the clusters of elements, i.e., rather than the strict
hierarchy structure of AHP, ANP dissolves the boundaries towards a
network structure to cover interdependencies and influences
between elements of different clusters (Oztaysi and Ucal, 2009).
ANP comprises two parts (Azizi and Modarres, 2007): the first
contains a control hierarchy or network relative to the goal, criteria
and sub-criteria that govern process interactions and the second
contains an influence network among the elements and clusters. A
decision network includes clusters, elements, and links. Relevant
elements exist within a network or a subnetwork in a cluster. The
clusters and their elements are determined for each control crite-
rion. ANP has inner and outer dependencies. The interactions and
feedback within the clusters are called inner dependencies, while
interactions and feedback between the clusters are called outer
dependencies (Hori and Shimizu, 1999).

Similar to FAHP, fuzzy analytic network process (FANP) extends
ANP to capture vagueness and uncertainty in decision making.
Similar to the ANP method, fuzzy ANP (FANP) has a number of
advantages. The FANP method uses a linguistic scale that helps the
expert or the decision maker prepare a more flexible method in
reaching a conclusion (Mardani et al., 2015). Because FANP is a
comprehensive, multipurpose decision method, previous re-
searches have used FANP to solve many complex decision-making
problems, such as risk prioritization in freeway public private
partnership projects, as shown by Valipour et al. (Valipour et al.,
2015), Da�gdeviren and Yüksel (Spiegel and Meadows, 2010b),
Eshtehardian et al (Eshtehardian et al., 2013). and Shafiee (Shafiee,
2015). Shafieezadeh et al (Shafieezadeh and Hajfataliha, 2009).
declared that ANP is the most accurate method to model complex
decision-making problems. According to Rabbani et al. (2014)
(Rabbani et al., 2014), ANP-based decision analysis approach can
measure all tangible and intangible criteria in the model; ANP is a
relatively simple, intuitive approach that can be accepted by
managers and other decision-makers; and ANP allows for more
complex relationships between the decision levels and attributes
because it does not require a strict hierarchical structure. Addi-
tionally, ANP is more adapted to real-world problems. Hence, AHP
and ANP methods might fail to adequately handle the associated
ambiguities and inherent uncertainty with mapping the decision-
maker's concept to exact numbers (Vahidnia et al., 2008).
3.3.2.1. FANP model based on Chang's method. Chang's method is
relatively simpler than other FAHP methods. The steps of Chang's
extent analysis method are provided below:

Let X ¼ fx1;…xng (7)

be an object set and

U ¼ fu1;u2…;ung (8)

be a goal set. According to Chang's extent analysis, each object is
taken as an extensive analysis for each goal (gi) performed. Thus, m,
the extent analysis values for each object, can be obtained with the
following signs:

M1
gi;M

2
gi…Mm

gi i ¼ 1;2…n (9)

where Mj
gi(j ¼ 1,2,….,m), whereby all are triangular fuzzy numbers.

Step 1: The value of fuzzy synthetic extent with respect to the ith

object is defined as:

Si ¼
Xm
j¼1

Mj
gi5

2
4Xn

i¼1

Xm
j¼1

Mj
gi

3
5�1

(10)

To obtain
Pm

j¼1M
j
gi , the fuzzy addition operation of m extent

analysis values for a particular matrix is performed as:
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Xm
j¼1

Mj
gi ¼

0
@Xm

j¼1

lj;
Xm
j¼1

mj;
Xm
j¼1

uj

1
A (11)

To obtain ½Pn
i¼1
Pm

j¼1M
j
gi ��1, the fuzzy additional operation of

Mj
gi (j ¼ 1,2, …, m) values are performed as:

Xn
i¼1

Xm
j¼1

Mj
gi ¼

 Xn
i¼1

li;
Xn
i¼1

mi;
Xn
i¼1

ui

!
(12)

Then, compute the inverse of the vector in Eq. (4) such that:

2
4Xn

i¼1

Xm
j¼1

Mj
gi

3
5�1

¼

0
BBB@ 1Pn

i¼1 ui
;

1Pn
i¼1 mi

;
1Pn
i¼1 li

1
CCCA (13)

Step 2: The degree of possibility of M2 ¼ (l2, m2, u2) � M1 ¼ (l1,
m1, u1) is defined as:

VðM2 � M1Þ ¼ supy�x
�
min

�
mM1

ðxÞ;mM2
ðyÞ�� (14)

and can be equivalently expressed as follows:

VðM2 � M1Þ ¼ hgtðM1∩M2Þ ¼ mM2
ðdÞ

¼

8>>>><
>>>>:

1 if m2 � m1

0 if l1 � u2
l1 � u2

ðm2 � u2Þ � ðm1 � l1Þ
otherwise

(15)

where d is the ordinate of the highest intersection point D between
mm1

andmm2
. To compare M1 and M2, both of the values of V

(M1�M2) and V (M2� M1) are needed.
Step 3: The degree possibility for a convex fuzzy number to be

greater than k convex fuzzy numbers, Mi(i ¼ 1,2, …,k) can be
defined by: (16).

V (M � M1, M2, …,MK) ¼ V[(M � M1) and(M � M2) and, …,
(M � MK) ¼ min V(M � Mi), i ¼ 1,2, …,k.

Assume that d0 (Ai) ¼ min V (Si � SK). For k ¼ 1, 2, …, n; k s I.
Then, the weight vector is given by:

W0 ¼ ðd0ðA1Þ;d0ðA2Þ;…; d0ðAnÞÞT (17)

where Ai are n elements.
Step 4: The normalized weight vectors are:

dðAiÞ ¼
d0ðAiÞPn
i¼1 d0ðAiÞ

(18)

W ¼ ðdðA1Þ;dðA2Þ;…; dðAnÞÞT (19)

where W is a non-fuzzy number.
4. Result

In this study, the criteria and sub-criteria are classified based on
Fig. 2. The hypothesis of network relationship and mutual effects
among GBM criteria and 3Ps sustainability was obtained after the
first step of research methodology which was focused on identify
and classify the basic model GBM criteria.

According to comparison of different MCDMmethods (Guitouni
and Martel, 1998; Moffett and Sarkar, 2006; Polatidis et al., 2006),
the ANP has been acknowledged as a powerful method to deter-
mine complex interrelationships and to incorporate feedback
among decision levels and attributes. In order to alleviate human
judgments, fuzzy set theory has been compounded through ANP
methods. The main contribution of fuzzy set theory is its ability to
display vague data. A FANP advances the ANP technique by the
inclusion of the fuzzy set concept in ANP procedures. In this study,
the FANP was used to align and precisely weight the GBM criteria
and 3Ps sustainability considering the network relationship among
all of the factors.

By applying FNP model, first questionnaire that was Likert base
scale was analyzed in order to understand respondents' score
regarding the relationship between GBMs criteria). Then, the
DEMATEL method as the logical and organizational method was
used to analyze the correlation among GBMs criteria based on first
questionnaire responses.

The final ranking of GBMs criteria based on 3Ps of sustainability
obtained through second questionnaire, and ANP model with three
layers (Fig. 4). Lastly, the final ranking of every GBMs criterion
based on separate 3Ps of sustainability was concluded through
Interpolation of respondents replying to third questionnaire. Ac-
cording to the research methodology of this study (Fig. 1), the third
questionnaire was used to determine the impact of each criterion
on the environmental, economic, and social GBM selection. So, the
final weighting of GBMs criteria recalculated for every 3Ps of sus-
tainability through ANP model and Interpolation of respondents
replying to third questionnaire.
4.1. Identification of the relationship and independency between
criteria

After the identification and categorization of the GBM criteria, a
network structure was constructed by experts to create mutual
influence between criteria. An inner dependency and relationship
between different groups of criteria and inner dependency within
each criterion was established in this structure. The DEMATEL
technique was implemented to show the criteria dependencies. An
expert team was organized to support the model formulation. The
solution steps to obtain the dependencies of each GBM criterion are
as follows:
4.2. Generate a direct relation matrix

Based on the questionnaire (Type A), the experts and decision
making teamwere asked to note the degree of direct effect between
each pair of elements based on their experience. The initial expert
direct matrix was obtained from Equation (1) and (2). The initial
expert direct relation matrix for dependencies of each criteria is
shown in Table 5.

Table 5 shows the initial direct-relation matrix was obtained by
converting their assessments into values. Based on the first ques-
tionnaire (Appendix A), the experts and decision making team
weighed on a five-level scale based on their experience which were
asked to grade the degree of direct effect between each pair of
elements.
4.3. Calculate the total-relation matrix

Based on the normalized direct relationmatrix, the total relation
matrix, T, was obtained from Equation (5). The threshold value for
the dependency of each safety performance factor was 0.450 for
this study.



Fig. 4. A snapshot of the ANP Model in the SUPER DECISIONS software.

Table 5
The initial expert direct relation matrix for the dependencies of each criterion.

RE1 RE2 RE3 RE4 RE5 RE6 RE7 RE8 IAQ1 IAQ2 IAQ3 IAQ4 IAQ5 IAQ6 EE1 EE2 EE3 WC1 WC2 WC3 AF1 AF2 AF3

RE1 1 5 5 3 4 5 3 2 2 3 3 2 2 2 3 4 5 2 3 3 5 4 5
RE2 5 1 4 5 5 5 4 4 5 5 5 4 5 4 5 5 5 4 5 5 5 5 5
RE3 5 4 1 3 4 3 2 2 2 4 2 2 2 4 5 2 2 2 2 2 4 3 3
RE4 3 5 3 1 2 2 2 2 1 1 1 1 1 1 4 1 1 1 1 1 4 1 1
RE5 4 5 4 2 1 4 2 2 1 1 1 1 1 1 3 1 3 3 1 2 3 1 2
RE6 5 5 3 2 4 1 2 1 1 1 1 1 1 1 5 3 5 3 3 2 5 4 5
RE7 3 4 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
RE8 2 4 2 2 2 1 1 1 1 1 1 3 1 1 2 2 2 1 1 1 1 4 1
IAQ1 2 5 2 1 1 1 1 1 1 5 5 3 5 2 1 4 3 2 1 2 3 5 4
IAQ2 3 5 4 1 1 1 1 1 5 1 4 5 5 2 1 3 3 1 1 1 2 4 2
IAQ3 3 5 2 1 1 1 1 1 5 4 1 1 4 2 3 2 2 1 1 1 3 3 4
IAQ4 2 4 2 1 1 1 1 3 3 5 1 1 3 2 1 2 2 1 1 1 2 3 1
IAQ5 2 5 2 1 1 1 1 1 5 5 4 3 1 1 1 2 2 1 1 1 2 3 3
IAQ6 2 5 4 1 1 2 1 1 2 2 2 2 1 1 1 1 1 1 1 1 2 1 1
EE1 3 5 5 4 3 5 1 2 1 1 3 1 1 1 1 1 1 1 1 1 5 1 1
EE2 4 5 2 1 1 3 1 2 4 3 2 2 2 1 1 1 1 1 1 1 1 5 1
EE3 5 5 5 1 3 5 1 2 3 3 2 2 2 1 1 1 1 1 1 1 1 1 5
WC1 2 4 2 1 3 3 1 1 2 1 1 1 1 1 1 1 1 1 1 1 5 1 1
WC2 3 5 2 1 1 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5 1
WC3 3 5 2 1 2 2 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 5
AF1 5 5 4 4 3 5 1 1 3 2 3 2 2 2 5 1 1 5 1 1 1 1 1
AF2 4 5 3 1 1 4 1 4 5 4 3 3 3 1 1 5 1 1 5 1 1 1 1
AF3 5 5 3 1 2 5 1 1 4 2 4 1 3 1 1 1 5 1 1 5 1 1 1
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4.4. Obtain the dependency matrix

In this step, the sum of each column in T ¼ ½tij�n�n; i; j ¼ 1;2;…;n
is equal to one by the normalization method, and thus the de-
pendency matrix can be obtained. The dependency matrix for each
safety performance factor is shown in Table 6.

4.5. The ANP network structure for green building material
evaluation

Following the identification of the dependency between green
building material factors is the process of inserting data in Super
Decision Software. The Super Decisions software implements the
Analytic Network Process for decision making with dependence
and feedback developed by Dr. Thomas Saaty. The program was
written by the ANP Team, working for the Creative Decisions
Foundation. The first step in building the ANPmodel is to decide on
the logical groupings of the nodes and clusters for the problem
structure. The clusters that build the model are the following green
building material groups: resource efficiency (RE), indoor air
quality (IAQ), energy efficiency (EE), water conservation (WC), and
affordability (AF). An indirect dominance factor comparison in



Table 6
The dependency matrix for each safety performance factor.

RE1 RE2 RE3 RE4 RE5 RE6 RE7 RE8 IAQ1 IAQ2 IAQ3 IAQ4 IAQ5 IAQ6 EE1 EE2 EE3 WC1 WC2 WC3 AF1 AF2 AF3

RE1 0 1 1 0 0 1 1 0 0 0 0 0 0 0 1 1 1 0 0 0 1 1 1
RE2 1 0 1 1 1 1 1 0 1 1 1 0 0 1 1 1 1 0 0 0 1 1 1
RE3 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 1 1 1
RE4 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0
RE5 0 1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 1
RE6 1 1 0 0 1 0 1 0 0 0 0 0 0 0 1 1 1 0 0 0 1 0 1
RE7 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1
RE8 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0
IAQ1 0 1 0 0 0 0 0 0 0 1 1 0 1 1 0 0 0 0 0 0 1 1 1
IAQ2 0 1 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 1 0
IAQ3 0 1 0 0 0 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 1 1 1
IAQ4 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 1 0 0 0 0 0 1 0
IAQ5 0 0 0 0 0 0 0 0 1 1 1 1 0 1 0 0 0 1 0 1 0 1 0
IAQ6 0 0 0 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 0 0 0 1 0
EE1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
EE2 1 1 1 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0
EE3 1 1 1 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
WC1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
WC2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1
WC3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
AF1 1 1 1 1 1 1 1 0 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0
AF2 1 1 1 0 0 0 0 1 1 1 0 1 1 1 0 1 0 0 1 0 0 0 0
AF3 1 1 1 0 1 1 1 0 1 0 0 0 0 0 0 0 1 0 0 1 0 0 0
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factor set Ci was conducted according to their influence on REij,
IAQij, EEij, WCij and AFij by considering factor set Ci (i¼ 1, 2,…, 5) as
the primary standard and factor set REij (j ¼ 1, 2, …, 8), IAQij (j ¼ 1,
2, …, 6), EEij (j ¼ 1, 2, 3), WCij (j ¼ 1, 2, 3), and AFij (j ¼ 1, 2, 3) as a
secondary standard to construct the judgment matrix. Fig. 4 shows
a snapshot of the ANP model that was developed with the super
decisions software. The purpose of this section is to estimate the
priorities of green building materials associated with selecting the
most green materials. The model consists of a single network with
all of the clusters and their nodes in one window.
Table 7
A sample of the pairwise comparison matrix and CR of “Energy Efficiency (EE)”.

EE EE1 EE2 EE3 W

EE1 (1, 1, 1) (1, 2, 3) (1/3, 1/2, 1) 0.468
EE2 (1/3, 1/2, 1) (1, 1, 1) (1/4, 1/3, 1/2) 0.0635
EE3 (1, 2, 3) (2, 3, 4) (1, 1, 1) 0.468

CR ¼ 0.0515
4.6. Pair wise comparison matrices between criteria groups and
criteria factors

Upon the formation of the ANP green building material rank
structure and consensus on its elements, the next step is per-
forming a pair wise comparison on the evaluation criteria. The first
task of this step was to develop a questionnaire that can assess the
relationships between the elements of the network model. The
next step was to conduct pair wise comparison matrices in
Microsoft Excel to solve the FANP matrix. First, a pair wise com-
parison questionnaire was prepared. The questionnaire contained a
series of well-structured questions that compare two elements'
relative importance and any dependence between the two ele-
ments. The questionnaire was then distributed to the participants,
who were asked to sequentially compare two components or ele-
ments at a time with respect to the control criterion. The con-
struction of the network hierarchy structure for the pair wise
comparison matrices can evaluate the respective importance of the
various risk groups and the various risk factors within the same
groups. The interdependence matrix of each criterion must be
determined relative to the other risk factors based on fuzzy scales.
The scale used was based on Chang's fuzzy AHP method (Chang,
1996). A triangular fuzzy number was inserted in the related
Microsoft Excel sheet according to the result received from this
linguistic scale. All of the average comparisons obtained from the
expert answers were solved using Microsoft Excel. The average
answer obtained from Excel was keyed into the Super Decision
Software to calculate the consistency of the pair wise comparison
matrices. Before proceeding further with the analysis phase, each
pair wise comparison matrix was checked for consistency. Consis-
tency implies that the judgments in specifying the pair wise com-
parison of the elements exhibit coherence. Tominimize the amount
of time going back and forth, requesting contributors to rectify their
inconsistent judgments, the questionnaire was developed with the
ability to analyze each contributor's consistency. Table 7 shows a
sample of the pair wise comparison matrix and Coefficient rate of
“Energy Efficiency (EE).”

Solving FANP matrices supplies us with the normalized weight
vectors (W) using Chang's extent analysis method. Here, “W” is a
non-fuzzy number. The normalized weight vectors of elements and
sub-elements were calculated usingMicrosoft Excel. This particular
Excel sheet was creates normalized weight vectors, which were
inserted into the Super Decisions software. The normalized weight
vectors for “Energy Efficiency (EE)” are provided below as a nu-
merical example:

Si ¼
Xm
j¼1

Mj
gi5

2
4Xn

i¼1

Xm
j¼1

Mj
gi

3
5�1

sc11 ¼ ð2:33;3:5;5Þ5ð0:0645;0:0882;0:1263Þ
¼ ð0:1505;0:3088;0:6315Þ

sc12 ¼ ð4;6;8Þ5ð0:0789;0:1034;0:132Þ
¼ ð0:2580;0:5294;1:010Þ
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sc14 ¼ ð1:58;1:83;2:5Þ5ð0:0789;0:1034;0:132Þ
¼ ð0:1021;0:16176;0:3157Þ
The degrees of possibility were calculated as follows:

VðM2 � M1Þ ¼ hgtðM1∩M2Þ ¼ mM2
ðdÞ

¼

8>>>><
>>>>:

1 if m2 � m1

0 if l1 � u2
l1 � u2

ðm2 � u2Þ � ðm1 � l1Þ
otherwise

Vðsc11 � sc12 Þ ¼ 0:6287; Vðsc11 � sc14Þ ¼ 1; Vðsc12 � sc11 Þ
¼ 1; Vðsc12 � sc14Þ ¼ 1; Vðsc14 � sc11Þ ¼ 0:529;Vðsc14
� sc12 Þ ¼ 0:119

For each pairwise comparison, the minimum of the degrees of
possibility was determined as follows:

VðM � M1;M2;…;MKÞ
¼ V½ðM � M1Þ and ðM � M2Þ and;…; ðM � MKÞ
¼ minVðM � MiÞ; i ¼ 1;2;…;k

Vðsc11 � sc12 ; sc14Þ ¼ minf0:6287; 1g ¼ 0:6287; Vðsc12
� sc11 ; sc14Þ ¼ minf1;1g ¼ 1

Vðsc14 � sc11 ; sc12Þ ¼ minf0:529;0:119g ¼ 0:119

These values yielded the following weight vector:

W0 ¼ ðd0ðA1Þ; d0ðA2Þ;…; d0ðAnÞÞT

W 0 ¼ ð0:6287;1;0:119Þ
Via normalization, the local weights of the criteria were deter-

mined as follows:

dðAiÞ ¼
d0ðAiÞPn
i¼1 d0ðAiÞ

W ¼ ðdðA1Þ;dðA2Þ;…; dðAnÞÞT

W ¼ ð0:359;0:572;0:068Þ:
The limit super-matrix was derived by raising the weighted

super-matrix to powers by multiplying it by itself. When the col-
umns of numbers became identical, the limit matrix has been
reached. Consequently, the matrix multiplication process was then
stopped. Table 7 shows a section of the limited super-matrix for
green building material criteria assessment. The key importance of
the limit super-matrix is that it provides the priorities for the
different factors that structure the problem. Because the columns of
the limit super-matrix are all identical, the priorities for all of the
elements in any cluster can be read directly from any column. The
summary part of the limit matrix is shown in Table 8.

4.7. Final ranking of green building material criteria

The limit matrix outcome weights were used to obtain the final
ranking. The final ranking of each green building material criterion
was obtained from the results of the limit matrix from the priorities
of the Super Decision software. The final result evaluation of the
criteria is shown in Table 9.
The final ranking of GBMs criteria based on 3Ps of sustainability

obtained through second questionnaire (Fig. 1), and ANP model
with three layers (Fig. 4). Besides, the final ranking of every GBMs
criterion based on separate 3Ps of sustainability was concluded
through Interpolation of respondents replying to third question-
naire. According to the research methodology of this study (Fig. 1),
the third questionnaire was used to determine the impact of each
criterion on the environmental, economic, and social GBM selec-
tion. So, the final weighting of GBMs criteria recalculated for every
3Ps of sustainability through ANP model and Interpolation of re-
spondents replying to third questionnaire.

4.8. Validity of result

4.8.1. Reliability of questionnaires
In this study, the reliability test was performed for each type of

questionnaire. The values of Cronbach's alpha for the impact of all
respondents was mostly greater than 0.75 which is well above the
threshold of 0.50 recommended by Yip and Poon (2009) (Yip and
Poon, 2009) and Lu and Yan (2007) (Lu and Yan, 2007) for gen-
eral attitude or perception of assessments similar to this study and
were considered to be good and acceptable. However, some re-
searchers suggested Cronbach alpha is a relevant measure for in-
terval and ratio scales, and it is not the most appropriate for ordinal
scales (Zumbo et al., 2007; Gadermann et al., 2012; Cinelli et al.,
2016). The results of Cronbach's alpha for all types of question-
naires are shown in Table 10.

4.8.2. Consistency ratio (CR)
During the process of decision making when comparing

different attributes, is possible inconsistency issue occur because
decision problems are complicated in nature. Therefore, the
inconsistency test is necessary for reliability and validity of re-
spondent's questionnaires to comparison matrix before the vector
priority of the comparison matrix can be calculated. If the incon-
sistency test for the comparison matrix is failed, the inconsistent
elements in the comparisonmatrix has to be revised, otherwise, the
result of decision analysis process is meaningless. The most widely
used consistency index is the consistency ratio (CR) (Saaty, 1991),
that is,

CR ¼ CI
RI

<0:1 (20)

where CI ¼ lmax�n
n�1 is the consistency index, and RI is the appro-

priate Consistency indexwhich is called Random Consistency Index
(RI). RI is the average random index based on Matrix Size shown in
Table 11, l max is the maximum eigenvalue of matrix A, and n is the
order of matrix A. Compare the value of CR with the consistency
threshold 0.1 to judge whether the comparison is consistent.

Table 8 shows the consistency ratio (CR) determined for the
pairwise comparison matrix and CR of “Energy Efficiency (EE)” as a
sample.

4.9. Kendall's Concordance Test

According to Chan et al. (2003), the ranking exercise in a ques-
tionnaire survey with Likert scale is based on the individual per-
ceptions of the respondents, but not an objective judgment (Chan
et al., 2003). A subjective assessment of the ranking result is
made for the analysis of the perception of the GBMs criteria in the
survey of this study. Emphasis is only given to the ranking GBMs
criteria which are placed as the most significant and the least sig-
nificant in the ranking exercise.



Table 8
The summary part of limit matrix.

Cluster node label RE1 RE2 RE3 RE4 RE5 RE6 RE7 RE8

RE1 0.066753 0.066753 0.066753 0.066753 0.066753 0.066753 0.066753 0.066753
RE2 0.108896 0.108896 0.108896 0.108896 0.108896 0.108896 0.108896 0.108896
RE3 0.025262 0.025262 0.025262 0.025262 0.025262 0.025262 0.025262 0.025262
RE4 0.00719 0.00719 0.00719 0.00719 0.00719 0.00719 0.00719 0.00719
RE5 0.010749 0.010749 0.010749 0.010749 0.010749 0.010749 0.010749 0.010749
RE6 0.02988 0.02988 0.02988 0.02988 0.02988 0.02988 0.02988 0.02988
RE7 0.006619 0.006619 0.006619 0.006619 0.006619 0.006619 0.006619 0.006619
RE8 0.002521 0.002521 0.002521 0.002521 0.002521 0.002521 0.002521 0.002521

Table 9
The final ranking of the GBM criteria based on sustainability criteria.

No Criteria Weight No Criteria Weight No Criteria Weight

1 Af1 0.150697 9 WC1 0.058507 17 IAQ6 0.013408
2 RE2 0.108896 10 EE3 0.039322 18 IAQ2 0.01263
3 EE1 0.08364 11 IAQ5 0.031172 19 RE5 0.010749
4 IAQ3 0.074164 12 RE6 0.02988 20 RE4 0.00719
5 Af2 0.071114 13 EE2 0.029372 21 RE7 0.006619
6 IAQ1 0.070378 14 RE3 0.025262 22 IAQ4 0.005193
7 RE1 0.066753 15 WC3 0.02343 23 RE8 0.002521
8 Af3 0.061323 16 WC2 0.017779

Table 10
Cronbach's alpha Value for each Type of Questionnaire.

Type of questionnaire Cronbach's alpha Value

Questionnaire A 0.946
Questionnaire B- part 1 0.924
Questionnaire B- part 2 0.936

Table 11
The average random index.

N 1 2 3 4 5 6 7 8 9 10
RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49
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The Kendall's concordance analysis, which is a non-parametric
test, was used to measure the level of agreement of different re-
spondents on their rankings of factors based onmean scores within
a particular group. This statistical test aims to ascertainwhether the
respondents within a particular group respond in a consistent
manner or not (Kvam and Vidakovic, 2007). The value of the Ken-
dall's coefficient of concordance (W) ranges from 0 to 1, where
0 reveals perfect disagreement and 1 indicates perfect agreement.
A significant value of W (actual p-value < allowable value of 0.05)
can reject the null hypothesis that there is a complete lack of
consensus amongst respondents within one group.

Table 12 shows the final result from Kendall's Concordance Test.
Based on Kendall's Concordance Test, the final result from this test
for all groups and purposedmodel was near one, which imply there
is a difference in the perception of respondent groups and results of
purpose model. However, the value of W was less than allowable
value (0.05) that means the null hypothesis (there is a complete
lack of consensus among respondents within one group than re-
sults of purpose model) can be rejected. As a result, there was no
significant difference in the perception of respondent groups (Su-
pervisors, Consultants, Suppliers, and Contractors) and final
ranking of GBMs criteria from purposed model.

5. Discussion

Selection of green building materials represents an important
strategy in the design and construction of a building. A principal
challenge therefore is the identification of assessment criteria
based on the concepts and principles of green align with sustain-
ability, and the process of prioritizing and aggregating relevant
criteria into an assessment framework. Literature reviews indicate
that there is no specific definition or standard currently exists for
green materials, and the selection of green building material
become very difficult, ambiguous, and problematic. The absence of
clear instructions for GBMs and the difficulty of precision adjust-
ments of GBM criteriawith 3Ps sustainability make GBM selection a
challenge that may encounter an unexpected result according to
the network relation among GBMs and sustainability criteria.

Furthermore, the consideration of all sustainability factors in
GBM selection made it a multi-criteria decision problem that re-
quires mathematical techniques such as the multi criteria decision
making (MCDM) method. To resolve multiple incompatible and
conflicting GBM criteria align with 3Ps sustainability, the study
applied a hybrid MCDM methodology, including: fuzzy analytic
network process (FANP) for aligning and ranking GBM criteria
based on 3Ps sustainability and the Decision-Making Trial and
Evaluation Laboratory (DEMATEL) to analyze the efficacy of and
interrelationship between GBM criteria. To achieve the goals of the
study, a preliminary survey and interview were conducted to
determine the main GBM criteria based on the specifications from
Spiegel and Meadows (2010b) and Froeschle (1999) (Dagdeviren
and Yuksel, 2010; Zhou et al., 2009). And, to rank and weight the
importance of the GBMs criteria with aligned 3Ps of sustainability,
this study applied three types of questionnaires.

Table 13 shows final GBM criteria ranking with aligned 3Ps of
sustainability, and also polarized GBMs criteria according to
concern of different sustainability pillars. In this final results,
ranked and weighted the GBMs criteria with aligned 3Ps of sus-
tainability was polarized and determined based on three different
sustainability pillars: social, economic, and environmental. Also,
Fig. 5 shows the four different bar charts together based onTable 13.

Based on the final weight of the ranked GBM criteria (Fig. 5-A):
Affordability (with three sub-criteria) is one of the main GBM

criteria that stands in the first 10 top ranks. Froeschle (1999)
defined the affordable term as one of the GBM criteria that pro-
vides the specification for materials with life cycle costs compara-
ble to conventional materials (Zhou et al., 2009). Totally,
thoughtfulness of life-cycle costs against first-costs of building
materials is very important. The GBMs are not significantly costlier
than their complement conventional building materials. Rehm and
Ade (2013) provided the first in-depth investigation into actual
green building construction costs in New Zealand that compared 17
green buildings' actual cost data. The results implied that the green
buildings are not inherently more expensive due to their provision
of materials and systems (Rehmand and Ade, 2013). Whereas, the
GBMsmaybe more expensive at first, it should be affordable during
lifetime with reduced energy costs, replacement and maintenance
cost, and worker productivity. In this research, affordability (AF) is



Table 12
Kendall's concordance test result.

No Criteria All respondents Supervisor Consultant Supplier Contractor

Weight Rank Weight Rank Weight Rank Weight Rank Weight Rank

1 Af1 0.150697 1 0.123182 1 0.111063 2 0.125471 1 0.127144 1
2 RE2 0.108896 2 0.078812 4 0.124560 1 0.090125 5 0.105302 3
3 EE1 0.08364 3 0.101271 2 0.085281 4 0.090171 4 0.113241 2
4 IAQ3 0.074164 4 0.092712 3 0.090281 3 0.089351 6 0.079157 4
5 Af2 0.071114 5 0.042182 10 0.081217 5 0.096178 2 0.059493 7
6 IAQ1 0.070378 6 0.072032 6 0.062371 7 0.059129 7 0.061645 6
7 RE1 0.066753 7 0.065036 7 0.060281 8 0.053037 8 0.067321 5
8 Af3 0.061323 8 0.047923 9 0.043418 10 0.095548 3 0.042832 10
9 WC1 0.058507 9 0.028947 14 0.072103 6 0.038477 9 0.055193 8
10 EE3 0.039322 10 0.076731 5 0.053281 9 0.034078 10 0.048028 9
11 IAQ5 0.031172 11 0.030934 13 0.034032 11 0.030521 12 0.032049 12
12 RE6 0.02988 12 0.031943 12 0.026034 13 0.031824 11 0.032927 11
13 EE2 0.029372 13 0.058730 8 0.023472 15 0.027837 13 0.028194 13
14 RE3 0.025262 14 0.040281 11 0.028437 12 0.026091 14 0.026038 14
15 WC3 0.02343 15 0.004738 22 0.025847 14 0.025391 15 0.019832 17
16 WC2 0.017779 16 0.003281 23 0.008128 20 0.020183 16 0.018502 18
17 IAQ6 0.013408 17 0.018302 17 0.018273 16 0.018062 17 0.007194 22
18 IAQ2 0.01263 18 0.013028 18 0.009382 19 0.015921 18 0.009641 20
19 RE5 0.010749 19 0.02343 15 0.015932 17 0.013271 19 0.022954 15
20 RE4 0.00719 20 0.020173 16 0.012637 18 0.008129 20 0.010493 19
21 RE7 0.006619 21 0.011028 19 0.007012 21 0.003193 23 0.020392 16
22 IAQ4 0.005193 22 0.006931 21 0.004938 22 0.004912 21 0.004018 23
23 RE8 0.002521 23 0.008372 20 0.002018 23 0.003098 22 0.008408 21
Kendall's

coefficient of
concordance
(W)

0.085 0.094 0.088 0.075 0.079

Table 13
Final GBM criteria ranking in various categories of sustainability.

No Final Social Economical Environmental

1 Af1 RE2 Af1 Af1
2 RE2 Af1 RE2 RE2
3 EE1 IAQ3 EE1 EE1
4 IAQ3 Af2 Af2 IAQ3
5 Af2 IAQ1 RE1 IAQ1
6 IAQ1 RE1 Af3 RE1
7 RE1 Af3 IAQ3 Af3
8 Af3 IAQ5 WC1 Af2
9 WC1 EE3 IAQ1 EE3
10 EE3 EE2 EE3 RE6
11 IAQ5 RE6 EE2 EE2
12 RE6 EE1 RE3 RE3
13 EE2 IAQ2 RE6 IAQ5
14 RE3 WC1 IAQ5 IAQ2
15 WC3 RE5 WC3 WC1
16 WC2 RE4 IAQ2 RE5
17 IAQ6 IAQ4 WC2 IAQ6
18 IAQ2 RE3 RE5 RE7
19 RE5 WC3 IAQ6 WC3
20 RE4 RE7 RE4 RE4
21 RE7 WC2 RE7 WC2
22 IAQ4 IAQ6 IAQ4 IAQ4
23 RE8 RE8 RE8 RE8
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divided into three sub-criteria (AF1, AF2, and AF3) based on the
material's life cycle. AF1 covers from cradle to gate, the portion of a
product's life cycle from inception to the point where it leaves the
manufacturer. The weight of AF1 (0.150697) is more than some of
the teen terminative GBM criteria (0.124781). The AF2 is the
affordability criteria that belong to the operation and consumption
phase of GBM, which is prioritized as a top 10 criteria in GBM
selection.

Resource efficiency (RE) is one of the main GBM criteria (with
eight subcriteria) and is focused on resource-efficient processes
including energy consumption, minimizing waste, and reducing
greenhouse gases during the material life cycle. The European
Commission defines resource efficiency as part of the Europe 2020
Strategy which means using the Earth's limited resources in a
sustainable manner while minimizing impacts on the environment
(The European Commission). This term focuses on decreasing the
embodied energy and other impacts allied with the extraction,
processing, transport, maintenance, and disposal of building ma-
terials. According to the GBMs criteria (Fig. 2), there is eight sub-
criteria for this study. The research recognized RE2 (natural, plen-
tiful or renewable) and RE1 (recycled content) as the first top teen
criteria in the GBM selection process. The six remaining subcriteria
of RE (0.082221) are below the weight of RE2 (0.108896), which
indicates the value of natural, plentiful or renewable terms of the
resource efficiency criteria in the selection procedure.

The scope of Energy efficiency (EE) as one of the main GBMs
criteria is ranked from energy efficient during extracting and
manufacturing process to different categories such as thermal ef-
ficiency, load reduction and energy waste reduction to minimize
the energy footprint during GBMs life cycle (Sasnauskaite et al.,
2007). There are energy efficiency rating systems in different
countries which have beenmeasured and described as the effective
tools to foster carbon reduction during building life cycle (Todd
et al., 2013). In this study, the EE criteria (with three subcriteria)
imply materials that reduce energy consumption during the
building material's life cycle. EE1 is the embodied energy of a ma-
terial that is ranked as the third criteria in GBM selection. Addi-
tionally, the other two subcriteria of EE are well established in this
ranking.

Indoor air quality (IAQ) and pollution are becoming concerns
not just of scientists, but also of the legal community. They focus is
on efforts to control the quality of indoor air through the devel-
opment of regulations. Wei et al. (2015) were reviewed around
fifty-five green building schemes in 31 certifications worldwide.
Their findings showed that the IAQ is included in all of the certi-
fications for evaluating the health risk of indoor occupants (Wei



Fig. 5. Final GBM criteria weighting: a) based on Sustainability criteria, b) based on Social Aspect, c) based on Environmental Aspect, d) based on economical Aspect.
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et al., 2015). It is important to maintain high IAQ to guarantee the
health of occupants in buildings. This study considered the IAQ as a
main GBM criteria (with six subcriteria) that functionally improves
IAQ and promotes healthy IAQ by identifying indoor air pollutants
or enhancing the air quality. Among all 6 IAQ subcriteria, IAQ3 (low-
VOC assembly) and IAQ1 (low or non-toxic material) are ranked
among the top teens GBM criteria.

Base on Fig. 5A, the last main GBM criterion is Water efficiency
(WC) with three subcriteria; the scope of this criterion is defined in
the life cycle of materials from cradle to grave. The overall weight of
WC is ranked in the middle of the final ranking.

The social aspects of the final GBM criteria ranking (Fig. 5-B)
indicate:

Mostly, the definition, comprehension, and operation of social
sustainability is difficult (Bostr€om, 2012), because the social sus-
tainability appears to present different and more severe challenge
(Bebbington and Dillard, 2009). For instance, Development and
consumption of natural fibers is a socially responsible scheme,
supporting incomes of lots moderated farmers and workers
(Tambyrajah, 2012). Indoor air quality is an important criterion in
the social aspect of selecting materials based on this chart
(Bostr€om, 2012). The IAQ sub-criteria show a notable jump in the
ranking level. Additionally, RE2 moved to the first criteria for the
selection, suggesting the significance of the natural and renewable
term for the social aspect of sustainability. EE2 is another important
term in the social aspect that increased its weight from level 13 to
10. This increase shows the social importance of energy efficiency
in the operation of the material life cycle.

The environmental aspects of the final GMB criteria ranking
(Fig. 5-C) shows:

There are different environmental costs such as environment
demolition, resource depletion, energy use, air and water pollution
which is implied through materials selection from extraction, to
use and disposal stage. Environmental sustainability discusses to
the ability of something to continue without hurtful to the earth's
ecological balance (Adams and Frost, 2008). Material selection is
often the first step for reducing the environmental impact. For
instance, environmentally preferred of natural fibers as GBMs can
significantly reduce the environmental impact. In this study, the
Resource Efficiency subcriteria are prominent for the environ-
mental aspect. Totally, the material with efficient resource has
minimum environmental impact based on this research.

The economical aspects of the final GMB criteria ranking (Fig. 5-
D) shows:

The general definition of economic sustainability is the ability of
an economy to support a defined level of economic production
indefinitely. Consideration the economical aspect in materials se-
lection should be conserves a healthy balance with ecosystems.
According to the study result, Fig. 5-D shows the final ranking for
the economic aspect; the affordability sub-criteria was well fixed in
the higher level of the GBM criteria ranking.

6. Conclusion

The development of a green material index was the prime
objective of the study, and a model has been successfully applied in
ranking building materials to provide the best solution for a green
and sustainable project. A total of 23 criteria were identified thor-
ough literature review and discussion with selected experts in the
use of green materials for building projects. By considering a hybrid
MCDM methodology, the study tried to resolve multiple incom-
patible and conflicting GBM criteria to alignwith 3Ps sustainability.
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Obtained results indicate that the relationship between GBMs and
sustainability criteria are different based on the separate 3Ps of
sustainability.

The GBM criteria prioritizing and aligning with the sustain-
ability criteria revealed that affordability is one of the important
GBM criteria in the selection procedure that assembles materials
with life-cycle cost specifications comparable to conventional ma-
terials. Resource efficiency was highlighted as the second most
important criteria. The results suggest that natural, renewable, and
recycled content are resource-efficient criteria for GBM selection.
The embodied energy was weighted as the third specification for
the energy efficiency term in GBM selection. Additionally, non-toxic
materials with low-VOC assemblies highlight the indoor air quality
characteristic in the GBM selection procedure. The final criteria
ranking considering the social aspect highlights the IAQ categories
for GBM selection as a health issue, particularly using natural and
renewable resources and energy efficient materials during the life
product of materials. Consideration of these criteria will ensure a
green material selection and consequently a sustainable develop-
ment in building design and construction.

The present study is only a tentative beginning in this direction.
This research has opened up opportunities for further research in
selecting the best green building materials. The findings in this
research can be further extended and modified to accomplish the
ultimate goal of promoting and improving green practices in con-
struction. The evaluation and results can provide a valuable refer-
ence for building professionals who seek to enhance sustainable
construction through green materials.
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