
sustainability

Article

Development of an Assessment Method for
Evaluation of Sustainable Factories

Behrouz Pirouz 1,* , Natale Arcuri 1 , Behzad Pirouz 2, Stefania Anna Palermo 3 ,
Michele Turco 3 and Mario Maiolo 4

1 Department of Mechanical, Energy and Management Engineering, University of Calabria, 87036 Rende,
Italy; natale.arcuri@unical.it

2 Department of Computer Engineering, Modelling, Electronics and Systems Engineering,
University of Calabria, 87036 Rende, Italy; behzadpirouz@gmail.com

3 Department of Civil Engineering, University of Calabria, 87036 Rende, Italy;
stefania.palermo@unical.it (S.A.P.); michele.turco@unical.it (M.T.)

4 Department of Environment Engineering and the Territory and Chemical Engineering,
University of Calabria, 87036 Rende, Italy; mario.maiolo@unical.it

* Correspondence: behrouz.pirouz@unical.it; Tel.: +39-0984-496542

Received: 21 January 2020; Accepted: 27 February 2020; Published: 29 February 2020
����������
�������

Abstract: The role of the industrial sector in total greenhouse gas (GHG) emissions and resource
consumption is well-known, and many industrial activities may have a negative environmental
impact. The solution to decreasing the negative effects cannot be effective without the consideration
of sustainable development. There are several methods for sustainability evaluation, such as tools
based on products, processes, or plants besides supply chain or life cycle analysis, and there are
different rating systems suggesting 80, 140, or more indicators for assessment. The critical point is the
limits such as required techniques and budget in using all indicators for all factories in the beginning.
Moreover, the weight of each indicator might change based on the selected alternative that it is not a
fixed value and could change in a new case study. In this regard, to determine the impact and weight
of different indicators in sustainable factories, a multi-layer Triangular Fuzzy Analytic Hierarchy
Process (TFAHP) approach was developed, and the application of the method was described and
verified. The defined layers are six; for each layer, the pairwise comparison matrix was developed,
and the total aggregated score concerning the sustainability goal for each alternative was calculated
that shows the Relative Importance Coefficient (RIC). The method is formulated in a way that allows
adding the new indicators in all layers as the verification shows, and thus, there are no limits for
using any green rating systems. Therefore, the presented approach by TFAHP would provide an
additional tool toward the sustainable development of factories.

Keywords: sustainable development; green factories; AHP; triangular fuzzy

1. Introduction

In 2008, the total emitted CO2e (CO2 equivalent) from multiple sources was about 27 × 109 tones
with a 37% share of electrical origin [1]. In 2016, the total emitted greenhouse gases (GHGs) had
increased to about 49.3 × 109 tones CO2e [2]. Carbon Dioxide (CO2) accounts for 76% of total GHGs,
and about 65% of that comes from fossil fuel and industrial processes. Analysis of the GHG emissions
by different sectors shows that the third one is Industry [3]. The analysis of GHGs by a source such as
electrical origin cannot be practical without the consideration of sustainable developments since the
footprint of other sections will change the values [4]. Furthermore, research shows that about 11%
of total freshwater consumption is used by municipal, about 19% by industrial section, and 70% by
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agricultural activities [5]. It means that water consumption in the industrial sector is more than the
municipal. There are many methods for sustainable water management that depend on the goal and can
be different in each case study [6–9]. The combined effect of climate change and urbanization produces
several negative environmental impacts, such as the urban heat island effect, urban flooding, and air
pollution. In this context, a transition towards sustainable, smart, and resilient urban development
seems necessary [10–16]. Sustainable development is a method that considers human development
while simultaneously analyzing its impact [17]. The main concept of sustainable development is the
development by consideration of the triple bottom line (TBL), including environmental, social, and
economic aspects [18]. There are many methods for sustainability evaluation in the previous literature,
such as tools based on product, process, or plants besides supply chain or life cycle analysis [19–22].
In 1999, the Global Reporting Initiative (GRI) provided a framework based on the TBL to assess the
sustainability of companies which could be used to evaluate different types of industries with 81
indicators. However, various measuring units are required to collect a large amount of data [23].
In 2001, the UN Commission on Sustainable Development suggested 140 indicators to assess the
progress of sustainable development [24]. Green rating systems are another sustainable development
approach for factories, such as the Green Star Rating system in Australia, the LEED system by the U.S.
Green Building Council (USGBC), and the ISO 50001 [25,26]. A different section of green rating for
factories may contain many components. For example, energy management can be done in different
sectors, including lighting and heating, ventilation, and air conditioning (HVAC) equipment utilization,
equipment operation time, [25] and through different practices such as green roofs [27,28], zero-energy
buildings (ZEBs), and nearly-zero energy buildings (NZEBs) [29].

The studies showed that multi-objective models could be used in the sustainable development
of the industrial sector by considering most indicators [30]. Moreover, mathematical optimization
methods can be used for all selected approaches [31,32]. However, one of the prevailing gaps in most
of the previous frameworks about sustainable development is the absence of an aggregated method
to assess the results [19]. Moreover, the strategies and indicators proposed by the academic sector,
industrial sector, and policy-makers might be different [33].

To evaluate the indicators and to apply the most important indicator in the first stage toward
sustainable factories, a comparison method is required, and the analytic hierarchy process (AHP)
methodology is one of them [34,35]. Qualitative evaluations of the experts by Fuzzy logic can
convert the qualitative judgments into evaluable numbers which allow the Fuzzy AHP to perform an
extensive analysis and feasibility studies on existing projects [19,36]. Identifying and ranking strategies
to implement green supply chain management using the analytical hierarchy process can help to
increase efficiency and lower the cost [37]. For the analysis of complex multi-criteria decision-making
problems, the AHP can be used as a reliable method to analyze different scenarios since it provides
optimal solutions [38,39]. Moreover, many recent studies applied the AHP method successfully in
manufacturing sectors [40,41].

According to the research reviews, there are many components and indices to be considered
in sustainable factories. The meaning of sustainability is comprehensive and could include energy
management, decreasing GHG emissions, reducing negative environmental impact, decreasing the
use of raw materials, water resource management, social and economic development, and even
the life cycle assessment (LCA). In the factories, sustainability also depends on the production line,
which makes the analysis more complicated since there are many types of factories. There are many
standards and guidelines for buildings, such as the NZEBs or green rating systems. However, one
of the prevailing gaps in most of the previous frameworks of sustainable factories is the absence
of an aggregated method for assessing the decisions or selecting the alternatives. In addition, the
proposed indicators are different for the industrial sector and policy-makers besides the limits such as
the required technique and budget which make it impossible to apply all the indices for all factories.
Therefore, an assessment and ranking method based on the sustainability goal seems necessary. In this
regard, in order to show the impact and weight of the different components in sustainable factories,
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a multi-layer AHP approach was developed, and the application of mathematical evaluation by the
Triangular Fuzzy AHP method was described and verified. The developed method is formulated in
a way that allows adding the new factors in each layer easily, and therefore, it is not limited to the
elements in any particular green rating system or specific factories.

2. Materials and Methods

The studies show that by using the Fuzzy Analytical Hierarchy Process method, the sustainability
factors can be formulated and the weighting system and priority scale can be developed [42]. Therefore,
in this part, the base of the AHP method, Triangular Fuzzy Number, and the Triangular Fuzzy AHP
were described.

2.1. AHP Method

Analytic Hierarchy Process (AHP) considers a set of evaluation criteria and alternative options to
achieve the best decision [43]. The three main steps in the AHP are:

• Calculation of the criteria weights;
• Calculation of the matrix of assessment scores;
• Ranking the options according to the weighted scores.

2.2. Triangular Fuzzy Number (TFN)

A fuzzy set M on a set X is a function M: X [0,1]. A type of fuzzy number that can better match
with real-life applications is a triangular fuzzy number [44,45]. This type of fuzzy number has a
triangle-shaped membership function, as shown in Figure 1.
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The membership function of a triangular fuzzy m is as follows:

Um(x) =


0, x < l or x > u,

x− l
m− l

, l ≤ x ≤ m

u− x
u−m

, m < x < u

(1)

2.3. Triangular Fuzzy AHP

The major scale of the Triangular Fuzzy AHP is presented in Table 1 and Figure 2.
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Table 1. The fundamental scale in the analytic hierarchy process (AHP) and triangular fuzzy analytic
hierarchy process (TFAHP) [42,47]. TFN: triangular fuzzy number.

Linguistic Scales for the Importance TFN Scale TFN Reciprocal Scale

Just equal (1,1,1) (1,1,1)
Equal importance (1/2,1,3/2) (2/3,1,2)

Moderate importance (1,3/2,2) (1/2,2/3,1)
Strong importance (3/2,2,5/2) (2/5,1/2,2/3)

Very strong importance (2,5/2,3) (1/3,2/5,1/2)
Extreme importance (5/2,3,7/2) (2/7,1/3,2/5)

Sustainability 2020, 12, 1841 4 of 14 

 

Figure 2. Triangular Fuzzy AHP Scale [47]. 

2.4. The Developed Multi-Layer AHP 

The developed multi-layer AHP for sustainable factories is shown in Figure 3. The parameters 

and indices are based on sustainable development approaches such as different green rating systems 

and standards by considering the role of the decision-makers. As it can be seen, it is possible to add 

new factors and indices to each layer based on the factory type and production line that is necessary 

since there are many types of factories, each producing different products. In this regard, by this 

multi-layer method, it would be possible to rank the decisions based on their final weight according 

to the upper layer and according to the main goal that is sustainability. 

 

Figure 3. The developed multi-layer AHP for sustainable factories in current research. 

The analytic hierarchy process (AHP) in the present paper consists of six levels as follows: 

 Level 1 (Goal): Sustainable Factory; 

 Level 2 (Criteria): C1) Economic, C2) Environmental, C3) Social; 

 Level 3 (Decision Makers, D1 to Dn): D1) Factories, D2) Clients, D3) Ministry, D4) International 

conventions, D5) Regional organizations… Dn; 

 Level 4 (Factors, F1 to Fm): F1) Environmental impacts, F2) Fuel cost, F3) Maintenance cost, F4) 

Circular economy, F5) Production cost, F6) Initial capital cost, F7) Life cycle GHGs … Fm; 

1

2

6

4

5

6 … Au
A5- 

Storing 

A1-FEMS 

and BEMS

A2- Green 

rating 

systems

A3- 

Renewable 

 energy 

A4- Total 

power 

peak

A6-Waste 

management

A7- User 

interface

O4- 

Decreasing 

Initial capital 

cost

O5- 

Decreasing  

cost

… Fm

O1- 

Decreasing 

 Energy 

O2- 

Decreasing 

 

consumpti

O3- 

Decreasing 

 raw 

material

O6- 

Increasing 

life cycle 

… Ot

F1-

Environmental 

impacts

F2- Fuel cost

F3- 

Maintenance 

cost

F4- Circular 

economy

F5- Production 

cost

D2-  Clients D3- Ministry … Dn

Sustainable factory

Economic Environmental Social

D1- Factories

Figure 2. Triangular Fuzzy AHP Scale [47].

2.4. The Developed Multi-Layer AHP

The developed multi-layer AHP for sustainable factories is shown in Figure 3. The parameters
and indices are based on sustainable development approaches such as different green rating systems
and standards by considering the role of the decision-makers. As it can be seen, it is possible to add
new factors and indices to each layer based on the factory type and production line that is necessary
since there are many types of factories, each producing different products. In this regard, by this
multi-layer method, it would be possible to rank the decisions based on their final weight according to
the upper layer and according to the main goal that is sustainability.

The analytic hierarchy process (AHP) in the present paper consists of six levels as follows:

• Level 1 (Goal): Sustainable Factory;
• Level 2 (Criteria): C1) Economic, C2) Environmental, C3) Social;
• Level 3 (Decision Makers, D1 to Dn): D1) Factories, D2) Clients, D3) Ministry, D4) International

conventions, D5) Regional organizations . . . Dn;
• Level 4 (Factors, F1 to Fm): F1) Environmental impacts, F2) Fuel cost, F3) Maintenance cost, F4)

Circular economy, F5) Production cost, F6) Initial capital cost, F7) Life cycle GHGs . . . Fm;
• Level 5 (Objectives, O1 to Ot): O1) Decreasing energy consumption, O2) Decreasing water

consumption, O3) Decreasing the use of raw materials, O4) Decreasing initial capital cost, O5)
Decreasing production cost, O6) Increasing life cycle, O7) Increasing the profits, O8) Decreasing
Environment impacts . . . Ot;

• Level 6 (Alternatives, A1 to Au): A1) Factory Energy Management System (FEMS) and Building
Energy Management System (BEMS), A2) Green rating systems, A3) Renewable energy, A4) Total
power peak, A5) Storing of productions, A6) Energy waste management, A7) User interface, A8)
Direct and indirect energy flow, A9) water management, A10) Lid methods, A11) Reusing and
recycling . . . Au.
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3. Results

• In this part, the TFAHP approach was formulated for the evaluation of sustainable factories.
The developed method allows adding the new indicators to all layers, and thus there are no limits
for using any unique green rating systems or standards that are vital for the industrial sector with
different types of factories and products.

The assessment methods by the Fuzzy AHP is based on several main stages, including:

• Normalized weight of components in each layer;
• Pairwise comparison matrix of layers, under the correlated components in the upper layer;
• Normalized weight of components, under the correlated components in the upper layer;
• Total aggregated score concerning the sustainability goal;
• Ranking of the alternatives according to the final score.

3.1. Computing the Pairwise Comparison Matrix for Criteria

The defined criteria are based on the triple bottom line of sustainable development mentioned in
Level 2, and the pairwise comparison matrix (PCM) is as shown in Table 2.

Table 2. Pairwise comparison matrix of the ith component of Criteria (i = 1, 2, 3).

Economic Environmental Social

Economic
(
x1, 1, y1, 1, z1, 1

) (
x1, 2, y1, 2, z1, 2

) (
x1, 3, y1, 3, z1, 3

)
Environmental

(
x2, 1, y2, 1, z2, 1

) (
x2, 2, y2, 2, z2, 2

) (
x2, 3, y2, 3, z2, 3

)
Social

(
x3, 1, y3, 1, z3, 1

) (
x3, 2, y3, 2, z3, 2

) (
x3, 3, y3, 3, z3, 3

)
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Suppose in Table 2, vp,q =
(
xp,q, yp,q, zp,q

)
is the pairwise comparison of criteria p and q, then:

For p , q : vq,p = v−1
p,q =

(
1

zp,q
, 1

yp,q
, 1

xp,q

)
For p = q : vp,q = (1, 1, 1).

(2)

3.2. Computing the Normalized Weight for Criteria

The normalized weight of criteria can be calculated in six steps as follows:
Step 1: Calculation of M:

M = (M1, M2, M3) =
[∑3

p=1

∑3

q=1

(
xp,q, yp,q, zp,q

)]−1
. (3)

Step 2: Calculation of Ap:

For p = 1, 2, 3 : Ap =
(
Ap

1 , Ap
2 , Ap

3

)
=

∑3

q=1

(
xp,q, yp,q, zp,q

)
. (4)

Step 3: Calculation of Sp:

For p = 1, 2, 3 : Sp =
(
Sp

1 , Sp
2 , Sp

3

)
= Ap

×M. (5)

Step 4: Calculation of V (Sp
≥ Sq):

For p, q = 1, 2, 3, p , q V (Sp
≥ Sq) =

Sp
3 − Sq

1(
Sp

3 − Sq
1

)
−

(
Sq

2 − Sp
2

) . (6)

Step 5: Calculation of W′p:

For p = 1, 2, 3 : W′p = min
q=1, 2, 3,q,p

(V (Sp
≥ Sq)). (7)

Step 6: Calculation of the normalized weight for all criteria Wp:

For p = 1, 2, 3 : Wp =
W′p∑3

p=1 W′p
. (8)

According to the calculated values, the normalized weight vector of criteria (W) can be presented as:

W = (W1, W2, W3)
T, (9)

where: Wi = Weight of ith (i = 1, 2, 3) component of Criteria.
By using these six steps, the initial normalized fuzzy weight of each component will be determined

that can be used for Pairwise comparisons in the next stage.

3.3. Computing the Pairwise Comparison Matrix for Decision-Maker

The components of decision-makers are according to Level 3 from D1 to Dn, and PCM will be as
presented in Table 3. The Pairwise comparison matrix for the component of each layer would be related
to the correlated components in an upper layer, for example, the components of “Decision-Makers”
depends on the components of “Criteria.”
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Table 3. Pairwise comparison matrix of the jth component of Decision-Maker (j = D1, · · · , Dn),
concerning the ith component of Criteria (i = 1, 2, 3).

j D1 · · · Dn

D1
(
xi

D1, D1
, yi

D1, D1
, zi

D1, D1

)
· · ·

(
xi

D1, Dn
, yi

D1, Dn
, zi

D1, Dn

)
j=D2,· · · Dn−1

...
...

...
Dn

(
xi

Dn, D1
, yi

Dn, D1
, zi

Dn, D1

)
· · ·

(
xi

Dn, Dn
, yi

Dn, Dn
, zi

Dn, Dn

)
Suppose in Table 3, vi

p,q =
(
xi

p,q, yi
p,q, zi

p,q

)
is the pairwise comparison of Decision-Maker

p, q = D1, · · · , Dn, concerning the ith components of Criteria (i = 1, 2, 3), then:

For p , q : vi
q,p =

(
vi

p,q

)−1
and For p = q : vi

p,q = (1, 1, 1). (10)

3.4. Computing the Pairwise Comparison Matrix for Factors

The components of Factors is according to Level 4 from F1 to Fm, and PCM will be as shown in
Table 4.

Table 4. Pairwise comparison matrix of the kth component of Factors (k = F1, · · · , Fm), under the jth

component of Decision-Makers (j = D1, · · · , Dn).

k F1 · · · Fm

F1

(
xj

F1, F1
, yj

F1, F1
, zj

F1, F1

)
· · ·

(
xj

F1, Fm
, yj

F1, Fm
, zj

F1, Fm

)
k=F2, · · · , Fm−1

...
...

...

Fm

(
xj

Fm, F1
, yj

Fm, F1
, zj

Fm, F1

)
· · ·

(
xj

Fm, Fm
, yj

Fm, Fm
, zj

Fm, Fm

)

Suppose in Table 4, vj
p,q =

(
xj

p,q, yj
p,q, zj

p,q

)
is the pairwise comparison of Factors p, q = F1, · · · , Fm,

concerning the jth component of Decision-Maker (j = D1, · · · , Dn), then:

For p , q : vj
q,p =

(
vj

p,q

)−1
and For p = q : vj

p,q = (1, 1, 1). (11)

3.5. Computing the Pairwise Comparison Matrix for Objectives

The components of Factors are according to Level 5 from O1 to Ot, and PCM will be as in Table 5.

Table 5. Pairwise Comparison of the lth component of objectives (l = O1, · · · , Ot ), under the kth

component of Factors (k = F1, · · · , Fm).

l O1 · · · Ot

O1
(
xk

O1, O1
, yk

O1, O1
, zk

O1, O1

)
· · ·

(
xk

O1, Ot
, yk

O1, Ot
, zk

O1, Ot

)
l=O2, · · · , Ot−1

...
...

...
Ot

(
xk

Ot, O1
, yk

Ot, O1
, zk

Ot, O1

)
· · ·

(
xk

Ot, Ot
, yk

Ot, Ot
, zk

Ot, Ot

)
Suppose in Table 5, vk

p,q =
(
xk

p, q, yk
p,q, zk

p,q

)
is the pairwise comparison of objectives p, q =

O1, · · · , Ot, concerning the kth component of Factors (k = F1, · · · , Fm), then:

For p , q: vk
q,p =

(
vk

p,q

)−1
and For p = q : vk

p,q = (1, 1, 1). (12)
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3.6. Computing the Pairwise Comparison Matrix for Alternatives

The components of the final level, which is the Alternatives, are according to Level 6 from A1 to
Au, and PCM will be as in Table 6.

Table 6. Pairwise Comparison of the rth component of alternatives (r = A1, · · · , Au ), under the lth

component of objectives (l = O1, · · · , Ot).

r A1 · · · Au

A1
(
xl

A1, A1
, yl

A1, A1
, zl

A1, A1

)
· · ·

(
xl

A1, Au
, yl

A1, Au
, zl

A1, Au

)
r=A2, · · · , Au−1

...
...

...
Au

(
xl

Au, A1
, yl

Au, A1
, zl

Au, A1

)
· · ·

(
xl

Au, Au
, yl

Au, Au
, zl

Au, Au

)
Suppose in Table 6, vl

p,q =
(
xl

p, q, yl
p,q, zl

p,q

)
is the pairwise comparison of alternatives p, q =

A1, · · · , Au, concerning the kth component of objectives (l = O1, · · · , Ot), then:

For p , q vl
q,p =

(
vl

p,q

)−1
and For p = q : vl

p,q = (1, 1, 1). (13)

3.7. Calculation of Normalized Weight of Components in Each Layer

With an algorithm similar to the mentioned steps in Equations (3) to (8), the normalized weight of
each layer can be calculated as follows:

• A: Normalized weight of components in Layer 2 (criteria):

Suppose Wi = Weight of the ith component of criteria (i = 1, 2, 3), the weight vector of the
component in Layer 2 will be:

W = (W1, W2, W3)
T; (14)

• B: Normalized weight of components in Layer 3 (Decision-Maker):

Suppose Wi
j= Weight of the jth component of the decision-maker (j = D1, · · · , Dn), under the ith

component of criteria (i = 1, 2, 3). The weight vector of the component in Layer 3 will be:

Wi =
(
Wi

D1
, · · · , Wi

Dn

)T
; (15)

• C: Normalized weight of components in Layer 4 (Factors):

Suppose W j
k= Weight of the kth component of factors (k = F1, · · · , Fm), under the jth component

of decision-maker (j = D1, · · · , Dn). The weight vector of the component in Layer 4 will be:

W j =
(
W j

F1
, · · · , W j

Fm

)T
; (16)

• D: Normalized weight of components in Layer 5 (Objectives):

Suppose Wk
l = Weight of the lth component of Objectives (l = O1, · · · , Ot), under the kth component

of factors (k = F1, · · · , Fm). The weight vector of the component in Layer 5 will be:

W k =
(
Wk

O1
, · · · , Wk

Ot

)T
; (17)

• E: Normalized weight of components in Layer 6 (Alternatives):
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Suppose Wl
r= Weight of the rth component of alternatives (r = A1, · · · , Au), under the lth

component of objectives (l = O1, · · · , Ot). The weight vector of the component in Layer 6 will be:

Wl =
(
Wl

A1
, · · · , Wl

Au

)T
. (18)

3.8. Total Aggregated Score Concerning the Sustainability Goal

The total aggregated score for each component of alternatives (r = A1, · · · , Au) concerning the
sustainability goal can be given by Equation (19):

(RIC)r =
∑3

i=1
Wi

(∑Dn

j=D1
Wi

j

(∑Fm

k=F1
W j

k

(∑Ot

l=O1
Wk

l Wl
r

)))
. (19)

Therefore, the Relative Importance Coefficient (RIC) can determine the final rank of each alternative
by consideration of all components in the upper layers. In this way, it would be possible to check the
impact of each alternative (Layer 6) on the final goal that is sustainability (Layer 1) by consideration of
different parameters and factors (Layers 2 to 5).

3.9. Verification of the Provided Method

The provided approach verified by an example with simplified elements, as shown in Figure 4.
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Figure 4. The developed example to verify the method.

The analysis, according to the formulated triangular fuzzy multi-layer AHP, was done and the
results presented in Tables 7–11. In the verification part, some factors in each layer were selected, and
using the developed formulations, the impact of chosen alternatives on the sustainability goal was
evaluated. According to the main stages, it is necessary to provide and calculate the normalized weight
of components in each layer, the pairwise comparison matrix for each component, under the correlated
components in the upper layer, and finally, the total aggregated score concerning the sustainability goal.



Sustainability 2020, 12, 1841 10 of 15

Table 7. Pairwise comparison matrix of the components of Criteria.

i Economic Environmental Social Weight

Economic (1,1,1) (1,3/2,2) (1,3/2,2) 0.45
Environmental (1/2,2/3,1) (1,1,1) (1,3/2,2) 0.35

Social (1/2,2/3,1) (1/2,2/3,1) (1,1,1) 0.21

Table 8. Pairwise comparison matrix of the components of Decision-Maker concerning the component
of Criteria.

Component of Criteria j D1-Factory D2-Clients Weight

Economic
D1-Factory (1,1,1) (2,5/2,3) 1
D2-Clients (1/3,2/5,1/2) (1,1,1) 0

Environmental
D1-Factory (1,1,1) (2,5/2,3) 1
D2-Clients (1/3,2/5,1/2) (1,1,1) 0

Social
D1-Factory (1,1,1) (1/2,1,3/2) 0.5
D2-Clients (2/3,1,2) (1,1,1) 0.5

Table 9. Pairwise comparison matrix of the components of Factors concerning the component
of Decision-Makers.

Component of
Decision-Makers k F1-Environmental

Impacts
F-2 Maintenance

Cost Weight

D1
F1-Environmental impacts (1,1,1) (2/5,1/2,2/3) 0

F-2 Maintenance cost (3/2,2,5/2) (1,1,1) 1

D2
F1-Environmental impacts (1,1,1) (2,5/2,3) 1

F-2 Maintenance cost (1/3,2/5,1/2) (1,1,1) 0

Table 10. Pairwise Comparison of the components of objectives, under the component of Factors.

Component
of Factors l O1-Decreasing

Energy
O2-Decreasing
Raw Material

O3-Decreasing
Production Cost

O4-Increasing
Life Cycle Weight

F1

O1-Decreasing
Energy (1,1,1) (1/2,1,3/2) (2,5/2,3) (1,3/2,2) 0.38

O2-Decreasing
raw material (2/3,1,2) (1,1,1) (3/2,2,5/2) (1,3/2,2) 0.35

O3-Decreasing
production cost (1/3,2/5,1/2) (2/5,1/2,2/3) (1,1,1) (2/5,1/2,2/3) 0.01

O4-Increasing life
cycle (1/2,2/3,1) (1/2,2/3,1) (3/2,2,5/2) (1,1,1) 0.26

F2

O1-Decreasing
Energy (1,1,1) (1/2,1,3/2) (1/2,2/3,1) (1/2,2/3,1) 0.19

O2-Decreasing
raw material (2/3,1,2) (1,1,1) (1/2,1,3/2) (1,1,1) 0.25

O3-Decreasing
production cost (1,3/2,2) (2/3,1,2) (1,1,1) (1,1,1) 0.28

O4-Increasing life
cycle (1,3/2,2) (1,1,1) (1,1,1) (1,1,1) 0.28
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Table 11. Pairwise Comparison of the component of alternatives under the component of objectives.

Component
of Objectives r A1-Green Rating

Systems
A2-Decrease of

Total Power Peak
A3-Creating

User Interface Weight

O1
A1-Green rating

systems (1,1,1) - (3/2,2,5/2) 1

A3-Creating user
interface (2/5,1/2,2/3) - (1,1,1) 0

O2
A1-Green rating

systems (1,1,1) - (1,3/2,2) 0.68

A3-Creating user
interface (1/2,2/3,1) - (1,1,1) 0.32

O3
A1-Green rating

systems (1,1,1) (1,3/2,2) - 0.68

A2-Decrease of total
power peak (1/2,2/3,1) (1,1,1) - 0.32

O4 A3-Creating user
interface - - (1,1,1) 1

Table 12 presents the Relative Importance Coefficient (RIC) of each alternative concerning the
sustainability goals. According to the results of this table, alternative A1 (green rating systems) has the
highest score for Sustainable Factories.

Table 12. The Relative Importance Coefficient (RIC) of alternatives concerning the sustainability goal.

Alternatives RPS

A1-Green rating systems 0.62
A2-Decrease of total power peak 0.03

A3-Creating user interface 0.37

As it is clear from this part, the developed TFAHP can be applied in different case studies (different
factories and production lines) with several layers and components that verify the method. In this
regard, for each factory, the correlated components could be selected and added based on the local
conditions and products, and then the specialized matrix for the selected factory and in localized
conditions can be provided.

3.10. The Advantages of the Provided Assessment Approach

The comparison and advantages of the current approach in the consideration of the sustainability
goal are presented in Table 13. The comparison was made with the presented method with four other
approaches in the field of sustainable factories.
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Table 13. The comparisons of the other techniques with current approach concerning the
sustainability goal.

Method
Sustainability

Main Focus Parameters Limits
Social Economic Environment

Current approach
(TFAHP)
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4. Discussion and Conclusions

In the industrial sector, sustainability depends not only on the construction of the factory but
also on the production line, manufacturing, raw materials, and many other parameters which make
the analysis of sustainability more complicated since there are many types of factories with different
production. The analysis showed that there are many factors for sustainability evaluation of factories
and even more than 140 indicators suggested in different green rating systems to assess the progress
on sustainable development. In addition, the proposed indicators might be different by the industrial
sector and policy-makers besides the limits such as the required technique and budget, which make
it impossible to apply all the indices to all factories. To find out the best decision, the rank of each
alternative can be useful, and the weight of them must be calculated according to the different objectives
and sustainability factors, which is not a fixed value and might be different for a new factory with
another production line.

In this research, a multi-layer Triangular Fuzzy Analytic Hierarchy Process (TFAHP) approach
was developed for evaluation of the sustainability indicators in the factories with six layers, including
Level 1: Goal, Level 2: Criteria, Level 3: Decision-Makers, Level 4: Factors, Level 5: Objectives, and
Level 6: Alternatives. The approach was developed in a way that made it possible to add new elements
and indices in each layer based on the factory type and production line that is vital for the industrial
section with different kinds of factories and products. Then, the normalized weight of components
in each layer, pairwise comparison matrix of layers under the correlated components in the upper
layer, and the normalized weight of components under the correlated components in the upper layer
were formulated that can make a comparison among the components. By the pairwise comparison, it
would be possible to calculate the total aggregated score concerning the sustainability goal and by the
Relative Importance Coefficient (RIC) rank concerning the alternatives accordingly. Therefore, the
Relative Importance Coefficient (RIC) can determine the final rank of each alternative by considering
all components in the upper layers. In this way, it would be possible to assess the impact of each
alternative on the final goal that is sustainability by consideration of different parameters and factors
such as the role of decision-makers or objectives.

For verification of the presented approach, an example with simplified elements was provided,
then by use of the developed formulations, the normalized weight of components in each layer was
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calculated, and the pairwise comparison matrix for each layer was produced, and finally, the impact of
chosen alternatives on the sustainability goal was evaluated.

In addition, a comparison of the method with four similar approaches in the field of sustainable
factories shows the limits of those methods which mainly concern specific factories or products.
However, one of the advantages of the provided approach is easy to add of the new indicators in all
layers, as the verification showed, and thus, there are no limits for using any particular green rating
systems or standards.

In conclusion, the presented analytical assessment approach by the Triangular Fuzzy AHP method
will provide an additional tool toward the sustainable development of factories and can improve the
previous studies of green factories. In this way, after gathering the required data in a new case study,
the weighted rank of the indices and alternatives by the presented method would provide priority
solutions. In addition, the method can be used to evaluate the existing project.

Recommendations

Since in each location and country, the standards and codes might be different, providing the basis
of location-based software is suggested for future studies. In addition, the experience-based methods
such as rough set theory can be joint to TFAHP to improve the judgment in future sustainability
evaluation and thus is suggested for future studies.
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