
Vol.:(0123456789)1 3

Clean Technologies and Environmental Policy (2022) 24:1191–1207 
https://doi.org/10.1007/s10098-021-02086-z

ORIGINAL PAPER

Analyzing interrelationships among environmental sustainability 
innovation factors

Hadi Badri Ahmadi1 · Huai‑Wei Lo2 · Himanshu Gupta3 · Simonov Kusi‑Sarpong4 · James J. H. Liou1

Received: 26 October 2020 / Accepted: 7 April 2021 / Published online: 20 April 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract 
Due to growing public awareness, governmental regulations and concerns, environmental sustainability initiatives have 
received increasing attention among industrial decision-makers and practitioners. Employing environmental management 
programs can significantly minimize the waste and preserve the environment. However, papers have not much focused on 
exploring the interactions and interdependencies among environmental sustainability innovation factors, particularly in 
the context of manufacturing sector of emerging economies. To address this issue, this paper proposes a criteria decision 
framework, with the target of investigating the interactions among environmental sustainability innovation criteria within 
an emerging economy nation manufacturing sector context using Z-based DEMATEL technique. According to the findings, 
“designing products for being reusable and energy-efficient” is the most critical criterion and requires a considerable attention 
for successfully implementing environmental sustainability innovation. This paper significantly helps industrial managers 
and experts in emerging economies to better understand environmental sustainability innovation, employ environmental 
sustainability innovation practices in their supply chains and shift their industry toward sustainable development.
Graphic abstract

Keywords  Sustainable supply chain management · Sustainable innovation · Environmental sustainability innovation · 
Z-DEMATEL · Z-number

Introduction

A growing number of firms have started to employ sustain-
ability initiatives in their operations and supply chains to 
attain their sustainability targets. Pressing adverse environ-
mental impacts as well as harm to human life has caused 
through rapid industrialization (Gupta et al. 2020). Because 
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of environmental issues, a growing number of stakehold-
ers including decision-makers in policy and environmental 
activists advocate for a tough and difficult governmental rule 
(Luthra et al. 2017). Environmental problems such as usage 
of natural resources, air pollution and increased hazardous 
materials utilization have become obstacles for the sustain-
able development of the economy and society.

Due to increased concern and knowledge of different 
agencies and governments globally, companies are required 
to consider environmentally friendly processes and prod-
ucts. Manufacturing companies are responsible for key 
environmental problems including environmental pollution, 
resources reduction and global warming. Nongovernmen-
tal organizations as well as diverse governmental agencies 
emphasize the requirement to shift from traditional prac-
tices to innovative and green technologies during produc-
tion process (Mousavi and Bossink 2020). Companies and 
supply chains can achieve their sustainability targets through 
employing sustainable innovation practices (Kusi-Sarpong 
et al. 2019). Firms should apply new solutions of manufac-
turing including improved production practices and prod-
uct design and develop new ways to waste dispose without 
harming the environment (Silva et al. 2019). For responding 
to increasing pressures from clients, regulators and stake-
holders, innovation is essential. As the main concern of cli-
ents and regulators are related to the environmental issues, 
environmental sustainability innovation can be considered 
as an effective solution to dominate these concerns (Tode-
schini et al. 2020). Environmental sustainability innova-
tion is considered as both product innovation and process 
innovation, and contains altering the status quo, modifying 
society norms, people mindset, includes resistance from 
people and therefore contains a huge amount of risk (Tidd 
and Bessant 2018). An increasing number of papers have 
focused on environmental sustainability innovation from 
various categories (e.g., Mousavi and Bossink 2020). How-
ever, studies have not explored the interactions and interde-
pendencies among environmental sustainability innovation 
factors, particularly in the context of emerging economies 
manufacturing sector.

The novelty of this research includes proposing a criteria 
decision framework for investigating the interrelationships 
and interactions among environmental sustainability innova-
tion factors in an emerging economy manufacturing sector 
context using a new MCDM method (Z-DEMATEL). The 
objectives of this paper are listed as follows:

	 (i)	 To determine the environmental sustainability 
innovation criteria, with the target of proposing an 
environmental sustainability innovation evaluation 
framework within an emerging economy manufac-
turing sector context;

	 (ii)	 To identify the interdependencies and interactions 
among environmental sustainability innovation fac-
tors; and

	 (iii)	 To determine the managerial and implications of the 
work.

To obtain the research objectives, initially a literature 
review is carried out and some potential environmental 
sustainability innovation criteria are identified. Then, sev-
eral rounds of reviews are conducted by industry experts 
to propose a comprehensive environmental sustainability 
innovation criteria decision framework. Finally, Z-DEMA-
TEL technique is utilized for evaluating the framework and 
identifying the interdependencies and interactions among 
criteria using several selected company managers within 
the manufacturing sector. This work consists of two major 
contributions. First, a criteria decision framework is devel-
oped to investigate environmental sustainability innovation 
within an emerging economy nation manufacturing sector 
context. Second, Z-DEMATEL, a new multiple criteria 
decision-making (MCDM) model, is applied for analyzing 
the interactions among environmental sustainability innova-
tion factors.

Literature review

This section begins with a review of sustainable innovation. 
The second subsection focuses on environmental sustain-
ability innovation. The third subsection presents existing 
works on environmental sustainability innovation. The last 
subsection identifies the research gaps.

Sustainable innovation

Developing and implementing sustainability in organi-
zational supply chains requires innovation to be occurred 
(Klewitz and Hansen 2014). Companies that try to attain 
sustainability in their supply chains must consider innova-
tion for responding to adverse effects. Sustainable innovation 
can be described as implementing new or modified products 
or processes and techniques, with the target of minimizing 
negative social and environmental impacts (Kemp et al. 
2001). Innovation should be distributed in the market (e.g. 
products) or implemented (e.g. processes) for obtaining eco-
nomic impact. For diminishing adverse socio-environmental 
impacts, several factors need to be considered in organiza-
tional sustainable innovation including recycling, manage-
ment of waste and green design (Yew and Zhu 2019).

An increasing number of papers have addressed the 
significance as well as considerable role of sustainable 
innovation in sustainable supply chain management imple-
mentation (Vargas et al. 2018). Silvestre and Ţîrcă (2019) 
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argued that social problems including safety, poverty and 
human rights, as well as several pressing environmental 
issues, have adverse impacts on supply chains and prevent 
companies from obtaining their sustainability targets and 
should be taken into account in organizational sustainable 
innovation. Vasilenko and Arbačiauskas (2013) deemed that 
building competitive advantage, R&D support, cost saving 
and requirement of clients are firm motivation for attaining 
sustainable innovation. Iles and Martin (2013) considered 
that one of the key sustainable innovation aspects is risk 
management, and companies that do not take into considera-
tion social factors face more risk than other corporations. 
Tariq et al. (2017) argued that essential elements for promot-
ing sustainable innovation include knowledge management 
and learning. In addition, organizational, social, cultural 
and technological factors are other sustainability innova-
tion attributes, which lead to market, economic and environ-
mental performance outcome. Murphy and Gouldson (2000) 
concluded that innovation-friendly environmental policies 
have a positive influence on technological change and pro-
vide incentives that provoke environmental sustainability 
innovation factors in corporations.

Sustainable innovation plays a critical role in obtain-
ing long-term sustainable development. Companies, sup-
ply chains and nations can attain their sustainability goals 
through implementing innovation factors. Sustainable inno-
vation consists of innovative management approaches which 
lead to a company supply chain enhanced sustainability 
performance. Companies try to apply variety of innovation-
based policies in their entire supply chain to obtain sustain-
able development. Social innovation, economic innovation 
and environmental innovation are three dimensions of sus-
tainable innovation. In this paper, we focus on environmental 
aspect of sustainability innovation in an emerging economy 
manufacturing sector context, with the goal of increasing the 
understanding of this aspect.

Environmental sustainability innovation

According to Chen et al. (2006), environmental sustainabil-
ity innovation can be defined as products and processes inno-
vations which employ technologies for saving the energy, 
pollution prevention, recycling the waste and environmental 
management. These innovations promote green growth and 
meet the requirements of environmental protection. Envi-
ronmental sustainability innovation has been taken into 
consideration as one of the main factors for improving the 
environmental, social and financial results of corporations. 
A growing number of environmental sustainability initia-
tives are moving toward improving technological processes, 
obtaining competitive advantage and reducing manufactur-
ing cost (Varadarajan 2017).

According to Carlile (2002), achieving innovative solu-
tions for environmental sustainability needs improving and 
integrating practices in the entire organizational boundaries, 
and it is also noted that environmental sustainability inno-
vation needs a socio-technical transaction, which requires 
innovative technologies, as well as innovations in market 
logics. Iles and Martin (2013) argued that if companies 
mobilize their dynamic capabilities to address environmen-
tal sustainability issues and concern, they can easily bring 
new environmentally sustainable technologies and products 
to the market efficiently. Lin (2012) argued that the desire of 
firms for having resources and competencies from partners 
for obtaining environmental sustainability innovation is a 
key driver for creating cross-sector partnership.

In this subsection, environmental aspect of sustainable 
innovation was overviewed. Because of enhanced knowledge 
and concern of agencies and governments worldwide, firms 
are under pressure to utilize environmentally friendly pro-
cesses and products. Utilizing environmental sustainability 
innovation standards can be an efficient innovative solution 
for overcoming environmental challenges and improving 
sustainability of organizational supply chains.

Existing works on environmental sustainability 
innovation

Environmental sustainability innovation can be described as 
a firm’s impact on the environment and completing company 
environmental goals and attaining profit through it (Wong 
et al. 2014). A growing number of researchers have inves-
tigated environmental sustainability innovation from vari-
ous contexts and categories. Chiou et al. (2011) analyzed 
the environmental performance of firms through employ-
ing green supply chain and environmental sustainability 
innovation. Based on the research findings, environmental 
performance and competitive position of a company are 
significantly affected by applying environmental innova-
tion sustainability factors. Zhu et al. (2012) investigated 
environmental sustainability innovation diffusion and its 
relationship to organizational improvement using Chinese 
manufacturing companies. Findings reveal that organiza-
tional characteristics and managers’ attitudes, force com-
panies to adopt innovations. They also found that manufac-
turing firms can be classified as early adopters, followers 
and laggards based on innovation diffusion and adoption. 
Klewitz and Hansen (2014) investigated sustainability-ori-
ented innovation in the context of small- and medium-size 
enterprises and found that green innovation practices can 
be classified into three main areas including product inno-
vation, process innovation and organizational innovation. 
De Medeiros et al. (2014) investigated critical factors for 
product innovation. According to the findings, knowledge 
about government policies and market, learning relevant to 
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innovation and investments in research are the key points 
for success of green product innovation. Todeschini et al. 
(2020) investigated stakeholder’s collaboration factors in the 
context of fashion industry using two case studies, with the 
target of achieving environmental sustainability innovation. 
They found that the main drivers for obtaining environmen-
tally sustainable innovation are external and competitive 
environment pressures, search for competitive advantage 
and capabilities development. Mousavi and Bossink (2020) 
investigated partnership among a firm and nongovernmen-
tal organizations for achieving environmental sustainabil-
ity innovation. They found that learning, coordination and 
reconfiguration identify the partnership progress. Shahzad 
et al. (2020) explored the relation of environmental sustain-
ability to corporate social responsibility and environmental 
sustainability innovation, in the context of Pakistani manu-
facturing sector. They found that CSR activities need to be 
included in the environmental strategies of organizations 
for attaining environmental sustainability innovation. Other 
environmental sustainability innovation criteria were deter-
mined according to the review of literature and are given in 
Table 1.

The second subsection of the literature review presented 
a review of environmental sustainability innovation, and the 
third subsection introduced several studies related to this 
aspect. Environmental management concerns are receiv-
ing much more attention between corporations globally. 
Several authors have completed studies related to environ-
mental aspect of sustainability innovation. The authors have 

investigated environmental sustainability innovation from 
different aspects.

Research gaps

Porter and Van der Linde (1995) argued that due to enhanced 
pressures from clients, regulators and other stakeholders, 
employing innovation factors in sustainable supply chains 
has received much more attention. However, few papers have 
focused on environmental sustainability innovation, whereas 
most of them have been conducted in developed countries 
context (De Medeiros et al. 2016), a limited number of 

Table 1   Environmental sustainability innovation criteria according to the literature

Criteria References

Initiatives for reducing carbon Kannan et al. (2014), Kusi-Sarpong et al. (2019)
Green production development and operational capabilities Gupta et al. (2020), Silva et al. (2019)
Initiatives and commitment for environmental issues Borsatto and Amui (2019), Shahzad et al. (2020)
Implementing environmental policy, market demands and incentives for manufactur-

ing green products
Carter et al. (2019), Saeed and Kersten (2019)

Investment in environment and economic benefits Govindan et al. (2019), Silvestre and Ţîrcă (2019)
Availability of resources and green competencies Yew and Zhu (2019), Gupta et al. (2020)
Collaboration with rivals, research institutes and environmental groups Mousavi and Bossink (2020), Silva et al. (2019)
Designing products for being reusable and energy-efficient Saeed and Kersten (2019), Todeschini et al. (2020)
Planning and organizational factors Kusi-Sarpong et al. (2019), Gupta et al. (2020)
Environmental rules and regulations Toke and Kalpande (2019), Mousavi and Bossink (2020)
Carrying out environmental audits Borsatto and Amui (2019), Todeschini et al. (2020)
Designing products for diminishing their environmental impact Gupta et al. (2020), Govindan et al. (2019)
Development of green logistics capabilities Borsatto and Amui (2019), Luthra and Mangla (2018)
Foreign direct investment Carter et al. (2019), Saeed and Kersten (2019)
Strategies to employ sustainable factors in supply chains Silvestre and Ţîrcă (2019), Luthra and Mangla (2018)
Selecting suppliers based on environmental factors Yew and Zhu (2019), Borsatto and Amui (2019)
Technical help for technology improvement Carter et al. (2019), Govindan et al. (2019)

Fig. 1   A brief flowchart of the study overall process



1195Analyzing interrelationships among environmental sustainability innovation factors﻿	

1 3

papers have focused on emerging economies (e.g., Yang 
et al. 2015). Up to now, no paper has focused on investi-
gating the interrelationships and interdependencies among 
environmental sustainability innovation factors in the con-
text of emerging economies manufacturing sector. To close 
this gap, this paper proposes a criteria decision framework 
for investigating the interdependencies and interrelationships 
among environmental sustainability innovation factors in 
the context of an emerging economy nation manufacturing 
sector.

Nowadays companies are to a greater extent inclined 
toward utilizing environmental management factors into 
their processes and supply chain operations. Strict rules 
from government and social groups have inspired firms to 
employ environmental sustainability standards which can be 
considered as an edge over their competitors.

Research methodology

An improved Z-DEMATEL technique is utilized in this 
paper for investigating the interdependencies and interac-
tions among various environmental sustainability innova-
tion factors. Figure 1 presents a brief flowchart of this study 
overall process.

The following content introduces the Z-DEMATEL tech-
nique. At first, Z-number concepts and the related computa-
tional processes are presented. Then, a complete set of evalu-
ation scales for Z-DEMATEL is formulated. This technique 
displays the influential network relationship map (INRM) 
to demonstrate interactions and interdependencies among 
factors. The detailed implementation steps of this model are 
described below.

Main concepts and Z‑number computation

Zadeh (2011) proposed Z-numbers; it is a soft computation 
technique which can be applied for computation in not valid 
information environment. Evaluation value and its reliabil-
ity are two types of Z-number fuzzy information. Recently, 
integrating Z-numbers with MCDM methods has been pro-
posed by several authors, including the Z-AHP (Azadeh 

et al. 2013), Z-BWM (best worst method) (Aboutorab et al. 
2018), Z-TOPSIS (Yaakob and Gegov 2016) and Z-VIKOR 
(visekriterijumska optimizacija i kompromisno resenje) 
(Shen and Wang 2018). For further description, converting 
traditional fuzzy numbers into Z-numbers is described. Let 
us suppose a Z-number is written as Z =

(
F̃, R̃

)
 , F̃ is the 

triangular fuzzy numbers of the assessment value.R̃ is F̃ reli-
ability (degree of confidence), where F̃ =

(
f , 𝜇F̃

)|x ∈ [0, 1] 
and R̃ =

(
x, 𝜇R̃

)|x ∈ [0, 1] are both triangular membership 
functions. We can transform R̃ to a crisp value as displayed 
in Eq. (1).

Then, the reliability weight � is added to the assessment 
value F̃ , and the weighted Z-numbers are displayed in 
Eq. (2).

Here, consider an assessment system has n factors/alter-
natives ci =

(
c1, c2,… , cn

)
 . Pairwise comparisons should 

be conducted to identify the mutual influence between fac-
tors/alternatives, it means, the influence degree of ci on cj. 
The assessment scale contains “No influence (N),” “Low 
influence (L),” “Medium influence (M),” “High influence 
(H)” and “Very high influence (VH).” These linguistic vari-
ables are then converted into the corresponding membership 
functions (fuzzy numbers). The conversion rules are shown 
in Table 2.

The experts were requested to identify the confidence 
degree in the survey, which is the assessment reliability. 
The evaluation scale includes “Very low (VL),” “Low (L),” 
“Medium (M),” “High (H)” and “Very high (VH).” Table 3 
displays the reliability rating scale.

According to Tables 2 and 3, generally 25 Z-number 
combinations can be attained. Table 4 indicates Z-number 
linguistic variables as well as their membership functions.

(1)𝛼 =
∫ x

𝜇R̃ dx

∫ 𝜇R̃ dx

(2)Z𝛼 =

��
x, 𝜇F̃𝛼

����𝜇F̃𝛼 (x) = 𝛼𝜇F̃(x), x ∈
√
𝛼x

�

Table 2   DEMATEL’s influence scales and membership functions 
[Liou et al. (2008)]

Linguistic variable Code Member-
ship func-
tion

No influence N (0, 0, 1)
Low influence L (0, 1, 2)
Medium influence M (1, 2, 3)
High influence H (2, 3, 4)
Very high influence VH (3, 4, 4)

Table 3   Reliability scale and the membership functions [Aboutorab 
et al. (2018)]

Linguistic variable Code Membership function

Very low VL (0, 0, 0.3)
Low L (0.1, 0.3, 0.5)
Medium M (0.3, 0.5, 0.7)
High H (0.5, 0.7, 0.9)
Very high VH (0.7, 1, 1)
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Modified Z‑DEMATEL technique

DEMATEL method determines the interdependencies and 
interrelationships among criteria, through a structural INRM 
that assists experts to understand which criteria affect other 
factors and which factors are affected (Gabus and Fontela 
1972). In an evaluation environment that contains complex-
ity as well as uncertainty, it is challenging for decision-
makers to employ crisp value to show their actual feelings. 
There are a large number of fuzzy theory methods, inte-
grated with DEMATEL model to handle uncertainty issues. 
Unfortunately, these methods do not consider experts’ confi-
dence degree on the assessment value. This work integrates 
Z-numbers into DEMATEL technique. This novel model 
consists of two unique advantages. First, group decision-
making reliability in the assessment can be identified. Sec-
ond, the shape of triangular fuzzy numbers for calculations 
can be retained to avoid the information loss. Through the 
improvement of this research, Z-based DEMATEL tech-
nique can obtain a set of criteria influential weights. The 
modified Z-DEMATEL steps are explained below:

Step 1: Identifying a set of assessment criteria

A group of decision-makers are formed to determine a set 
of assessment criteria (ci). In this study, we investigate the 
interdependencies among ten environmental sustainability 
innovation criteria, ci =

{
c1, c2,… , cn

}
.

Step 2: Identifying the direct relationship matrix

There are (n) criteria that should be assessed for their influ-
ence. Every manager judges the direct influence of the 

criteria i on the criteria j on the basis of the assessment 
scale of Table 2 and also checks its confidence based on 
Table 3 reliability scale. The second step introduces the 
concept of Z-numbers into each DEMATEL questionnaire. 
In order to avoid the influence of some managers extreme 
opinions, causing the distortion of the assessment results, an 
optimization model is presented to acquire group judgment 
(Wu et al. 2016). The model is shown in Eq. (3).

k indicates a decision-maker, k = 1, 2, …, K. In addition, lij, 
mij and uij show the group judgment minimum, intermedi-
ate and maximum values. Wu et al. (2016) proved that the 
model optimal solution can be acquired by computing partial 
differentiation of lij, as displayed in Eq. (4), same as for mij 
and uij.

All experts’ opinions can be incorporated into a group 
direct relationship matrix ⊗A using Eqs. 3 and 4, as shown 
in Eq. (5).

(3)

min z =
�K

k=1

�
lij − lk

ij

�2

+
�K

k=1

�
mij − mk

ij

�2

+
�K

k=1

�
uij − uk

ij

�2

s. t.

⎧⎪⎪⎨⎪⎪⎩

mink l
k
ij
≤ lij ≤ maxk l

k
ij
,

mink m
k
ij
≤ mij ≤ maxk m

k
ij
,

mink u
k
ij
≤ uij ≤ maxk u

k
ij
,

lij ≤ mij ≤ uij.

(4)

�z

�lij
= 2

�K

k=1

�
lij − lk

ij

�
⋅ 1 = 0

⇒ lij =

∑K

k=1
lk
ij

K

(5)

⊗A =
�
⊗aij

�
n×n

=

⎡
⎢⎢⎢⎢⎢⎢⎣

⊗a11 ⊗a12 ⋯ ⊗a1j ⋯ ⊗a1n
⊗a21 ⊗a22 ⋯ ⊗a2j ⋯ ⊗a2n
⋮ ⋮ ⋱ ⋮ ⋱ ⋮

⊗ai1 ⊗ai2 ⋯ ⊗aij ⋯ ⊗ain
⋮ ⋮ ⋱ ⋮ ⋱ ⋮

⊗an1 ⊗an2 ⋯ ⊗anj ⋯ ⊗ann

⎤
⎥⎥⎥⎥⎥⎥⎦
n×n

, i = j = 1, 2,… , n

Table 4   Z-number linguistic variables and their corresponding membership functions

Reliability Level of Influence

N L M H VH

VL (0, 0, 0.316) (0, 0.316, 0.632) (0.316, 0.632, 0.949) (0.632, 0.949, 1.265) (0.949, 1.265, 1.265)
L (0, 0, 0.548) (0, 0.548, 1.096) (0.548, 1.096, 1.644) (1.096, 1.644, 2.192) (1.644, 2.192, 2.192)
M (0, 0, 0.707) (0, 0.707, 1.414) (0.707, 1.414, 2.121) (1.414, 2.121, 2.828) (2.121, 2.828, 2.828)
H (0, 0, 0.837) (0, 0.837, 1.673) (0.837, 1.673, 2.510) (1.673, 2.510, 3.347) (2.510, 3.347, 3.347)
VH (0, 0, 0.949) (0, 0.949, 1.897) (0.949, 1.897, 2.846) (1.897, 2.846, 3.795) (2.846, 3.795, 3.795)
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where ⊗aij =
(
aL
ij
, aM

ij
, aU

ij

)
 . Here, DEMATEL requires that 

the diagonal factors in the matrix be 0, i.e. ⊗aij = 0 (when 
i = j).

Step 3 Construction of normalized direct relationship 
matrix

Because the range of ⊗aij value is from 0 to 4, we can con-
vert this assessment value to 0 to 1 using normalization, as 
shown in Eqs. 6 and 7.

where ⊗xij =
(
xL
ij
, xM

ij
, xU

ij

)
.

Step 4 Obtaining the total influence matrix

Using Eqs. 9 and 10, the ⊗X (Eq. 8) is integrated into a total 
influence matrix. A faster solution formula is attained from 
Eq. (10), as Eq. (9) operation procedure is cumbersome.

where ⊗tij =
(
tL
ij
, tM

ij
, tU

ij

)
.

(6)⊗X =
�
⊗xij

�
n×n

=

⎡
⎢⎢⎢⎢⎢⎢⎣

𝜀 ⋅⊗a11 𝜀 ⋅⊗a12 ⋯ 𝜀 ⋅⊗a1j ⋯ 𝜀 ⋅⊗a1n
𝜀 ⋅⊗a21 𝜀 ⋅⊗a22 ⋯ 𝜀 ⋅⊗a2j ⋯ 𝜀 ⋅⊗a2n

⋮ ⋮ ⋱ ⋮ ⋱ ⋮

𝜀 ⋅⊗ai1 𝜀 ⋅⊗ai2 ⋯ 𝜀 ⋅⊗aij ⋯ 𝜀 ⋅⊗ain
⋮ ⋮ ⋱ ⋮ ⋱ ⋮

𝜀 ⋅⊗an1 𝜀 ⋅⊗an2 ⋯ 𝜀 ⋅⊗anj ⋯ 𝜀 ⋅⊗ann

⎤
⎥⎥⎥⎥⎥⎥⎦
n×n

, i = j = 1, 2,… , n

(7)� = min

�
1

maxi
∑n

j=1
aU
ij

,
1

maxj
∑n

i=1
aU
ij

�

(8)⊗T =
�
⊗tij

�
n×n

=

⎡
⎢⎢⎢⎢⎢⎢⎣

⊗t11 ⊗t12 ⋯ ⊗t1j ⋯ ⊗t1n
⊗t21 ⊗t22 ⋯ ⊗t2j ⋯ ⊗t2n
⋮ ⋮ ⋱ ⋮ ⋱ ⋮

⊗ti1 ⊗ti2 ⋯ ⊗tij ⋯ ⊗tin
⋮ ⋮ ⋱ ⋮ ⋱ ⋮

⊗tn1 ⊗tn2 ⋯ ⊗tnj ⋯ ⊗tnn

⎤
⎥⎥⎥⎥⎥⎥⎦
n×n

, i = j = 1, 2,… , n

where ⊗X
∞
= [0]n×n and I are identity matrices.

Step 5 Constructing INRM to determine the mutual 
influence of the environmental sustainability innovation 
criteria

As in Eqs. 11 and 12, ⊗r is gained by adding up each column 
of the total influence matrix ⊗T . Similarly, as in Eqs. 13 and 
14, ⊗s is obtained by adding up each row.

(9)⊗T = ⊗ X + ⊗ X
2
+⋯ +⊗X

∞

(10)

⊗T = ⊗X + ⊗ X
2 +⋯ +⊗X

∞ = ⊗X
(
I +⊗X + ⊗ X

2 +⋯ +⊗X
∞−1

)

= ⊗X
(
I −⊗X

∞
)
(I −⊗X)

−1
= ⊗X(I −⊗X)

−1

(11)⊗r =
[
⊗ri

]
n×1

=
(
⊗r1,⊗ r2,… ,⊗ ri,… ,⊗ rn

)

(12)
[
⊗ri

]
n×1

=

[∑n

j=1
⊗tij

]
n×1

(13)⊗s =
[
⊗sj

]
1×n

=
(
⊗s1,⊗ s2,… ,⊗ sj,… ,⊗ sn

)T

Table 5   Profile of managers 
involved in this study

Manager Firm Expertise Experi-
ence 
(years)

Manager 1 Automotive corporation Supply chain manager 14
Manager 2 Steel corporation Financial manager 12
Manager 3 Electronic corporation Marketing manager 11
Manager 4 Tile corporation Purchasing manager 15
Manager 5 Plastic corporation Assistant supply manager 17
Manager 6 Automobile corporation General manager 13
Manager 7 Motorcycle corporation Production manager 10
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where symbol “superscript T” denotes for matrix transpose. 
In addition, ⊗ri =

(
rL
i
, rM

i
, rU

i

)
 and ⊗si =

(
sL
i
, sM

i
, sU

i

)
 . 

⊗ri +⊗si represents the strength of influences given and 
received. And, ⊗ri −⊗si is the index of the net influence. 
Here, we can use ⊗ri −⊗si to measure whether the criterion 
is a causal factor or an affected factor. If ⊗ri −⊗si is a posi-
tive value, it means that criterion i has a significant effect 
on other criteria, which is called a causal factor; otherwise, 
if ⊗ri −⊗si is a negative value, it means that criterion i is 
affected by other factors, which is called an affected factor. 
The average method is used to de-fuzzy the fuzzy value (for 
example, ⊗𝜑 =

(
𝜑L, 𝜑M , 𝜑U

)
 ) to obtain the crisp value ( � ), 

as shown in Eq. (15).

(14)
[
⊗sj

]
1×n

=

[∑n

i=1
⊗tij

]
1×n

=
[
⊗si

]T
n×1

After ⊗ri and ⊗si are put through the de-fuzzy procedure 
of Eq. (15), ri and si can be obtained, respectively. Using 
ri + si as the horizontal axis and ri − si as the vertical axis, 
the relative coordinate position of each project can be clearly 
marked. The total influence matrix ⊗T is used to identify the 
influence among criteria, and an arrow (indicating the direc-
tion of influence) is drawn to generate a systematic INRM.

Step 6 Determination of influential weight of the criteria

Criteria total influence on the assessment system is deter-
mined, so the influential weight of the criteria can be identi-
fied through Eq. (16). Sum of weights needed here equals 
to 1 (Lo et al. 2020).

(15)� =
1

3

(
�L + �M + �U

)

Table 6   Environmental sustainability innovation criteria decision framework

Criteria Description

Collaboration with rivals, research institutes and environmental groups 
(ESI 1)

Collaboration among different units, aiming to manufacture green 
products

Technical experience availability and investment in R&D for green 
practices (ESI 2)

Accessibility of technical skills for attaining sustainable practices

Green production development and operational capabilities (ESI 3) Employing green practices for manufacturing environmentally friendly 
products

Designing products for diminishing their environmental impact (ESI 
4)

Designing products with the target of reducing their adverse effect on 
environment

Initiatives and commitment for environmental issues (ESI 5) Employing diverse environmental standards in companies
Implementing environmental policy, market demands and incentives 

for manufacturing green products (ESI 6)
Applying different environmental management initiatives and policy to 

produce environmentally sustainable products
Investment in environment and economic benefits (ESI 7) It refers to the environmental investments and potential economic profits 

that can be achieved
Designing products for being reusable and energy-efficient (ESI 8) Considering environmental management standards while designing 

products, such as being reusable and being energy-efficient
Carrying out environmental audits (ESI 9) Performing audits in firms
Availability of resources and green competencies (ESI 10) Employing efficient strategies for having resources available and green 

competencies

Table 7   Initial evaluation 
matrix of the first manager 
(linguistic variables)

ESI 1 ESI 2 ESI 3 ESI 4 ESI 5 ESI 6 ESI 7 ESI 8 ESI 9 ESI 10

ESI 1 –  M, VH H, VH H, VH M, H H, H M, H M, H H, H M, VH
ESI 2 M, H –  VH, VH M, VH M, H M, VH H, H H, VH VH, VH VH, VH
ESI 3 H, H H, VH –  VH, H H, VH VH, H VH, H H, H H, H VH, H
ESI 4 L, VH L, H M, H –  M, H H, H VH, VH VH, VH H, H H, H
ESI 5 VH, VH H, H H, H M, VH –  H, H H, H M, H H, H M, VH
ESI 6 H, VH H, H H, VH VH, VH L, VH –  H, VH M, VH M, H M, H
ESI 7 H, H H, H VH, H M, VH H, VH M, H –  L, VH M, H H, VH
ESI 8 H, VH M, VH M, H VH, VH H, VH M, VH M, H –  VH, VH H, H
ESI 9 N, H H, VH H, H H, H M, VH VH, H M, H H, VH –  H, VH
ESI 10 H, VH M, H L, VH H, VH VH, H M, H M, VH H, H VH, VH – 
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Results and analysis

This section begins with an introduction of a real case exam-
ple. The next subsections focus on evaluation framework 
development process and the application of Z-DEMATEL 
methodology to the case.

Real case example

The case country of this work is Iran, which is in South-
west part of Asia. According to Bai et al. (2019), sustain-
ability initiatives as well as manufacturing practices in Iran 
are immature and require much more focus. To attain the 
research objectives of this paper, seven managers from seven 
different Iranian manufacturing firms were chosen. The man-
agers have different profiles, at least ten years of working 
experience, and were selected from diverse companies. They 
are expert and knowledgeable in their specific fields. Moreo-
ver, for obtaining homogeneity they were purposely chosen 
from various backgrounds to be sure that the outcomes are 
more generalizable for the industry and to another indus-
trial context. Detailed information of managers is given in 
Table 5.

The process of framework development

This subsection explains the development process of the 
evaluation framework of this work. After reviewing the 
literature, several environmental sustainability innovation 
criteria were identified (Table 1). Then, a survey with the 
mentioned criteria was designed and sent to each of seven 
managers for their review and consideration at different 
times. They were asked to vote for each criterion and iden-
tify which of the criteria are more relevant to their corpora-
tion supply chains by displaying (Yes) as approved and (No) 
as not approved. Moreover, they were requested to add any 
more related environmental sustainability innovation criteria 
based on their experience and expertise. The authors con-
firmed with the managers that those criteria that would be 
approved by at least five managers would be selected for the 
next round of review. One additional criterion (Technical 
experience availability and investment in R&D for green 
practices—ESI 2) was suggested by one of the managers. 
Generally, three rounds of interviews were conducted for 
refining the set of criteria. Finally, 10 criteria were selected 
and took into consideration in the final list, as shown in 
Table 6.

(16)wi =

�
ri + si

�
∑n

i=1

�
ri + si

�
Application of Z‑DEMATEL methodology to the case

Seven managers separately evaluated the degree of influ-
ence among the criteria. They answered the content of the 
Z-DEMATEL questionnaire based on the linguistic variables 
given in Table 1 and Table 2. Table 7 presents the evalua-
tion results of the first manager. Then, according to Table 3, 
we convert the linguistic variables into Z-numbers to obtain 
Table 8. For example, evaluation of ES1 and ES2 by first 
manager is (M, VH), and the corresponding Z-number is 
(0.949, 1.897, 2.846). A complete Z-DEMATEL question-
naire can form a 10 × 10 matrix, and the diagonal elements 
of the matrix should be (0, 0, 0) (which means there is no 
self-dependence).

Using Eqs. 3 and 4 to integrate the assessment data of 
seven managers to construct an average evaluation matrix 
(Eq. 5), as shown in Table 9. According to Eqs. 6–10, the 
total influence matrix (Table 10) can be constructed, which 
considers the direct and indirect impacts of all criteria. 

The execution process of Z-DEMATEL maintains the 
fuzzy number form. Through Eqs. 11–14, the fuzzy total and 
net influences of each criterion ( ⊗ri +⊗si and ⊗ri −⊗si ) 
are given in Table 11. When the values in the fuzzy net influ-
ence are all negative, it means that the criterion is signifi-
cantly affected by other criteria. Next, obtain the crisp values 
of each element through the de-fuzzification (Eq. 15), and 
further calculate the influence weights of the criteria. The 
analysis results of Z-DEMATEL and the ranking of criteria 
are shown in Table 12.

ESI 8 and ESI 9 have the largest and smallest total influ-
ences, respectively. However, in terms of net influence, ESI 
6 has a maximum value of 0.337, but it is not the criterion 
for the maximum total influence. This result shows that ESI 
6 has only a slight strength of influence received. The influ-
ence weights of the criteria can be obtained by Eq. (16). 
The top three ranked criteria are ESI 8, ESI 1 and ESI 5. 
Although the results of our analysis can determine the pri-
ority of the criteria, in fact, their difference of the weights 
are not too large, because the influence relationship among 
them is close. Therefore, the next step is to determine the 
influence network of the criteria through INRM.

Figure 2 clearly depicts the relative position of each cri-
terion. The criterion with the greater total influence will 
approach the right, and the criterion with the greater net 
influence will approach the top. The criterion at the end of 
the arrow indicates that it is affected. ESI 8 is a criterion that 
mainly affects others, while ESI 10 is deeply influenced by 
multiple criteria.
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Table 11   Total influence and 
net influence (Z-numbers)

⊗r
i

⊗s
i

⊗r
i
+⊗s

i
⊗r

i
−⊗s

i

ESI 1 (0.530, 1.585, 7.784) (0.586, 1.731, 8.198) (1.116, 3.316, 15.982) (– 0.056, – 0.146, – 0.413)
ESI 2 (0.539, 1.653, 7.924) (0.540, 1.603, 7.777) (1.078, 3.256, 15.701) (– 0.001, 0.050, 0.148)
ESI 3 (0.544, 1.663, 7.930) (0.555, 1.628, 7.886) (1.099, 3.291, 15.817) (– 0.011, 0.036, 0.044)
ESI 4 (0.544, 1.618, 7.812) (0.559, 1.666, 7.825) (1.103, 3.284, 15.637) (– 0.014, – 0.048, – 0.013)
ESI 5 (0.585, 1.633, 7.729) (0.564, 1.712, 8.167) (1.149, 3.345, 15.896) (0.021, – 0.079, – 0.438)
ESI 6 (0.586, 1.709, 8.152) (0.478, 1.500, 7.459) (1.064, 3.209, 15.611) (0.108, 0.209, 0.693)
ESI 7 (0.565, 1.702, 7.894) (0.489, 1.465, 7.278) (1.054, 3.168, 15.173) (0.077, 0.237, 0.616)
ESI 8 (0.742, 1.994, 8.785) (0.619, 1.796, 8.369) (1.361, 3.791, 17.154) (0.123, 0.198, 0.416)
ESI 9 (0.469, 1.463, 7.366) (0.578, 1.677, 7.839) (1.047, 3.140, 15.206) (– 0.109, – 0.214, – 0.473)
ESI 10 (0.484, 1.526, 7.596) (0.622, 1.769, 8.176) (1.106, 3.295, 15.771) (– 0.138, – 0.243, – 0.580)

Table 12   Z-DEMATEL results ri si ri + si ri–si Influential weight Rank

ESI 1 3.300 3.505 6.805 − 0.205 0.101 2
ESI 2 3.372 3.306 6.678 0.066 0.099 6
ESI 3 3.379 3.356 6.736 0.023 0.100 4
ESI 4 3.325 3.350 6.675 − 0.025 0.099 7
ESI 5 3.316 3.481 6.797 − 0.165 0.101 3
ESI 6 3.482 3.146 6.628 0.337 0.098 8
ESI 7 3.387 3.077 6.465 0.310 0.096 9
ESI 8 3.840 3.595 7.435 0.246 0.110 1
ESI 9 3.100 3.365 6.464 − 0.265 0.096 10
ESI 10 3.202 3.522 6.724 − 0.320 0.100 5

Fig. 2   INRM of environmental sustainability innovation factors
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Discussion

The sustainability debate is gaining momentum due to focus 
of various nations to achieve sustainability development 
goals in the next decade. The findings from Table 12 and 
Fig. 2 indicate that “Designing products for being reusable 
and energy-efficient (ESI 8)” is the most important criteria 
for environment sustainability innovation as per the promi-
nence ranking and INRM. Past studies show that compa-
nies need to develop facilities so that various environmental 
standards are considered while designing the products such 
that these products are easily reusable and recyclable. The 
organizations also need to adopt energy-efficient materials 
while designing the products so that overall energy wastage 
can be minimized (Toke and Kalpande 2019). This is in 
line with our findings from Z-DEMATEL analysis which 
indicates that “designing products for being reusable and 
energy-efficient” has the highest prominence to achieve envi-
ronmental sustainability innovation. Designing reusable and 
energy-efficient products further motivates the organizations 
to collaborate with research institutes, investing in research 
and design for sustainable practices, enhancing green pro-
duction development capabilities, designing products with 
lesser environmental impacts and also motivates manage-
ment to commit more toward green initiatives. Reusable 
products have a significant impact on sustainability initia-
tives as they significantly reduce the resource requirements 
and make resources available for future consumption and 
also have lesser environmental impact.

Other important criteria as per prominence ranking 
emerged out to be “Collaboration with rivals, research 
institutes and environmental groups (ESI 1),” past stud-
ies showed that many companies are resource constrained 
especially in the current uncertain time when economy is 
plunging in most of the nations. It is difficult for companies 
to meet sustainability targets in standalone mode, there is 
growing need to coexist and collaborate for resource sharing. 
Firms can be greatly benefited to achieve sustainability by 
collaborating and sharing resources with their rivals as with 
research institutes who already have expertise and resources 
to achieve environmental sustainability (Saeed and Kersten 
2019). The results are in line with our finding that “col-
laboration with rivals, research institutes and environmental 
groups” are necessary for environment sustainability innova-
tions. Similarly, “Investment in environment and economic 
benefits (ESI 7)” and “technical experience availability and 
investment in R&D for green practices (ESI 2)” have influ-
encing power over other criteria and ensure availability of 
resources and green competencies for carrying out environ-
mental sustainability innovations.

“Initiatives and commitment for environmental issues 
(ESI 5)” is another important innovation criterion, Shahzad 

et al. (2020) found that management commitment is the 
quintessential for organizations sustainability development 
initiatives. Management goals should match with the overall 
sustainability development goals set by regulatory bodies. 
Management commitment involves adopting and imple-
menting a diverse category of environmental standards and 
practices across the organization. These initiatives include 
adopting environmental regulations and standards set by 
government, skill development programs related to sustain-
ability practices and motivating employees through rewards 
and incentives for green initiatives (Shahzad et al. 2020). 
Our results corroborate with this finding that “initiatives and 
commitment for environmental issues” are prominent for 
environmental sustainability innovations.

Further, INRM analysis results indicate that apart from 
ESI8, “Implementing environmental policy, market demands 
and incentives for manufacturing green products (ESI 6)” 
has a high influencing power over other criteria and is 
important for environment sustainability innovation. Imple-
menting environmental management policies and initiatives 
influences organizations for designing reusable and energy-
efficient products which in turn has influence on other crite-
ria. Effective and stringent environmental policies create an 
atmosphere in organization to produce sustainable products 
having lesser impact on environment and lesser resource 
utilization. Environmental management initiatives and 
policies also influences resource availability and enhances 
green competencies of the workforce of organization. Envi-
ronmental policies and regulations by regulatory bodies 
also indicate that developing skill set for green and sustain-
able practices is essential to meet sustainability goals, thus 
organizations are also inclined to take initiatives to provide 
training for their employees to enhance their green com-
petencies (Toke and Kalpande 2019). Investments made in 
environmental initiatives influences the availability of the 
availability of resources and this investment makes provid-
ing training related to sustainability practices easier for the 
organizations, thus enhancing competencies of workforce 
(Mathiyazhagan et al. 2013).

INRM analysis also indicates the influencing relationship 
of “investment in environment and economic benefits (ESI 
7)” over other criteria. Past studies also show that organi-
zations having few managers that have technical skill set 
related to green practices can help train other employees 
and enhance their green competencies through regular in-
house training programs. These influential factors have great 
impact on achieving overall environmental sustainability 
innovation in an organization and thus meet their sustain-
ability goals, “technical experience availability and invest-
ment in R&D for green practices (ESI 2)” in this study also 
emerged as in an important influencing criterion for other 
environmental sustainability innovation criteria.
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Conclusion

Environmental management and environmental sustain-
ability innovation factors can significantly help compa-
nies to minimize the waste, preserve the environment and 
achieve sustainable development. Based on the Z-DEM-
ATEL results, the top three ranked criteria are “Design-
ing products for being reusable and energy-efficient—ESI 
8 (r8 + s8 = 7.435 and w8 = 0.110),” “Collaboration with 
rivals, research institutes and environmental groups—ESI 1 
(r1 + s1 = 6.805 and w1 = 0.101)” and “Initiatives and com-
mitment for environmental issues—ESI 5 (r5 + s5 = 6.797 
and w5 = 0.101).” In general, except for ESI 8, the influence 
weights of the other criteria are not much different. This 
phenomenon indicates that the criteria we have summarized 
are all sufficient to represent environmentally sustainable 
development factors.

On the other hand, in terms of net influence, “implement-
ing environmental policy, market demands and incentives 
for manufacturing green products—ESI 6” has a maximum 
value of 0.337 (r6–s6 = 0.337), but it is not the criterion for 
the maximum total influence. This result shows that ESI 6 
has only a slight strength of influence received. Furthermore, 
the mutual influence of criteria can be identified through 
INRM. “Designing products for being reusable and energy-
efficient—ESI 8” is the most important factor and requires a 
considerable attention for obtaining environmental sustain-
ability innovation. In INRM, ESI 8 is in the upper right cor-
ner of the map, and according to the direction of the arrow, 
it can be known that it affects the criteria ESI 1, ESI 2, ESI 
3, ESI 4, ESI 5, ESI 9 and ESI 10. If this criterion can be 
implemented well, there will be hope for the development 
of other criteria.

This study is the first research paper that develops a 
criteria decision framework for investigating the inter-
actions among environmental sustainability innovation 
criteria in the manufacturing sector using a new MCDM 
model (Z-DEMATEL), which highlights the novelty of this 
research. In addition, the novel model consists of several 
advantages. First, the reliability/confidence of the decision-
makers in the assessment can be identified. Secondly, the 
shape of triangular fuzzy numbers for calculations can be 
retained to avoid the information loss. Thirdly, the influ-
ence relationships of the criteria are clearly determined, and 
their influence weights can also be generated. This paper 
provides the complete linguistic variables and the corre-
sponding fuzzy numbers, which can assist various indus-
tries to solve related decision-making issues. A sample of 
seven industrial managers from manufacturing sector was 
employed in the assessment process. Developing a frame-
work for investigating the environmental aspect of sustain-
able innovation and utilizing Z-DEMATEL for analyzing the 

proposed framework and exploring the interactions among 
the criteria are the academic contributions of this work. 
As part of the academic contribution of the research, the 
results of this study have significant implications to envi-
ronmental sustainability innovation theory and contribute 
to developing efficient strategies and innovative solutions 
for achieving environmental sustainability innovation in 
emerging economies. Now industrial experts in emerging 
economies have a means to focus and invest on the most 
significant environmental sustainability innovation factors, 
make effective decisions and achieve environmental sustain-
ability innovation, which identifies the practical contribution 
of this research. The results of the study provide various 
recommendations and implications for management, policy 
makers and researchers as follows:

(i)	 Managers can focus on better designing and research 
facilities at their end so that products being designed 
are reusable and recyclable for future use. They also 
need to focus on using more energy-efficient materials 
for manufacturing.

(ii)	 Managers can develop collaborations with research 
institutes and potential competitors to share technolo-
gies and other resources available.

(iii)	 The developed framework and prioritization of criteria 
can assist the managers to identify and adopt critical 
criteria for achieving environmental sustainability inno-
vation.

(iv)	 Policy makers can use this study to formulate policies 
that incentivize activities for reuse and recycling facili-
ties.

(v)	 Government and regulatory bodies can set up more 
institutes that work with industry to find innovative 
solutions and achieve environmental sustainability.

This paper suffers from few limitations. Limitations can 
provide additional room for more and deeper investigation in 
this area. One limitation of this work is that few experts from 
Iran manufacturing sector participated in the evaluation pro-
cess and completed data collection. We suggest future stud-
ies apply our framework in other emerging economy manu-
facturing sectors and compare the outcome of their work 
with this work results. Another limitation of this paper is that 
it only focused on environmental sustainability innovation. 
Future works could extend our criteria decision framework 
and include additional economic and social dimensions of 
sustainable innovation and investigate the interrelationships 
among different sustainable innovation factors. This paper 
integrated Z-numbers with DEMATEL method to handle 
uncertainty issues and investigated interdependencies among 
criteria. We suggest future authors try to combine fuzzy or 
rough numbers with DEMATEL and compare their findings 
with this paper results. Moreover, possible future works can 
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utilize ISM hesitant fuzzy MICMAC instead of DEMATEL. 
Potential future papers can focus on the most critical envi-
ronmental sustainability innovation criteria obtained in this 
study and develop some efficient strategies to help manag-
ers better understand and implement those factors in their 
organizational supply chains and shift their industry toward 
sustainable development.
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