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Abstract

Due to natural resource shortages, global warming, and waste management issues, manufacturing faces the challenge of adhering
to strict environmental legislation. The driving force for producers worldwide to implement green manufacturing practices is the
growing environmental concerns and awareness. The activities involved in green manufacturing (GM) are the basis for making
goods green and environmentally friendly. However, there are many critical barriers to implementing GM. So, the prioritization
is needed to eliminate these critical barriers systematically. This paper aims to define eleven barriers based on literature and
practitioners’ views on GM issues. In this paper, the role of the hierarchical and contextual links between GM barriers was
understood using a hybrid interpretive structural modelling (ISM) and the Decision Making Trial and Evaluation Laboratory
(DEMATEL). The results depict that lack of necessary tools and management skills, and need of training for the implementation
of sensitive environmental processes as the critical barriers set out in the new ISM-DEMATEL methodology. We hope that the
current study will allow the manufacturing sector to address potential barriers that can affect GM practices implementation.
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Introduction

Manufacturing plays a crucial role in the economies of the
advanced nations of the world. However, it has come under
intense pressure to tackle the increasing demand for sustain-
ability to the environment. The manufacturing sector has to
look up to a sustainable formula to adapt to manufacturing in a
way that does not cause any harm the environment and does
not hamper productivity. Thus, green manufacturing (GM)
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strategy is getting popular in current times. Green manufactur-
ing (GM) is “a set of manufacturing practices which do not
harm the environment during any phase of the journey”
(Srivastava 2007). GM’s main objective is to have minimal
adverse environmental impacts and minimize product costs.
The manufacturing industry accounts for 84% of the energy-
related CO, emissions as compared to others. Also, it con-
sumes 90% of the energy from the industry (Duflou et al.
2012). The concept of GM has received tremendous global
attention. Many nations, businesses, and organizations invest
time and resources to improve environmental safety and sus-
tainable development efforts. Producers are interested in
achieving sustainable GM production practices in contempo-
rary business environments, meeting their requirements for
liability and positioning them in their competitive markets
(Linke et al. 2012). Apart from its impact on environmental,
operational, and corporate efficiency, GM guides the compa-
nies to gain maximum support from numerous partners, in-
cluding clients, NGOs and the government (Poret 2019).
Several government policies control the waste generation
industries that must abide by the Government Tribunals’ en-
vironmental laws. The Paris Agreement signed by 169 coun-
tries in 2016 aims to reduce global emissions and carbon foot-
print that can only be achieved through green and smart
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manufacturing. The Kyoto Protocol was the first nationwide
agreement to mandate countries to cut greenhouse gas emis-
sions. Kyoto originated from the United Nations Framework
Convention on Climate Change (UNFCCC), signed at the
1992 Mega-meeting by almost all countries, popularly known
as the Earth Summit. The objective also included making
production sustainable. The automotive industry has a signif-
icant stake in manufacturing. It is directly responsible for
bringing new advances to green and smart manufacturing.
The adoption of green operations also seeks an in-depth study
of all the factors directly or indirectly with manufacturing.
Such sustainable technologies can be adopted in a non-
compromised manner to achieve production efficiency.

This study is motivated by the rapidly changing production
scenario in India. According to Seth and Panigrahi (2015), the
country in current times has witnessed five major identifiable
changes, viz., globalization, including the launch of low-cost
goods from fast emerging economies (like Korea and China),
improving demand and new e-business models which influ-
ence the dynamics of the manufacturing industry (Mohanty
et al. 2007), the accessibility of fresh and inexpensive skilled
labor, and the promotion of foreign direct investment (FDIs)
in tune with government policies focused on “Make in India.”
These factors allow industry leaders to use India as a produc-
tion and procurement base, rather than merely a marketing
hub for their products. The “Make in India” signalled the
launch of a new campaign in 2014, which seeks to turn the
nation into a “global design and manufacturing hub” (Sindhu
et al. 2016). Various efforts have been undertaken to increase
manufacturing involvement from the existing 16 to 25% of
Gross Domestic Product (GDP) rates by 2022, with an annual
growth rate of 12—14% (Ertugrul et al. 2016). As per statistica.
com, from 1965 to 2019, carbon dioxide (CO2) emissions in
India has increased by an estimated 132 million tons of CO,,
which is worrying. For academics, professionals, and law-
makers, these statistics are disturbing and indicate seriousness
to implement GM and tackle its drivers and barriers that affect
the nation’s GM scenario.

Global environmental measures, green development
trends, and tough industrial competition require industries to
accept green manufacturing practices. Thus, the green
manufacturing concept is prevalent due to contemporary situ-
ation and trends, although several industries remain in the
queue, and few plan to implement it any sooner. Even though
GM is a subject of great interest to research scholars and
practitioners, this delay in adopting such a concept is linked
to barriers that hamper green production in the industry. The
analysis of the previous academic literature depicts that work
on interrelating barriers of GM acceptance in a strategic way
has been done. However, its reach to industrial level is excep-
tionally scarce. However, work on developing models that
illustrate the underlying cause of the dominant barriers and
other-influenced barriers is few. In this context, researchers
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in the past focused on linking evaluation of critical barriers,
multiple criteria, and expert opinions but this typically con-
tributes to complexity (Chauhan et al. 2016). Therefore, the
purpose of this study is to evaluate the barriers for addressing
the gap in GM implementation process and encourage the fast
adoption of GM practices using a planned approach. Besides,
the current research is expected to result in a deeper concep-
tual understanding of implementing GM, which is still in its
early stages of implementation in Indian manufacturing indus-
tries. In this reference, this study identified eleven barriers to
the successful adoption of GM by the Indian automobile in-
dustry to aid policymakers in understanding interrelationships
and their effect on GM adoption. To achieve this goal, an
ISM-DEMATEL hybrid model was preferred over a sole
ISM, AHP, ANP, or any other MCDM methods even though
they have been frequently used in this field to propose practi-
cal strategies for the establishment of consistent hierarchical
and strategic relationships. Because as ISM and DEMATEL
both approaches together can more specifically reflect system
barriers by supplementing and offering an effective systemic
modelling method to resolve multi-criteria decision making
(MCDM) issues (Wang et al. 2018; Kumar and Dixit 2018).
Thus, using the novel hybrid methodology ISM-DEMATEL,
this paper will establish the hierarchical framework for the
causal barrier. Apart from this, the study is a novel approach
to link academia and industry. It is because the whole study
runs parallel by opinions and suggestions of industry profes-
sionals in the implementation system, and the current study
lays a bridge that links academia and industry in a way that
will enable to fill out the gap in the earlier research in this
field, which is more confirmed to academia than industry.

The paper is structured into several sections which are as
follows: the “Literature Survey” section offers a brief over-
view of the literature and addresses the eleven identified bar-
riers. The “Proposed Framework and Methodology” section
sets out a thorough overview of the solution approach. The
study results are set out in the “Results” section. The
“Discussion” section makes provision for discussion.
Finally, the conclusion and future scope of the research is
covered in the “Conclusions” section.

Literature Survey
Green Manufacturing

As standards evolved, several businesses began adopting en-
vironmental policies at the beginning of the 1990s, particular-
ly in Britain. “Green” is entirely different from conventional
production as it relies on the effect on the environment.
Environmental impacts are considered essential for business
operations to reduce costs and develop quality products
(Atasu et al. 2008). After ISO 14001 was introduced in
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1996, many ISO companies began exploring GM. It has led to
rapid growth in the field of GM, which researchers are keen to
examine.

GM definitions, concepts, methods, implementations, in-
terpretations, and models vary from industry to industry and
even from one country to another. The new manufacturing
paradigm for GM (Deif 2011) represents a variety of green
approaches (goals and principles), drivers, and innovations
(technology) that make them more environmentally friendly.
GM involves manufacturing or designing products/systems
using fewer resources and less energy, replacing input mate-
rials, minimizing unwanted outputs, wastes, and pollution,
and recycling (Akenji et al. 2015). GM encompasses process-
es that use low environmental impact inputs (Ghazilla et al.
2015). The manufacturing of the product benignly and harm-
lessly is GM’s responsibility, which will minimize the unfa-
vorable effect on the environment through the best resource
utilization (Rehman et al. 2016; Mohanty and Prakash 2014).

Research indicates that companies achieve higher produc-
tivity and operational efficiency by effectively implementing
green management practices (Roy and Khastagir 2016).
Rehman and Shrivastava (2013a) examined the state-of-the-
art approaches to GM of 15 years, using 123 articles from 73
peer-reviewed journals. Research by Rehman and Shrivastava
(2013b) using their instrument of inquiry based on GM in
Maharashtra (India) area of Vidharba found that GM was at
an early stage and needed further research to develop GM
frameworks. To render the existing processes more eco-effi-
cient, Deif (2011) introduced a modern green architecture
concept; it was clarified using a case study. Sangwan (2011)
performed an observational analysis that revealed GM’s qual-
itative and quantitative benefits for SMEs. One hundred
ninety-eight small and medium-sized Indian companies were
surveyed, and the sample was operated using the statistical
SPSS method.

Research expanded with GM innovation research, wherein
Zeng et al. (2014) examined the requirements of stakeholders
of Chinese companies who rely on green innovation practices
in a theoretical context. They studied 791 private manufactur-
ing firms and found that green innovation’s main pressures are
regulations, political capital, consumers, suppliers, and
competitors. Jabbour (2013) presented potential opportunities
for environmental training in organizations by evaluating the
related literature to develop and encourage GM activities. He
discussed the existing situation and provided recommenda-
tions for effective potential green training implementation.
Environmental training is one of the most important tools for
enhancing human resource. Environmental training aims to
improve employees’ environmental knowledge, thereby
building the competence to reduce waste and save energy.

GM in India varies from other developing nations and re-
quires further study (Rehman and Shrivastava 2013a).
Chhabra et al. (2017) presented a case study of the Indian

automobile industry by evaluating green assembly and
packaging practices alternatives. Sen et al. (2015) explained
green energy inclusion in a variety of firms manufacturing
goods. Driving factors are essential in the industry’s adoption
and distribution of GM (Mittal et al. 2016). However, GM
implementation is not an easy task in the industry due to
several issues: limited capital, environmental concern, govern-
ment policy, immediate effects on GDP, etc. (Mittal et al.
2017).

Multi-Criteria Decision Making methods

Researchers have used multi-criteria decision making
(MCDM) tools, especially in green strategies, in their problem
studies. Most MCDM applications are restricted to green sup-
ply chain management practices like green procurement,
green suppliers selection, and green marketing. Some litera-
ture adopts the MCDM approach, which focuses primarily on
green practices and application frameworks. It can be seen in
Table 1.

Gap Analysis

While the literature review shows that GM has become a vital
manufacturing concept to address environmental and social
sustainability, there are still many questions that require fur-
ther research. The findings and gap areas are noted from the
review of extant literature.

* The manufacturing industries are serious about switching
to GM. They seek to reduce emissions, electricity use,
COy and other waste having detrimental environmental
impacts.

e AHP, ANP, DEMATEL, and ISM are some of the
MCDM approaches used, in isolation, by many re-
searchers concerning Green manufacturing but this hybrid
ISM-DEMATEL model has not been used in any studies
to analyze the barriers to the implementation of GM.

e A limited number of studies (Kushwaha and Talib 2020;
Mittal and Sangwan 2014) focused on identifying barriers
that hamper GM adoption in manufacturing industries,
particularly within a specific country.

Limited efforts have been made to identify GM barriers to
the best of our knowledge to implement GM in the Indian
automotive sector. Therefore, a research gap exists in this
relatively new field, guiding engineers, supervisors, practi-
tioners, and managers. This study will plug into that
gap. This research identifies the GM barriers related to
the Indian automobile industry and underlying relation-
ships between them.
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Table 1 Application of MCDM methods

Authors MCDM approach Main purpose

(Lin 2011) ANP and DEMATEL Green product design, taking into account
different factors in the field of manufacturing.

(Chan et al. 2013) Fuzzy AHP Assessed green products

(Vinodh and Jayakrishna 2013) AHP and VIKOR Selection of the best tyre recycling process

(Tseng and Chiu 2012) ANP and Entropy Evaluation of green innovation practices

(Govindan et al. 2014a) DANP and PROMETHEE Assessment of green manufacturing methods

(Seth et al. 2018) ISM Evaluation of green manufacturing drivers
relationship

(Agarwal et al. 2020) DEMATEL Evaluation of green manufacturing drivers

(Kaswan and Rathi 2020) BWM Prioritization of Green Lean Six Sigma enablers

Barriers to GM Implementation

Databases such as Scopus, Web of Science, and Emerald
Insights were searched to identify barriers with keywords such
as “Green Manufacturing Barriers; Green Manufacturing
Limitations, Green Manufacturing Challenges, Green
Manufacturing Issues”. A list of occurrences was prepared
based on a review of the literature. An expert team of eight
members was formed to identify critical barriers to this list.
Ten Indian automotive experts were contacted by e-mail and
phone, 4 out of 10 expressed interest in research work and
discussions related to GM. Similarly, four out of ten academi-
cians agreed to provide their input. However, to avoid any
inconsistencies in the answers, no joint meetings were held
during the data collection process. Based on the expert opin-
ion, 11 crucial barriers for this study were considered and
finalized (Table 2).

Proposed Framework and Methodology

There are many barriers to GM adoption in India’s automotive
industry. Additionally, administrators cannot overcome all
barriers simultaneously. Consequently, this study proposes
an ISM-DEMATEL-based system to define and prioritize bar-
riers that significantly affect others. Figure 1 demonstrates this
study’s framework, which essentially contains three steps to
follow. The first one is to recognize barriers from current
literature and expert advice. The next stage uses the ISM-
DEMATEL method to analyze relational interactions of core
barriers from the respondent’s perspective. It cross-checks the
degree of unexpected barriers to the adoption of green
manufacturing. In the final step, the results are obtained
and eventually confirmed by the expert’s feedback. This
study is based on input from four experts from different
Indian automotive industries working on the GM imple-
mentation pathway.
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Methodology

Case Study In order to connect the implementation framework
to the real industrial scenario, experts from the automobile
industry with an average experience of 10 years of
sustainable/green manufacturing were involved. They were
requested to rate the barriers after a thorough examination.
The entire framework was then constructed based on the rank-
ings done by the experts. Apart from this, after the analysis of
the implementation framework, it was also validated by the
experts for their views on the accuracy of the developed
model.

Implementation Framework Within this paper, the research
goal is accomplished by incorporating ISM-DEMATEL to
obtain validated barrier mitigation frameworks. The ISM-
DEMATEL integrated approach’s key benefit is essential, as
both ISM and DEMATEL solutions are powerful and robust
tools that support the framework for decision making. The
ISM approach analytical method is used to fill the matrix of
the binary numbers like (0, 1) between barriers to the investi-
gation of causal relations, while DEMATEL approach uses
additional options such as (0, 1, 2, 3, and 4) between barriers
to investigating the interrelationships of cause and effect.
Some good examples of an integrated approach are available
(Wu et al. 2010; Hou and Zhou 2011; Chuang et al. 2013;
Kumar and Dixit 2018). Apart from this, MICMAC analysis is
used to supplement the model as MICMAC analysis analyzes
the driving power and dependence power of the identified
barriers.

Interpretive Structural Modelling

As a mediating medium for complex issues with challenges,
the interpretive structural modelling (ISM) approach was con-
ceived (Warfield 1974; Sage 1977). ISM is an interactive
learning tool. This technique structures a series of various
elements directly and indirectly linked to an integral systemic
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Table 2  Barriers in the development of green manufacturing

Barriers Explanation

Reference

Lack of necessary tools and management
skills (B-1)
practices.
Less environmental pressures from
stakeholders (B-2)
perform GM.

Lack of top management committee (B-3) Professionals and top officials not showing interest in

GM practices

The complexity of design to re-use/recycle Difficulty in recycling for perishable products

used products (B-4)

The requirement of training for
implementation of sensitive
environmental processes (B-5)

Non-availability of bank loans to
encourage green products/ processes
(B-6)

High investments and less
return-on-investment (B-7)

firm, hence act as barriers.

firms

profit increment for firms

Lack of research and empirical studies
(B-8)

Need for development of new analytical
tools, models and matrices (B-9)

Uncertainty in material recovery during
recycling (B-10)

Unawareness of customer s(B-11)

towards GM.

perform GM

Firms do not have the required machinery and skilled
workforce for the successful Implementation of GM

Government is not making environmental friendly
policies to pressure firms and stakeholders to

Performing GM does not imply financial security and

Various firms lack essential requirement and new
technology required to perform GM
The factors are showing the unwillingness of the firm

Q Zhu et al. (2005); Tayeb et al. (2010)

Q Zhu et al. (2005); Montalvo (2008); Tayeb et al.
(2010)

Luthra et al. (2011); Singh et al. (2012);
Khiewnavawongsa and Schmidt (2013);
Srivastav and Mk (2015)

Kaur et al. (2017)

These factors unwillingly increase the labor cost of the Curkovic (2003); Shi et al. (2008); Lee (2009)

GM practices are costly which increase product cost for Jayanta and Azharb (2014)

Luken and Van Rompaey (2008); Zailani and
Eltayeb (2009); Govindan et al. (2014a, 2014b)

Zhang (2000); Tayeb et al. (2010)

Revelle (2000); Dornfeld (2010)

Prevalent GM practice named recycling need not to be Rahimifard et al. (2009)
every time 100% successful
Awareness in the customers can bound the firms to

Simpson et al. (2007); Luthra et al. (2011); Kumar
et al. (2013)

model. Thus, the model defines the framework of a dynamic
problem, which involves both visuals and words, in a precise-
ly designed format. It is a modelling method as a diagram
model shows the particular relationships and the overall struc-
ture (Sharma et al. 2020). It helps to assess the significance of
interactions between the different structural elements.

The ISM methodology adopts several steps which are enu-
merated as follows:

Step 1:
Step 2:

List the system variables

A relation between the variables for which pairs of
variables are evaluated can be drawn from the vari-
ables in step 1.

A structural self-interaction matrix (SSIM) is devel-
oped for variables, showing pair by pair relations
between system variables.

SSIM develops the reachability matrix and tests tran-
sitivity. The transitivity of the contextual relationship
is an integral concept of ISM. It specifies that if
Number 1 is compared to 2 and 2 to 3, then 1 must
be compared to 3.

The matrix obtained in step 4 is divided into different
levels.

A guided diagram is drawn as per the above relation-
ships in the accessibility matrix, removing transitive
connections.

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:  The resulting digraph becomes an ISM by replacing
variable node statements.

After this, MICMAC analysis classifies the factors and
validate the ISM factors in the study to reach their results
and conclusions. Michel Godet developed the MICMAC
method and Frangois Bourse (Chandramowli et al. 2011)
MICMAC stands for “Matrice d’impacts croisés multiplica-
tion appliquée 4 un classmate’ which is a cross-impact matrix
multiplication applied to classification and is a prospective
structural analysis used to study indirect relationships.
MICMAC analysis involves the development of a graph that
classifies factors based on driving power and dependence
power.

DEMATEL

From 1972 to 1976, the Geneva Research Center of the
Battelle Memorial Institute created the DEMATEL method.
DEMATEL makes out the interaction of barriers by classify-
ing them as a source and result group and identifying feasible
solutions coherently (Hsu et al. 2013).

The DEMATEL methodology adopts several steps which
are as follows:

Step 1: List system-affected variables

@ Springer
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Fig. 1 An overview of the
proposed framework

Identification of

Green
Manufacturing
Barriers

Step 2: Construct Initial direct relationship matrix and aver-
age matrix
The normalized direct relationship matrix D is cal-

culated by

Step 3:

D=2
S

A is the average matrix and S is the max sum of the direct
relationship matrix (Aj;) rows.

Step 4: Calculate the total matrix of the relationship. The
total relationship matrix 7 is defined as

T = D{Inverse of (I-D)}

where / is a matrix of identity.

Defines R and C as n*1 and 1*n vectors
representing the sum of rows and the sum of
columns of the complete relationship matrix 7,
respectively, so that R; is the sum of the ith
row in matrix 7 and R; summarizes all the
direct and indirect effects of barrier / on the
other barriers. If Cj denotes the sum of the jth
column in matrix 7, then factor j indicates all
direct and indirect effects from other barriers.
Developing a causal diagram. The horizontal
axis vector (R;+ Cj) called “prominence” indi-
cates the cumulative influence of the i barrier.
Likewise, the vertical axis vector (R;—Cj)
called “relation” can be split into a group of
causes and group of effects by barriers i. If (R;
—Cj) is positive, the barriers are generally
grouped within the cause category, but if (R;
— () is harmful, barriers are generally grouped
within the effect category.

Step 5:

Step 6:
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b

Experts Opinion

Application of

hybrid ISM- J
DEMATEL approach £ .
Industry Experts /| Interpretati
on of
findings

‘ Feedback and conclusion\"

Framework Application and Results

Case Study

A total of four experts from the automobile industry partici-
pated in this study. Based on discussion with experts on var-
ious barriers, the judgment matrix between the barriers is de-
veloped using the ISM analysis (“Case Study” section). Based
on the expert’s ranking of the barriers according to the effect
of one barrier on the other barriers at scale 04, a pair-wise
comparison matrix is built during DEMATAL analysis
(“Implementation Framework™ section). The input by the four
experts is mentioned in the Supplementary information.

Implementation Framework
ISM Analysis
1. Development of structural self-interaction matrix (SSIM):

Discussions were held with the experts for developing
SSIM. In the creation of SSIM, the following four symbols
refer to the connection direction of the two barriers i and ;.

(1). V—Dbarrier i will help alleviates barrier j;

(2). A—Dbarrier j will be alleviated by barrier i;

(3). X—Dbarrier i and j will help achieve each other; and
(4). O—Dbarrier i and j are unrelated.

Based on the mutual barrier relationship, the SSIM was
established. The matrix of SSIM is explored with experts.
This matrix is built based on their replies (Table 3).

2. Reachability matrix

In this segment, by replacing V, A, X, O with binary num-
bers (0 and 1), the SSIM is transformed into an initial
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Table3 SSIM
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reachability matrix. The replacement shall be carried out in
compliance with the following directions:

(1) Iftheentry (ij) in the SSIM is V, then the entry (i ) in the
reachability matrix becomes 1, and the entry (j and i) is 0.

(2) 1If the entry (i j) in the SSIM is A, the entry (i j) in the
reachability matrix would be 0, and the entry (j and i) is 1.

(3) If (i) in the SSIM is X, then (i j) in the reachability
matrix is 1, and the value of (j 7) is 1.

(4) If the entry (i j) in the SSIM is 0, the entry (i j) in the
reachability matrix is 0, and the entry (j i) is also 0.

Based on this replacement, the initial reachability matrix
for barriers is developed and represented in Table 4.

3. Final reachability matrix
The final matrix can be achieved through the implementa-

tion of barrier transitivity. Transitivity is a core principle of the
ISM. It says: barrier 1 is linked to 2, and barrier 2 is linked to

Table 4  Initial reachability matrix

3, and so, therefore, barrier 1 is linked inherently to 3. It is
presented in Table 5.

4. Level partitions

The accessibility and the predecessor set for each barrier
are calculated from the final matrix based on Warfield’s
(1974) recommendations. The reachability built for a given
barrier is the barrier itself and other barriers that can help
accomplish this. Then we find the intersection of the reach-
ability matrix and antecedent matrix. The top-level barrier in
the ISM hierarchy is the barrier this intersection set is the
same. When built, the upper-level barrier is separated from
the remaining barrier.

The barriers iteration for levels III, IV, V, and VI were
performed using ISM methodology adopted for Tables 6 and
7. It thus gets revealed that the barriers (B-4) and (B-10) fall
under the IIT level, (B-5) under IV level, (B-6) and (B-8) under
V level, and (B-9) under VI level.

5. Building the ISM model

The hierarchical model structure is generated from each
barrier’s level of iteration and is shown in Fig. 2. An arrow
pointing from i to j shows the interdependency between the
barriers j and i. The following figure, known as the digraph, is
eventually transformed into an ISM model.

6. MICMAC analysis

MICMAC (Cross-impact matrix multiplication applied to
classification analysis) is built on the multiplication properties
of the matrix (Sharma and Gupta 1995). MICMAC is used to
examine barriers’ dynamic force and dependency. The green
manufacturing development barriers are divided into four

Table 5  Final reachability matrix

B-1 B-2 B3 B4 B-5 B-6 B-7 B-8 B9 B-10 B-11

B-1 B-2 B3 B4 B-5 B-6 B-7 B-8 B9 B-10 B-11
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Table 6  Barriers iteration level I

Barrier Reachability set Predecessor set Intersection set Level
B-1 1,2,4,7,8,10 1,2,3,4,5,6,7,8,9,10,11 1,2,4,7,8,10 1

B-2 1,2,3,4,7,11 1,2,3,4,5,6,7,8,10,11 1,2,3,4,7,11 I

B-3 1,2,3,4,7,10,11 2,3,4,5,6,7,8,10,11 2,3,4,7,10,11

B-4 1,2,3,4,7,10,11 1,2,3,4,5,6,7,8,9,10 1,2,3,4,7,10

B-5 1,2,3,4,5,7,10,11 5,6,7,8,9,10,11 5,7,10,11

B-6 1,2,3,4,5,6,7,10,11 6,7,9,10,11 6,7,10,11

B-7 1,2,3,4,5,6,7,8,9,10,11 1,2,3,5,6,7,8,9,10,11 1,2,3,4,5,6,7,8,9,10,11

B-8 1,2,3,4,5,7,8,9,10,11 1,7,8,9,10,11 1,7,8,9,10,11

B-9 1,4,5,6,7,8,9,10,11 7,8,9,10,11 7,8,9,10,11

B-10 1,2,3,4,5,6,7,8,9,10,11 1,3,4,5,6,7.8,9,10 1,3,4,5,6,7,8,9,10

B-11 1,2,3,5,6,7.8,9,11 2,3,4,5,6,7,8,9,10,11 2,3,5,6,7.89,11

segments in this study. The four categories below are an auton- 1. Autonomous barrier: means weak driving power and weak

omous barrier, linking barrier, dependent barrier, and driving

dependence power. Barriers separate from the system.

barrier. Table 5 estimates that each barrier has driving power 2. Linkage barrier: This indicates strong driving power

and dependency. The four categories mean the following:

Table 7  Barriers iteration level II-VI

and powerful dependency. The barriers are unstable;

Barrier Reachability set Antecedent set Intersection set Level
Barriers iteration level 11

B-3 3,4,7,10,11 3,4,5,6,7,8,10,11 3,4,7,10,11 I
B-4 3,4,7,10,11 34,5,6,7,8,9,10 347,10

B-5 3,4,57,10,11 5,6,7,8,9,10,11 5,7,10,11

B-6 3,4,5,6,7,10,11 6,7,9,10,11 6,7,10,11

B-7 3,4,5,6,7,8,9,10,11 3,5,6,7,8,9,10,11 3,4,5,6,7,8,9,10,11 I
B-8 3,4,57,89,10,11 7,8,9,10,11 7,8,9,10,11

B9 4,5,6,7,8,9,10,11 7,8,9,10,11 7,8,9,10,11

B-10 3,4,5,6,7,8,9,10,11 34,5,6,7,8,9,10 3,4,5,6,7,8,9,10

B-11 3,5,6,7,89,11 34,5,6,7,8,9,10,11 3,5,6,7,89,11 11
Barriers iteration level I11

B-4 4,10 4,5,6,8,9,10 4,10 1L
B-5 4,5,10 5,6,8,9,10 5,10

B-6 4,5,6,10 6,9,10 6,10

B-8 4,5,89,10 89,10 89,10

B-9 4,5,6,8,9,10 89,10 8,9,10

B-10 4,5,6,8,9,10 4,5,6,8,9,10 4,5,6,8,9,10 11
Barriers iteration level IV

B-5 5 5,6,8,9 5 v
B-6 5,6 6,9 6

B-8 58,9 8,9 8,9

B-9 5,6,8,9 89 8,9

Barriers iteration level V

B-6 6 6,9 6 \%
B-8 89 8,9 8.9 \%
B-9 6,8,9 89 8.9

Barriers iteration level VI

B-9 9 9 9 VI
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Fig.2 The developed ISM model
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any intervention against such barriers will affect
others and have a retroactive impact on themselves.
3. Dependent barrier: suggests low driving power, but
high dependence. Any action on them will impact
on others as well as feedback on themselves.
4. Driving barrier: this indicates intense driving yet low de-
pendency power.

Table 8 shows the driving and dependent barrier. The
MICMAC study’s driving and dependency power diagram
is shown in Fig. 3.

We divide the graph in Fig. 3 into 4 quadrants by drawing
an imaginary line parallel to x-axis and y-axis from (0, 6) and
(6, 0) respectively:

Autonomous barrier quadrant (I)
Dependent barrier quadrant (II)
Linkage barrier quadrant (IIT)
Driving barrier quadrant (IV)

el .

of new analytical tools,
models and matrices

As we can see from Fig. 3, 4 barriers are driving barriers, 3
barriers are linkage barrier, and 4 barriers are dependent bar-
rier no barrier autonomous.

DEMATEL Analysis

In this segment, the DEMATEL method was used to clarify
the cause and influence of GM implementation barriers.
Experts rank the barriers according to one barrier’s effect on
the other barriers at scale 0—4. A pair-wise comparison matrix
is built on the expert response.

7. The average matrix (A) calculation is made from the pair-
wise matrix response aggregation of the expert, as shown

in Table 9.

1. The normalized initial direct relation matrix is estimat-
ed as described in the “Implementation Framework™
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Table 8 Driving and dependent variables

B-1 B-2 B-3 B-4 B-5 B-6 B-7 B-8 B-9 B-10 B-11 Driving variables
B-1 - 1’ 0 1 0 0 1’ 1’ 0 1 0 5
B-2 1 — 1 0 0 1’ 0 0 0 1 5
B-3 1 1 - 1’ 0 0 1’ 0 0 1’ 1’ 6
B-4 1’ 1 1’ - 0 0 0 0 0 1 1’ 5
B-5 1’ 1 1’ 1 - 0 1’ 0 0 1’ 1’ 7
B-6 1 1 1 1’ 1 - 1 0 0 1’ 1’ 8
B-7 1 1 1 1’ 1 1 - 1 1 1’ 1’ 10
B-8 1 1 1 1 1 0 1 - 1’ 1 1 9
B-9 1 0 0 1 1 1’ 1 1 — 1’ 1’ 8
B-10 1’ 1’ 1’ 1’ 1’ 1 1 1 1 1 10
B-11 1’ 1 1 0 1’ 1 1 1’ 0 - 8
Dependent variables 10 9 8 9 6 4 9 5 4 8 9
section. In the normalized direct relationship matrix,  Discussion

Fig. 3 MICMAC analysis
12
11 v m
10 B10O B7
9 BS
BG;
g 8 ag B11
ol 85
2
= 6 B3
a N B2,
5 8e | B1
4
3
2 I I
1
Y 2 3 4 5 6 7 S 9 10 11 12
Dependent Power

each barrier’s value is between 0 and 1 (see Table 10).

The complete barrier relationship matrix (7)) is defined
using formula 7= D(I — D), as seen in Table 11.

In the next step, “prominence” values, i.e., (R; + Cj),
and “relation” values, i.e., (R; — C;), are calculated as
shown in Table 12.

Overall DEMATEL prominence-casual relation dia-
gram, as discussed in the “Implementation
Framework” section, is shown in Fig. 4.

An attempt to explore the various barriers associated with GM
implementation was made in this research. This research is
focused on learnings from interviews with four industry ex-
perts from various Indian automotive companies operating on
the GM development pathway. In this study, some of the main
barriers are described and used in the structured hierarchical
model. Besides, ISM and DEMATEL analyses were used to
analyze the interdependence of each of these barriers. From
Fig. 2, it is clear that the “need of development of new ana-
lytical tools, models and matrices” (B-9) is a very significant
barrier to green manufacturing, which forms the base of the
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Fig. 4 Overall DEMATEL 05
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hierarchy. This barrier focuses on the “non-availability of
bank loans to encourage green products/processes” (B-6)
and “lack of research and empirical studies” (B-8). Investing
in the latest and environmentally friendly technologies require
substantial funding (Wang et al. 2008). The findings of the
study can also be confirmed by previous research, which in-
dicates that insufficient financial resources has been one of the
primary variables that act as an impediment to resolve envi-
ronmental problems (Seidel et al. 2009). At times, new tech-
nologies have incredibly high costs, and thus because of fear
of inadequate revenues, many small- and medium-sized busi-
nesses are reluctant to adopt green manufacturing.

The MICMAC analysis gives us a valuable insight into the
relative importance based on dependent power and the driving
power of key barriers. Figure 3 depicts that this study contains
no autonomous barriers. This indicates that all of the barriers
established through this research significantly impact or im-
pede GM adoption. Driving barriers affect dependent barriers

Table 9  Average matrix (A)

Ri+Ci

with low driving capacity. This study indicates a heavy de-
pendence on the four barriers with insufficient driving force,
namely “lack of necessary tools, management skills” (B-1),
“less environmental pressures from stakeholders” (B-2), “lack
of top management committee” (B-3), and “complexity of
design for recycle of used products” (B-4). Such barriers are
undesirable and must be treated with particular care. In the
MICMAC study, the linking barriers have strong driving po-
tential and dependency power. In this research, barriers such
as “high investments and less return-on-investment” (B-7),
“uncertainty in material recovery during recycling” (B-10),
and “unawareness of customers” (B-11) are unstable.
Therefore, any steps taken to overcome such barriers would
affect other barriers and have a closed-loop effect. In the
MICMAC study, driving barriers have strong driving power
and low dependence power. In this study four barriers, namely
Requirement of training for implementation of environmen-
tally sensitive processes (B-5), non-availability of bank loans

B-1 B-2 B-3 B-4 B-5 B-6 B-7 B-8 B-9 B-10 B-11
B-1 - 1 2 2 233 233 233 1.66 233 133 1
B-2 1 - 1.66 1 1.66 1.66 1.66 133 1 2.66 1.66
B-3 1.66 1 - 1 2 2.66 2.66 1 1.66 1 133
B4 3 1 133 - 233 2.66 133 233 2.66 2.66 1.66
B-5 3 133 2.66 1.66 - 2 233 1.66 1.66 1 2
B-6 1.66 133 2 133 133 - 233 133 1 133 1
B-7 2 133 133 2.33 133 233 - 233 2.66 1.66 133
B8 133 133 233 2.33 2 233 2 - 1.66 133 1
B9 2.66 2 2.33 1.66 133 2 2.33 2.33 - 1.66 133
B-10 2 1 2 233 1 2.33 1.66 2.33 2.33 - 1
B-11 1 133 1.66 1.33 1.66 2 2 2 2 1.66 -
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Table 10 Normalized initial direct relation—based matrix (D)

B-1 B-2 B-3 B-4 B-5 B-6 B-7 B-8 B-9 B-10 B-11
B-1 - 0.046 0.091 0.091 0.11 0.11 0.11 0.076 0.11 0.06 0.046
B-2 0.046 — 0.076 0.046 0.076 0.076 0.076 0.06 0.046 0.076 0.076
B-3 0.076 0.046 - 0.046 0.091 0.12 0.12 0.046 0.076 0.046 0.06
B-4 0.14 0.046 0.06 - 0.11 0.12 0.06 0.11 0.12 0.12 0.076
B-5 0.14 0.06 0.12 0.076 - 0.091 0.11 0.076 0.076 0.046 0.091
B-6 0.076 0.06 0.091 0.06 0.06 - 0.11 0.06 0.046 0.06 0.046
B-7 0.091 0.06 0.06 0.11 0.06 0.11 - 0.11 0.12 0.076 0.06
B-8 0.06 0.06 0.11 0.11 0.091 0.11 0.091 - 0.076 0.06 0.046
B-9 0.12 0.091 0.11 0.076 0.06 0.091 0.11 0.11 - 0.076 0.06
B-10 0.091 0.046 0.091 0.11 0.046 0.11 0.076 0.11 0.11 - 0.046
B-11 0.046 0.06 0.076 0.06 0.076 0.091 0.091 0.091 0.091 0.076 -

to encourage green products/processes (B-6), lack of research
and empirical studies (B-8), and need of development of new
analytical tools, models, and matrices (B-9) fall within this
group and thus been classified under the significant barrier.
The barriers are placed at the bottom of the ISM hierarchy
model with strong driving power and weak dependency, as
indicated in Fig. 2. Policymakers and practitioners should,
therefore, address the barriers within this category on a high
priority basis.

From the DEMATEL analysis, the R; + Cj value determines
a prominence rank. The barrier with the highest relationship
with other types of barriers is “Lack of necessary tools, man-
agement skill” (B-1) with R; + C; score of 2.44 while “Less
environmental pressure from stakeholders” (B-2) is the barrier
with the lowest R; + C; value of 1.99. The prominence classi-
fication of the chosen barriers is extracted from descending
scores of R; + Cj as (B-1) > (B-8) > (B-5) > (B-11) > (B-6) >
(B-10) > (B-9) — (B-7) > (B-3) > (B-4) > ( B-2). As shown in
Table 12, eleven essential barriers are listed based on R; — C;
values into a group of causes and effects. Positive values of the

R; — C; identify the barriers as a cause group. Lack of neces-
sary tools, management Skill (B-1), requirement of training
for implementation of sensitive environmental processes
(B-5), lack of research and empirical studies (B-8), and
unawareness of customers (B-11) fall under the category
of most significant barriers. The maximum R; — Cj val-
ue indicates that the barrier has the most direct effect on
other barriers. The effect group comprises of barriers
with negative R; — Cj values. The effect group resulting
from Table 12 comprises of seven barriers, namely less
environmental pressures from stakeholders (B-2), lack of
top management committee (B-3), the complexity of de-
sign to re-use/recycle used products (B-4), non-
availability of bank loans to encourage green products/
processes (B-6), high investments and less return-on-
investment (B-7), need of development of new analyti-
cal tools, models and matrices (B-9), and uncertainty in
material recovery during recycling (B-10). The causal
barriers that hinder GM’s adoption in the Indian auto
sector significantly impact these seven barriers.

Table 11 Total relationship matrix (7)
B-1 B-2 B-3 B4 B-5 B-6 B-7 B-8 B-9 B-10 B-11 R

B-1 0.69 0.52 0.8 0.73 0.7 0.89 0.86 0.73 0.77 0.6 0.53 8.51
B-2 0.54 0.34 0.59 0.51 0.51 0.65 0.62 0.53 0.53 0.46 0.42 6.17
B-3 0.67 0.46 0.62 0.61 0.61 0.8 0.77 0.62 0.65 0.52 0.48 7.43
B4 0.84 0.54 0.8 0.67 0.73 0.93 0.84 0.78 0.8 0.67 0.57 8.82
B-5 0.8 0.53 0.81 0.71 0.6 0.87 0.85 0.72 0.73 0.58 0.56 8.41
B-6 0.59 0.42 0.62 0.55 0.52 0.6 0.68 0.56 0.55 0.47 0.41 6.47
B-7 0.74 0.51 0.74 0.73 0.64 0.86 0.73 0.73 0.75 0.59 0.52 8.16
B-8 0.7 0.5 0.76 0.7 0.65 0.84 0.79 0.61 0.69 0.56 0.49 7.92
B-9 0.78 0.55 0.8 0.7 0.65 0.87 0.85 0.75 0.66 0.61 0.53 8.39
B-10 0.71 0.48 0.73 0.69 0.6 0.83 0.76 0.7 0.71 0.5 0.48 7.77
B-11 0.63 0.47 0.68 0.61 0.59 0.77 0.74 0.65 0.66 0.54 0.41 7.32
G 8.37 5.83 8.71 79 7.41 9.72 9.29 8.05 8.17 6.66 59
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Table 12 Degree of influence
Barriers |R; + Ri— Rank
& G
Lack of necessary tools and management skills (B-1) 2.44 0.08 1
Less environmental pressures from stakeholders (B-2) 1.99 -0.05 11
Lack of top management committee (B-3) 2.17 —-0.07 9
The complexity of design tore-use/recycle used products (B-4) 2.14 -0.1 10
The requirement of training for implementation of sensitive environmental 2.39 0.01 3
processes (B-5)
Non-availability of bank loans to encourage green products/ processes (B-6) 231 —-0.05 5
High investments and less return-on-investment (B-7) 2.24 -0.02 8
Lack of research and empirical studies (B-8) 242 0.16 2
Need for development of new analytical tools, models, and matrices (B-9) 2.25 -0.07 7
Uncertainty in material recovery during recycling (B-10) 23 —0.02 6
Unawareness of customers (B-11) 2.34 0.04 4

The most critical barrier identified by the ISM and
DEMATEL methods is the lack of necessary tools, manage-
ment skill (B-1), and requirements of training for implemen-
tation of sensitive environmental processes (B-5). This could
be easily correlated to the Indian manufacturing industries
because India is still running behind technology in terms of
recent innovations at the industrial level. This has been vali-
dated at online report by Zain (2019, October 17) depicting
countries like China having on an average 21% technology
exports as a percentage of their total manufacturing ex-
ports while India has only delivered 6.4% in the last 25
years. It could also be correlated to the fact that India
spends only 0.9% of GDP on research and development
(R&D) as compared to countries like China and USA
that utilize 2.2% and 2.7% of GDP, respectively, in
R&D. Research and development plays a crucial role
in the development of manufacturing industry of any
country. It is a matter of fact that green technology
implementation is only possible if research on sustain-
able solutions to various manufacturing-related barriers
are achieved.

Further, management skills and requirement of training are
crucial to Indian industries because the percentage of skilled
labors in India is deficient. According to India Skill Report
(2019), the proportion of formally skilled workers in India is
deficient, at 4.69% of total workforce which is unsatisfactory
as per the world standards with 24% in China, 52% in the
USA, 68% in the UK, 75% in Germany, 80% in Japan, and
96% in South Korea. The report also emphasizes on the fact
that 56% of the labor market is dominated by people who are
classified at skill level 2 which includes operational tasks like
traditional plumbers, electricians, and mechanics but in sec-
tors like skilled automobile labors are a mandatory element
specially to implement an innovative technology like GM, it is
a necessity that workers are well acquainted and skilled with
advances of the automobile industry in connection to GM.

Consequently, priority should be given to tackle barriers be-
longing to cause group that is an influential group, for the
successful adoption of GM. The findings from the ISM and
DEMATEL models are compatible in this regard.

Although most ISM and DEMATEL results are in overlap,
some differences to have been observed, for instance, a barrier
(B11) is categorized as a linkage barrier in the MICMAC.
However, in DEMATEL, it belongs to the barrier of the cause
category. Similarly, the barrier (B3) is listed in DEMATEL as
affected barriers, while in ISM methodology, it is located near
the boundary between linkage and the dependent barrier. As
stated earlier, the barrier of the cause/influent group should be
tackled with high priority. Additionally, no barrier to GM was
found using the ISM approach to fall under autonomous
category.

Research Implications

According to this research’s findings, there are eleven
GM-related barriers faced by the automotive industry.
After assessing how barriers are interrelated, it is an
observed that the applied framework values the essence
of the connection between barriers so that policymakers
can look into these barriers in an interconnected manner
for the building of effective implementation mechanisms
and policies especially using the new findings obtained
by the hybrid ISM-DEMATEL model. The findings of
the proposed model are in line with previous findings.
In a survey-based study, Piyathanavong et al. (2019)
found that implementing sustainable practices requires
a proper understanding of sustainability and training.
Singh et al. (2020) through DEMATEL find employees
lack of training as the most prominent barrier. This can
enable policymakers to avoid any systemic differences.
Finally, the research model’s findings will give
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policymakers valuable insight into the development of
flexible policy approaches to enforce GM.

Conclusions and Future Scope

Today’s dynamic market pushes businesses to enhance
their company’s growth strategies and environmental ef-
ficiency. Indian manufacturing industries need to move
from compliance to performance to robust green devel-
opment rather than pure pollution protection. There is a
strong demand for GM to comply with global environ-
mental standards. Thus, this research has identified elev-
en key barriers to green manufacturing in the Indian
automobile industry, which were tackled using ISM
and DEMATEL methodology, to draw a long-term,
adaptive decision. Novel hybrid ISM-DEMATEL meth-
odology helps to analyze internal dependence among
barriers, categorizing them into cause and effect groups.
The research findings indicate that the most critical
challenge in both ISM and DEMATEL approaches is
lack of necessary tools, management skill, and training
requirement to implement sensitive environmental pro-
cesses that are aptly linked to the Indian automobile
sector. Propose novel model plays a vital role in under-
standing barriers’ impact. It also gives a more rational
picture of the problem to policymakers and stake-
holders, while allowing for reasonable talking of bar-
riers. The research outcomes can be useful for non-
adopters of green manufacturing in the automotive in-
dustry in India and other developing countries.

However, there are strengths and limitations of each re-
search. The authors have been careful enough to ensure the
study’s findings in the sense of GM are credible, reliable, and
complete. The current model relies heavily on expert panel
judgment. As the future scope, the research intends to find
and include more barriers related to market, technology, and
social acceptability associated with GM and test these models
statistically using structural equation modelling. Further, re-
searchers can conduct in-depth case studies to include other
Indian manufacturing companies and gain further insight into
GM implementation. Using this hybrid methodology, re-
searchers may study sector-specific models such as cement,
pharmaceuticals, agrochemicals, and petrochemicals for wider
acceptability.
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