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Abstract

The urgent global challenge of environmental sustainability has intensified interest in
integrating Lean Management practices with environmental objectives, particularly within
the automotive industry, a sector known for both innovation and high environmental
impact. This study investigates the systemic relationships between 16 lean practices and
three environmental performance metrics: energy consumption, CO, emissions, and waste
generation. Using the Fuzzy Decision-Making Trial And Evaluation Laboratory (DEMA-
TEL) methodology, data were collected from seven lean experts in the Italian automotive
industry to model the cause—effect dynamics among the selected practices. The analysis
revealed that certain practices, such as Total Productive Maintenance (TPM), just-in-time
(JIT), and one-piece-flow, consistently act as influential drivers across all environmental
objectives. Conversely, practices like Statistical Process Control (SPC) and Total Quality
Management (TQM) were identified as highly dependent, delivering full benefits only
when preceded by foundational practices. The results suggest a strategic three-step imple-
mentation roadmap tailored to each environmental goal, providing decision-makers with
actionable guidance for sustainable transformation. This study contributes to the literature
by offering a structured perspective on lean and environmental sustainability in the context
of the automotive sector in Italy. The research is supported by a data-driven method to
prioritize practices based on their systemic influence and contextual effectiveness.

Keywords: lean management; environmental sustainability; DEMATEL; automotive

1. Introduction

The pursuit of environmental sustainability has become one of the defining global
imperatives of the 21st century [1]. This collective shift gained formal momentum with
the adoption of the United Nations’” 2030 Agenda for Sustainable Development, a com-
prehensive blueprint comprising 17 Sustainable Development Goals (SDGs) that address
social, economic, and environmental challenges [2]. Four of these goals are directly re-
lated to climate action, sustainable industry, and responsible resource consumption, issues
in which the manufacturing sector plays a pivotal role [3]. Manufacturing accounts for
approximately one-third of global energy consumption, largely due to energy-intensive
processes such as raw material extraction, transformation, and assembly. Furthermore,
the transportation of manufactured goods significantly contributes to greenhouse gas
emissions. As a result, reducing energy use and environmental impact in this sector is
critical to meeting global sustainability targets [1]. However, the solution does not lie in
halting industrial activity but rather in transforming manufacturing processes through the
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adoption of cleaner technologies, circular economy principles, renewable energy sources,
and sustainability-driven management approaches [4].

In this context, Lean Management emerges as a promising strategy [5]. Originally
developed to improve efficiency and eliminate waste within production systems, lean has
evolved to align with environmental objectives [6,7]. Core lean principles not only reduce
cost and increase quality but also enhance resource efficiency and minimize environmental
waste [8]. This synergy has led to the “Green and Lean” approach, where Lean Management
and environmental sustainability reinforce one another in promoting sustainable manufac-
turing [9-11]. Among industrial sectors, the automotive industry provides a particularly
relevant context for studying this convergence [12]. As one of the most environmentally
impactful and innovation-driven sectors, it has historically embraced lean principles to
respond to global competition and rising efficiency demands [13]. From Ford’s early as-
sembly lines to Japan's just-in-time systems and statistical controls, the sector has often
led the way in production innovation [14]. Today, however, the industry faces mounting
challenges: increasing carbon emissions, volatile resource costs, and pressure to transition
toward cleaner production systems. These dynamics make the automotive sector not only a
major contributor to environmental degradation but also a key arena for sustainable trans-
formation [15]. Despite the growing attention to lean’s environmental implications, the
academic literature remains fragmented. Many studies have examined individual lean tools
or focused narrowly on specific environmental indicators [16]. There is limited research
adopting a systems perspective to explore the interdependencies among lean practices and
their collective effect on multiple dimensions of environmental performance [17]. Moreover,
few works have employed rigorous, data-driven methods to quantify these relationships
and guide strategic implementation [18]. This study addresses these gaps by applying the
Fuzzy-DEMATEL method to identify and analyze the cause-and-effect relationships among
16 lean practices within the Italian automotive industry. Through expert-based evaluation,
this study models how each practice influences environmental performance and identifies
which practices serve as key drivers for sustainability-oriented transformation. The paper
proceeds as follows: Section 2 presents a structured literature review, highlighting the
conceptual overlap between lean and environmental sustainability; Section 3 outlines the
research methodology, including expert selection, data collection, and the application of
Fuzzy-DEMATEL; Section 4 details the results, providing causal diagrams for three types of
environmental performance; Section 5 presents a critical discussion on the results emerged;
Section 6 discusses theoretical implications, limitations, and suggestions for future research.
By integrating lean principles into a structured environmental performance framework,
this research provides both theoretical and practical contributions to the growing field of
sustainable operations management.

2. Literature Review

This literature review has two primary objectives. First, it aims to identify the Lean
Management practices most frequently associated with improved environmental perfor-
mance in manufacturing, through a systematic literature review. Second, it seeks to critically
assess the state of the art to uncover key research gaps, which will serve as the foundation
for this study’s research questions.

2.1. Systematic Literature Review on Lean and Environmental Performance

A systematic literature review has been conducted to synthesize existing knowledge,
critically evaluate prior studies, and identify gaps in the literature [5]. The research was
conducted using the SCOPUS database. Starting from a defined query ((“lean practices”
OR “lean tools” OR “lean manufacturing” OR “lean management”) AND (“environmen-
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tal practices” OR “environmental sustainability” OR “green practices” OR sustainable
manufacturing” OR “ecoefficiency” OR “environmental performance”)), the initial records
obtained have been filtered, first limiting them to articles written in English and second,
through the title and abstract, excluding articles not related to manufacturing, such as
agriculture, services, and the supply chain. Then, through a full reading, further arti-
cles were considered out of scope because of their distance from the focus on lean and
environmental sustainability, like a major focus on Lean Management only, without in-
vestigating its linkage with environmental sustainability; articles about Industry 4.0; or
articles mainly focused on the other pillars of the Triple Bottom Line (Profit and People).
Hence, the following literature review is based on a total of 107 articles; all refer to the
impact of lean manufacturing on environmental sustainability. Despite this, the articles
were categorized into two groups: Pool A and Pool B. Pool A: Articles that primarily delve
into the assessment of how lean manufacturing practices affect environmental performance
in manufacturing contexts, while also scrutinizing the variables that play a role in shaping
the impact of lean manufacturing on environmental sustainability performance. Their
significance is amplified as they distinctly demonstrate how specific lean manufacturing
practices affect environmental sustainability performance. Pool B: Papers that explore
the theoretical aspects of the fusion of lean manufacturing techniques with green manu-
facturing principles. These papers clarify how lean manufacturing methodologies have
been adapted and merged with environmental sustainability practices to promote more
sustainable production environments. These articles hold a moderate level of significance
in the context of this literature review, as they provide a more overarching perspective on
the impact of lean manufacturing on environmental sustainability.

Among the foundational references in this domain is the work of Shah and Ward
2003, who proposed 22 lean practices grouped into four bundles: just-in-time (JIT), Total
Quality Management (TQM), Total Productive Maintenance (TPM), and Human Resource
Management (HRM) [19]. Their classification has guided much of the subsequent litera-
ture. Building on this foundation, [20] extended the list by introducing eight additional
practices and reorganizing them into five categories: supplier-related, production planning
and control, process technology, human resources, and customer satisfaction. This more
nuanced classification allows for a richer understanding of how lean practices contribute to
environmental goals across various organizational functions. Based on the literature and in
line with [20]’s framework, this study focuses on the following 16 lean practices (Table 1).
These practices were selected for their demonstrated influence on environmental perfor-
mance across various studies and manufacturing sectors. In particular, several articles
have been published in the last five years showing the positive impact of lean practices on
environmental performance. Specifically, there have been examples of how VSMs have led
to improved energy savings [21], how continuous improvement processes have resulted in
a reduction in CO, consumption [22], and how JIT has contributed to a decrease in waste
generation [16].

Table 1. Lean Manufacturing Practices to be investigated [20].

Bundles Lean Manufacturing Practices Practices ID
Supplier JIT delivery by supplier S1
Single-Minute Exchange of Dies (SMED) PPC1
Pull production/takt time PPC2
. . Smoothed (leveled) production (Heijunka) PPC3
Production Planning and Control Total Productive Maintenance (TPM) PPC4
Statistical Process Control (SPC) PPC5

Root cause analysis for problem solving PPC6
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Table 1. Cont.

Bundles Lean Manufacturing Practices Practices ID
Autonomation (Jidoka) PT1
One-piece-flow (continuous flow) PT2
Cellular Manufacturing PT3
Process Technology Layout size and shape PT4
55 PT5
Value Stream Maps (VSMs) PTé6
Total Quality Management (TQM) PT7
Human Resources Continuous improvement HR1
Standardized work HR2

2.2. Research Gaps and Emerging Questions

While the reviewed literature broadly confirms that lean practices can support en-
vironmental sustainability, it also reveals significant limitations [23]. Most notably, prior
studies tend to evaluate individual practices in isolation, neglecting the interdependencies
that exist within a lean system [21]. This fragmented view overlooks potential synergistic
effects, as described by Dieste et al., 2020, as a “multiplier effect”, whereby the combined
implementation of multiple lean practices generates a greater environmental impact than
the sum of individual efforts [16]. Furthermore, this research aims to address the limitations
highlighted by [20] in their study and to continue the line of research they initiated. The
authors themselves identified a limitation of their research and thus a starting point for
future research: the consideration of interactions between Lean Management practices to
investigate their effect on the environmental sphere. To date, the literature has provided
positive evidence of the use of Lean Management for improved environmental perfor-
mance [24]. Still, the examination of these benefits has focused on the implementation of
individual practices rather than considering Lean Management as a unified set of practices.
The authors themselves suggest using the DEMATEL methodology to incorporate the inter-
nal and external dependencies that exist between Lean Management practices. Indeed, [20]
themselves identified a challenge for organizations in establishing the correct sequence
of implementing lean practices to achieve a better environmental performance [20]. To
supplement the existing literature and fill these gaps, this research aims to investigate the
cause-and-effect relationships between Lean Six Sigma practices and environmental sus-
tainability. Furthermore, it is interesting to study how these relations change, considering
three different aspects of environmental performance: energy consumption, CO, emissions,
and waste generation.

In particular, the subset of lean practices to be investigated must be selected based on
the analyzed sector, and the reasoning is similar for targeting environmental performance.
In fact, the specific characteristics of the production processes in different sectors may influ-
ence the effectiveness of certain lean practices [25]. The industry chosen for this study is the
automotive sector because it presents a high degree of maturity in implementing lean prac-
tices. Indeed, the automotive industry is the cradle of the Lean Management philosophy,
which originated from the popularization of Toyota’s lean production approach, known
as the Toyota Production System, and then spread from the 1980s under the name Lean
Management [26]. Since then, this sector has continued to develop and refine lean practices,
becoming one of the most advanced sectors in this field and establishing itself as a bench-
mark. Furthermore, the automotive sector is one of the primary contributors to industrial
pollution and the significant environmental impact worldwide. Substantial consumption
of natural resources, energy, and raw materials indeed characterizes this sector.

In light of the literature review, the following research questions are formulated:
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e  RQI1: What are the cause—effect relationships among lean practices aimed at enhancing
environmental sustainability?

e RQ2: How do these relationships differ when evaluating distinct environmental
performance indicators: energy consumption, CO; emissions, and waste generation?

By addressing these questions, this study contributes to a more comprehensive under-
standing of how lean systems can be strategically leveraged for sustainability in complex
manufacturing environments, particularly within the automotive sector. Figure 1 sum-
marizes the overall study framework. Starting from the identification of research gaps
through the literature review, the framework highlights the formulation of the research
questions, followed by the methodological approach adopted (Fuzzy DEMATEL), and the
subsequent stages of the results and discussion. This graphical representation provides a
clear overview of the logical flow of this study and the steps undertaken to address the
research questions.

Step 1 - Literature Review & Research Gap Identification

* Identification of gaps: lack of systemic perspective, limited causal
analysis, isolated evaluation of Lean practices

¥

Step 2 — Research Questions

* RQ1: What are the cause-effect relationships among lean practices aimed at
enhancing environmental sustainability?
* RQ2: How do these relationships differ across distinct environmental
performance indicators (energy, CO;, waste)?

Step 3 — Methodology
* Selection of 16 Lean Management Practices

* Data collection from 7 experts in Italian automotive sector
* Application of Fuzzy DEMATEL

L 2

Step 4 — Results

* Causal diagrams for energy, CO,, and waste reduction
¢ Identification of drivers, enablers, and dependent Lean practices

E 2

Step 5 — Discussion

* Development of a 3-step implementation roadmap
» Comparative analysis across the three environmental objectives

Figure 1. Study framework.

3. Methodology

To address the research questions and explore the impact of lean practices on environ-
mental performance and their interconnections, this study employed the Decision-Making
Trial and Evaluation Laboratory (DEMATEL) technique [27]. The DEMATEL approach
has been considered one of the best tools for dealing with the importance of causal re-
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lationships among evaluation criteria. DEMATEL was chosen because of its ability to
confirm interdependence among the considered factors and its capacity to derive a direct
graph illustrating the interrelationships among factors [18]. The origins of the DEMATEL
method are rooted in graph theory, providing a valuable approach for addressing complex
problems through visualization. DEMATEL proves effective in constructing and analyzing
the structure and relationships among the components within a system or a set of available
alternatives. Matrices or diagrams within DEMATEL illustrate causal relationships among
system factors or elements, categorizing them into two clusters: causal factors and effect
factors. This investigation proves highly beneficial for visualizing intricate contextual
relationships among elements, including their interdependencies and the extent of their
influence on other factors within the system. Understanding these structural relationships
enables researchers to navigate complex system issues by grasping the intricate causal
connections and the severity of their impacts on others. Factors that exert greater influence
on others are considered higher-priority “dispatchers”, while those more influenced by
others are lower-priority “receivers”.

Specifically, the methodology employed in this study is Fuzzy DEMATEL. Fuzzy
has been preferred because in DEMATEL, a variable pairwise impact is taken as input,
commonly obtained through expert suggestions. However, in real-world scenarios, the ma-
jority of decisions are uncertain due to the lack of precise knowledge regarding objectives,
constraints, and potential actions [18]. In this uncertain context, decision-making processes
are significantly influenced by the imprecision and vagueness inherent in subjective judg-
ments. Instead, fuzzy set theory provides an effective solution to address such vagueness
issues, offering a mathematical framework for representing and managing vagueness in
decision-making [28]. Therefore, to address the inherent uncertainty in human thinking and
decision-making, this study employs fuzzy logic to extend decision-makers’ preferences to
fuzzy numbers using a fuzzy linguistic scale [29].

3.1. Expert Selection

The authors conducted interviews with experts in Lean Management who had more
than 8 years of work experience in the automotive industry. The data was collected over a
period of six months. A “purposive sampling” approach was used. Purposive sampling
allows researchers to align with their research objectives while managing the degree of
variation among the interviewed individuals [30]. Furthermore, the willingness of the
experts to be involved in the research, a driver used in the choice of the interviewees,
increases the richness of data thanks to their commitment [31]. Some have studies stated
that for multi-criteria decision-making models such as DEMATEL, the optimal number of
interviewees ranges from 5 to 15 [30]. To ensure the reliability and relevance of the data
collected, the selection of experts for this study was based on the following key criteria:

e  Industry Experience: All experts had a minimum of 8 years of professional experience
in the automotive industry, ensuring deep knowledge of sector-specific processes,
challenges, and dynamics.

e Lean Management Specialization: Each expert was a recognized specialist in Lean
Management within the automotive sector, providing informed insights into the
implementation of lean practices and their environmental implications.

e  Supply Chain Diversification: Experts were selected from different points along the
automotive supply chain, including both component manufacturers and final product
assemblers. This diversification enabled a comprehensive perspective across various
operational contexts.

e Nationality and Contextual Consistency: Only Italian experts were included to
maintain cultural and regulatory consistency. This helped ensure homogeneity in
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the responses and a focused analysis of Lean Management practices in the Italian
automotive industry.

The final number of experts involved in this study was 7. The final sample of experts
involved in the study is presented in Table 2.

Table 2. Lean Manufacturing practices to be investigated.

Expert ID Role Supply Chain Positioning  Years of Experience

1 Associate Director Final assembly 10+
2 Senior Project Manager Final assembly 10+
3 Lean Manager Component production 10+
4 Quality Manager Component production 10+
5 Impro(x:/(emmﬁer;ttl(l)\;[inager Component production 10+
6 Program Manager Component production 8

7 Head of Operations Component production 8

3.2. DEMATEL Computation

A 16 x 16 matrix was created to collect the responses involved in the research. The
matrix has in both rows and columns the 16 lean practices to be analyzed. Each expert
was asked to fill in all the cells of this matrix to represent the degree of impact of Ei
practice compared to that of Ej practice on improving the environmental performance,
which formed the Ak impact matrix. The pairwise comparison scale designated five levels,
with scores of 0, 1, 2, 3, and 4 representing “much less impactful,” “less impactful,” “equally
impactful,” “more impactful,” and “much more impactful,” respectively [32]. The seven
experts involved were asked to assign scores based on their opinions. Three matrices, like
the 16 x 16 matrix, were submitted to the experts. These three matrices represented the
three types of environmental performance under analysis. The questions submitted, one
for each matrix, were as follows:

e How much more impactful is practice X than practice Y in reducing
energy consumption?

e  How much more impactful is practice X than practice Y in reducing CO, emissions?

e  How much more impactful is practice X than practice Y in reducing waste generation?

Experts returned the matrices filled in according to their experience and knowledge
of the subject, with a number from 0 to 4 in each cell. The numerical and linguistic scales
shown in Table 3 have been employed in this instance.

Table 3. Numerical and linguistic scales for the Fuzzy DEMATEL.

Corresponding Triangular

Linguistic Variable Influence Score Fuzzy Numbers (Im,1)
much less impactful 0 (0,0,0.25)
less impactful 1 (0,0.25,0.5)
equally impactful 2 (0.25,0.5,0.75)
more impactful 3 (0.5,0.75,1)
much more impactful 4 (0.75,1,1)

Suppose that the alternatives are evaluated according to the i-th criterion with the
fuzzy numbers fij = 1,...] (where | is the number of alternatives). For the triangular
fuzzy numbers fij = (lij, mij, rij), j = 1,. .., ], the crisp value of the j’-th criterion could be
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determined using the following four steps of the Converting Fuzzy numbers into Crisp
Scores (CFCS) algorithm.

Normalization:

™ = max; rij, (1)
1" = ming 1; )
Amaxmin — rmaxi o lmini (3)
Compute for all alternatives aj,j=1,..., J:
xgj =iy — ") /™™ i 4)
Xnj = (i — I") A" 5)
Xpj = (rij = ")/ A" i ()

Compute left (Is) and right (rs) normalized values, forj=1,...,J:

xls]- = X/ (1 + Xy — ) (7)

X% =2 /(1 + x5 — X)) 8)

Compute the total normalized crisp value, forj=1,..., J:

xcrispj — (xlsj (1— xlsj) + er]' xrsj)/(l + xlsj + erj) (9)

Compute crisp values forj=1..., J:
fz] — lmini + xcrisijmuxmin (10)

Below is reported the DEMATEL process applied to the matrices regarding the reduction
in energy consumption [33].

Step 1: Generation of average matrix

The n x n average matrix Z is found by averaging all of the experts’ previous
responses defuzzificated.

Step 2: Normalized initial direct-relation matrix (X)

Based on the average matrix Z, the normalized initial direct-relation matrix X can be
obtained through Equations (11) and (12).

S=min () "iz1 2, ) "iz1 2i) (11)
X=Z/S (12)
Step 3: The total relation matrix (T)
The total relation matrix T is an n X n matrix as follows:

T=Y*aX=X'+X"+... +XT=X1-X®)/1-X)=X1-X)"" (13)

which represents an n x n identity matrix. A continuous decrease in the direct effects
of problems along the powers of matrix X guarantees solutions that are convergent to
matrix inversion.

Step 4: Prominence and Relevance
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Determine row (Ri) and column (Dj) sums for each row I and column | from the total
relation matrix (T). That is,

Dj=Y "1 t;Vj (14)
Rj=Y "1tV (15)

The row values Ri are the overall direct and indirect effects of the practice i on other
practices. Similarly, the column values Dj represent the overall direct and indirect effects of
all barriers on barrier j. Determine the overall prominence (Pi) of barrier 7 and the net effect
(Ei) of barrier i using Equations (16) and (17).

Pi=Ri+Djli=] (16)
Ei=Ri+Djli=] (17)

The larger the value of Pi, the greater the overall prominence (visibility /importance/
influence) of barrier i in terms of its overall relationships with other practices. If Ei > 0, then
practice i is a net cause, or foundation, of other practices. If Ei < 0, then practice 7 is a net
effect of other practices.

Step 5: Set a threshold and draw the cause—effect diagram.

To clarify the structural connections among the criteria while maintaining a manage-
able level of system complexity, it becomes essential to establish a threshold value for
filtering out insignificant effects within the matrix T. In this study, the threshold value refers
to the minimum strength of influence required for a relationship between two practices
to be considered significant in the causal diagram. If the threshold is set too low, the
map becomes excessively dense, making it difficult to distinguish relevant cause—effect
relationships. If set too high, important connections may be omitted, resulting in an incom-
plete representation. To reduce subjectivity, the threshold was not arbitrarily chosen but
computed as the mean value of the elements in the total relation matrix (T) plus 1.5 and
2 standard deviations (1 + 1.50; p + 20). This statistical criterion ensures an objective basis
for distinguishing significant from strong relationships [29]. Finally, the impact relation
map is drawn by plotting the coordinate values of each factor onto a scatter plot with
a horizontal axis (D + R) and a vertical axis (D — R), with the origins of the axes as the
average value for prominence and zero. Therefore, reading the map along the x-axis, it is
possible to recognize a factor of higher importance on the right side of the graph, while
more marginal factors are displayed on the left.

4. Results

The impact relation map is generated by plotting the coordinate values of each practice
on a scatter plot, where the horizontal axis represents prominence (D + R) and the vertical
axis represents relation (D — R). Consequently, when examining the map along the x-axis,
it becomes feasible to identify the practices of greater significance located towards the right
side of the graph, while the less significant ones are depicted on the left. On the other hand,
the y-axis displays the most influencing practices at the top of the map, while at the bottom,
it is possible to identify those that are more likely to be influenced in the model. Each
quadrant in the causal diagram represents the meaning and characteristics of practices.
Core practices (I quadrant) have high prominence, so their occurrence brings about a wide
range of influences and interactions, such as triggering or exacerbating other practices and
inducing feedback. Driving practices (II quadrant) have low prominence, so they influence
the others but produce few interactions. Their occurrence produces effects on only a few
factors, so their improvement may have a limited impact on the overall achievement of the
target environmental performance. Independent practices (IIl quadrant) are characterized
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by minor influences and interactions with other practices, being independent and isolated.
Lastly, impact practices (IV quadrant) have high prominence; they are among the most
important practices and require the most attention. Their levels of impact on the achieve-
ment of environmental performance are associated with their dependence on other factors
and the ability to manage their causal factors. Decision-makers can visually identify the
complex causal relationships between practices and highlight additional valuable insights.

Following the theoretical overview, this section delves into the practical results of the
research. Here, the main results are presented within the context of the three distinct types
of environmental performance, shedding light on the role and implications of individual
Lean Management practices in this regard.

4.1. Results Related to Energy Reduction

Figure 2 was created by plotting the coordinates of (D + R) and (D — R) reported in
Table 4. The average value for prominence is 11.990, where the x-axis intersects with the
y-axis. A total of 11 out of 16 practices are on the right-hand side of the graph, i.e., they have
a higher-than-average prominence value. In contrast, on the y-axis, eight practices have a
value greater than zero, thus characterizing themselves as causal practices, and an equal
number as influenced practices, having a negative D — R value. The higher the D — R value,
the stronger the influence exerted by the practice, and the lower it is, the more the practice is
influenced by others. What emerges is that TPM is the practice with the highest D — R value
(1.638) and 55 the one with the lowest (—1.934). In the first quadrant, seven key practices are
displayed which play a key role in achieving environmental sustainability. Pull production
(PPC2) is the most important practice in the quadrant; hence, it is the rightmost one. In order
of influence, in this quadrant, there are also Jidoka (PT1), JIT (S1), Standardize work (HR2),
SMED (PPC1), and Layout size and shape (PT4), which is very close to the origin of the
axis. One-piece-flow (PT3) and Kaizen (HR1) are driving practices, both with a similar level
of influence, but different prominence. Kaizen is the practice with the lowest prominence
score (11.731). The third quadrant houses three practices that, although relevant, can be
considered relatively independent of the other practices: Cellular Manufacturing (PT2) is
the most relevant and influential among these, alongside VSMs (PT6) and 5S (PT5), with
the latter having the lowest D-R. The fourth quadrant includes Heijunka (PPC3), the most
prominent practice (12.150), with a level of relation close to zero; SPC (PPC5); Root cause
analysis (PPC6); and TQM (PT7), all of which have a value of prominence higher than the
average and a relation value lower than zero, which means that these practices are effects
of the most influential practices.

Table 4. Prominence and relation values for energy reduction.

Practices ID Lean Manufacturing Practices R D D +R D-R
S1 JIT delivery by supplier 6.42 5.65 12.06 0.77
PPC1 Single-Minute Exchange of Dies (SMED) 6.29 5.74 12.03 0.54
PPC2 Pull production/takt time 6.31 5.77 12.07 0.54
PPC3 Smoothed (leveled) production (Heijunka) 5.94 6.21 12.15 —0.26
PPC4 Total Productive Maintenance (TPM) 6.84 5.21 12.05 1.64
PPC5 Statistical Process Control (SPC) 5.37 6.71 12.09 —1.34
PPC6 Root cause analysis for problem solving 5.22 6.84 12.06 —1.61
PT1 Autonomation (Jidoka) 6.52 5.49 12.00 1.03
P12 Cellular Manufacturing 5.87 6.05 11.91 —0.18
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Table 4. Cont.

Practices ID Lean Manufacturing Practices R D D+R D-R
PT3 One-piece-flow (continuous flow) 6.65 5.29 11.94 1.35
PT4 Layout size and shape 6.04 5.95 11.99 0.09
PT5 55 4.96 6.89 11.85 -1.93
PTé6 Value Stream Maps (VSMs) 5.50 6.33 11.83 —0.84
PT7 Total Quality Management (TQM) 5.18 6.89 12.07 —-1.71
HR1 Continuous improvement (Kaizen) 6.45 5.28 11.73 1.18
HR2 Standardized work 6.37 5.64 12.01 0.74

II quadrant I quadrant

PPC4
1.50

Q1
100 HR2
@rrc s1
0.50 PPC2

PT4
0.00
11.70 11.75 11.80 11.85 11.90 11,95 12.00 12.05 12.10 12415 12.20
PPC3

PT2 -0.50
PT6
-1.00
PPC5
150 PPC6
PT7
-2.00
PT5
III quadrant IV quadrant

-2.50

Figure 2. Relation map for energy reduction.

4.2. Results Related to CO, Emission Reduction

Figure 3 was created by plotting the coordinates of D + R and D — R reported in Table 5.
The average value for prominence is 7.590, where the x-axis intersects with the y-axis. A
total of 7 out of 16 practices are located on the right-hand side of the graph, indicating that
they have a higher-than-average prominence value. Thus, less than half of the practices
analyzed were significant in achieving the desired environmental performance. In contrast,
on the y-axis, nine practices have a value greater than zero, thus characterizing themselves
as causal practices, and nine are influenced practices, having a negative D — R value. What
emerges is that JIT is the practice with the highest D — R value (1.803), and TQM is the
one with the lowest (—1.309). In the first quadrant, four key practices are displayed which
play a crucial role in achieving environmental sustainability. JIT (S1) is significantly distant
from the other practices and is the most influential and the second most prominent. The
other practices in this quadrant are distributed close to the x-axis, including Layout size
and shape (PT4) and Heijunka (PPC3), which have similar prominence scores, as well as
pull production (PPC2). Jidoka (PT1) lies almost at the origin of the axis, with a small
deviation, resulting in it belonging to the second quadrant. The other driving practices are
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TPM (PPC4), SMED (PPC1), one-piece-flow (PT3), and Kaizen (HR1), of which the latter
two are the two least prominent practices (7.550, 7.539). The third quadrant comprises four
practices: Standardize work (HR2), which is very close to the prominence axis; Root cause
analysis (PPC6); TQM (PT7); and VSMs (PT6), the least prominent practice in the quadrant.
The fourth quadrant includes 55 (PT5), the most prominent practice (7.636) for achieving
reductions in CO, emissions. It is noteworthy that 8 practices out of 16 have D — R values
close to zero, resulting in the dots being distributed along the x-axis.

#
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-0.5
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PT7 -1 PRC5
IIT quadrant IV quadrant
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Figure 3. Relation map for CO, emission reduction.
Table 5. Prominence and relation values for CO, emission reduction.
Practices ID Lean Manufacturing Practices R D D +R D-R
S1 JIT delivery by supplier 291 471 7.62 1.80
PPC1 Single-Minute Exchange of Dies (SMED) 3.76 3.82 7.58 0.06
PPC2 Pull production/takt time 3.70 3.91 7.61 0.20
PPC3 Smoothed (leveled) production (Heijunka) 3.78 3.84 7.62 0.06
PPC4 Total Productive Maintenance (TPM) 3.30 4.28 7.58 0.98
PPC5 Statistical Process Control (SPC) 4.15 3.47 7.62 —0.68
PPC6 Root cause analysis for problem solving 4.16 3.42 7.58 —0.73
PT1 Autonomation (Jidoka) 3.76 3.83 7.59 0.06
PT2 Cellular Manufacturing 3.82 3.77 7.60 —0.05
PT3 One-piece-flow (continuous flow) 3.46 4.09 7.55 0.64
PT4 Layout size and shape 3.71 3.90 7.62 0.19
PT5 55 419 3.45 7.64 —0.74
PTé6 Value Stream Maps (VSMs) 4.02 3.54 7.56 —0.49
PT7 Total Quality Management (TQM) 4.44 3.13 7.57 —-1.31
HR1 Continuous improvement (Kaizen) 3.73 3.81 7.54 0.07
HR2 Standardized work 3.82 3.76 7.58 —0.06
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4.3. Results Related to Waste Reduction

Figure 4 was created by plotting the coordinates of D+R and D-R reported in Table 6.
The average value for prominence is 11.772, where the x-axis intersects with the y-axis.
Seven out of the sixteen practices, those positioned on the right-hand side of the graph,
exhibit a prominence value that exceeds the average. Thus, less than half of the practices
analyzed were significant in achieving the desired environmental performance. In contrast,
on the y-axis, nine practices have a value greater than zero, thus characterizing themselves
as causal practices, and seven are influenced practices, having a negative D — R value.
What emerges is that TPM is the practice with the highest D — R value (1.843), and VSMs
are the practice with the lowest (—1.292). In the first quadrant, there are two core practices:
55 (PT5) and Cellular Manufacturing (PT2). Although they are not distant from the others,
they have prominence values near the average. Most of the practices are driving factors,
placed in the second quadrant. In here, there is TPM (PPC4), which is the most influential
practice, followed by Kaizen (HR1); One-piece-flow (PT3), which is less prominent among
these practices but still influential; Standardize work (HR2); JIT (S1); Jidoka (PT1); and
SMED (PPC1). Practices in the third quadrant are positioned very low, with similar D-R
scores but significantly different levels of prominence; meanwhile, TOM (P17) is very
close to the y-axis and thus has a D + R score just below average, Layout size and shape
(PT4) is far behind, making it the least prominent practice (11.681). The fourth quadrant
includes five practices, which are close to the y-axis, with the exception of SPC (PPC5),
which clearly stands out as the most important practice (11.966). Continuing to follow
the order of importance, one finds Heijunka (PPC3), pull production (PPC2), Root cause
analysis (PPC6), and VSMs (PT6), with a prominence very close to the average and the
lowest result. Remarkably, this graph is concentrated around the y-axis.

2
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1.5

HR1

PT5

PT2
11.65 11.7 11.75 11.8 11.85 11.9 11.95 12
PPC3

PT4 PPC6 PPC2

PT7 -1 PPC5

PT6
III quadrant IV quadrant
-1.5

Figure 4. Relation map for waste reduction.
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Table 6. Prominence and relation values for waste reduction.
Practices ID Lean Manufacturing Practices R D D+R D-R
S1 JIT delivery by supplier 5.56 6.19 11.75 0.63
PPC1 Single-Minute Exchange of Dies (SMED) 5.81 5.95 11.76 0.14
PPC2 Pull production/takt time 6.28 5.53 11.81 —-0.76
PPC3 Smoothed (leveled) production (Heijunka) 6.00 5.83 11.83 —-0.17
PPC4 Total Productive Maintenance (TPM) 496 6.80 11.76 1.84
PPC5 Statistical Process Control (SPC) 6.50 5.47 11.97 —1.02
PPCé6 Root cause analysis for problem solving 6.18 5.60 11.78 —0.58
PT1 Autonomation (Jidoka) 5.77 5.96 11.72 0.19
PT2 Cellular Manufacturing 5.81 5.96 11.77 0.15
PT3 One-piece-flow (continuous flow) 5.46 6.26 11.71 0.80
PT4 Layout size and shape 6.24 5.44 11.68 —0.81
PT5 55 5.75 6.04 11.80 0.29
PTé6 Value Stream Maps (VSMs) 6.53 5.24 11.77 —-1.29
PT7 Total Quality Management (TQM) 6.47 5.28 11.75 -1.19
HR1 Continuous improvement (Kaizen) 5.36 6.40 11.75 1.04
HR2 Standardized work 5.50 6.24 11.75 0.74

5. Discussion

The results generated through the Fuzzy DEMATEL methodology offer a valuable
foundation for understanding the dynamic interrelationships among lean practices and
their respective influence on environmental performance outcomes. Central to this analysis
is the construction of the impact relation maps, which visually represent the directional
connections among practices based on the values in the total relation matrix. Only those
relationships that surpassed a statistical relevance threshold were considered for graphical
representation, ensuring clarity and significance in the analysis. Two thresholds were used
to filter these values: a lower threshold (t; = p + 1.50), which identifies significant relation-
ships and is highlighted in blue, and a higher threshold (t, = 1 + 20), representing strong
relationships and shown in red. Given the density of possible interactions, only values
above the first threshold were used to construct the cause—effect diagrams. These diagrams
illustrate the flow of influence among practices, allowing for the identification of practices
that act as key drivers and those that are more dependent or outcome-oriented. From the
patterns identified in the maps, a structured sequence of implementation steps was derived.
Although the DEMATEL methodology does not explicitly prescribe such sequencing, the
steps presented in this study emerge as a practical interpretation of the causal structures
identified. This sequential logic is intended to provide companies with actionable guidance
on how to prioritize lean practices when aiming to enhance environmental performance.
The first step includes practices that exhibit both high prominence and strong causal in-
fluence. These are typically located in the upper-right quadrant of the impact maps and
represent foundational practices from which many causal arrows originate. Together with
these, practices that are highly prominent and relatively autonomous are also assigned to
the first step, as their independent influence makes them suitable entry points into a lean
implementation process. The second step comprises those practices that, while slightly
less prominent, still exert a noteworthy influence on others. These are often supportive or
enabling practices that reinforce the effectiveness of the practices introduced in the first step.
They are essential for stabilizing the lean system and for creating the operational conditions
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necessary for deeper integration. The third and final step includes the most prominent
dependent practices, often identified as intertwined receivers. These practices absorb
influence from others and require the prior implementation of causal practices to fully
express their contribution to environmental performance. Their effectiveness is contingent
upon the successful activation and integration of upstream elements in the lean system.
The discussion section is structured into three main analytical sections, corresponding to
the environmental dimensions investigated: energy consumption reduction, CO, emission
reduction, and waste generation reduction. Each section begins with an objective reading
of the impact relation map, followed by a critical evaluation of the role of each lean practice.
The implementation steps are then proposed based on the observed causal logic. A final
integrative section compares the role each lean practice plays across all three environmental
objectives, highlighting patterns of consistency as well as context-specific variations.

5.1. Energy Reduction Discussion

The analysis of the DEMATEL impact relation graph for energy reduction revealed
27 significant relationships among lean practices (Figure 5). Among these, five stood out
for their strength, with three of the most impactful connections originating from Total
Productive Maintenance (TPM), directed toward 5S, Total Quality Management (TQM),
and Root cause analysis (Table 7). Additionally, one-piece-flow showed two strong causal
links, reinforcing its strategic role in improving energy efficiency. Heijunka emerged as
a uniquely independent practice, neither influencing nor being influenced by others. Its
positioning suggests that it can be implemented independently to achieve immediate
benefits in stabilizing the production flow and reducing energy-related variability. Other
practices, particularly those in the third and fourth quadrants, showed strong dependency
on others. For example, 55 and Root cause analysis receive a high number of influence
arrows, indicating that their effectiveness relies on the prior adoption of causal practices
such as TPM, one-piece-flow, and Kaizen. This dependency structure necessitates a sequen-
tial approach to implementation. Standardized work and Kaizen emerged as influential
enablers. Standardized work helps create consistent procedures, minimizing variability
and inefficiencies. Kaizen, despite its low prominence, is critical due to its enabling effect on
other key practices like SPC and TQM. TPM is confirmed as a cornerstone practice in energy
reduction, both directly and indirectly. It reduces downtime and supports other practices
by improving equipment reliability. This is well-supported by prior research [16,34]. Proper
implementation of TPM also involves organizational engagement and training, reinforcing
its role as a cultural and technical enabler. Pull production and JIT were also highlighted
for their systemic benefits in reducing energy waste, particularly through streamlined
processes, just-in-time delivery, and spatial optimization. These practices significantly
reduce unnecessary production and storage, contributing to energy efficiency. Based on
the prominence and influence scores, the roadmap for energy reduction is structured into
three steps. Step 1 includes foundational practices such as TPM, Standardized work, JIT,
pull production, SMED, and Jidoka. Heijunka is also included here due to its indepen-
dence and direct impact. Step 2 consists of enabling practices like one-piece-flow and
Kaizen, which support the effectiveness of both foundational and dependent practices.
These must be introduced before the next group to ensure full system integration. Step 3
involves dependent but critical practices such as SPC, Root cause analysis, and TQM.
These require the stable environment created by Steps 1 and 2 to deliver their full value
in monitoring and improving energy performance. Practices excluded from the roadmap,
Cellular Manufacturing, Layout size and shape, 55, and VSMs, showed low prominence
and high dependency, indicating limited standalone impact on energy reduction in the
automotive context.
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Figure 5. Graph with LMP relations for energy reduction.
Table 7. Energy reduction—total relation matrix with thresholds (Threshold 1: 0.45; highlighted in
blue. Threshold 2: 0.48; highlighted in red).
S1 PPC1 PPC2 PPC3 PPC4 PPC5 PPC6 PT1 PT2 PT3 PT4 PT5 PT6e PT7 HR1 HR2
S1 033 040 039 042 034 045 037 040 035 041 0.43 036 038
PPC1 036 033 038 041 034 044 045 037 040 035 040 042 045 036 0.38
ppC2 037 038 033 040 0.34 037 040 036 040 042 045 034 037
PPC3 035 036 037 034 033 042 042 035 038 033 038 043 039 042 033 0.36
PPC4 041 041 042 044 0.32 040 043 038 042 038 041
pPC5 032 033 032 035 030 033 039 032 034 029 034 039 036 039 029 031
PPC6 031 032 032 035 029 037 033 030 033 030 033 038 034 038 029 031
PT1 039 039 039 042 036 045 033 042 037 041 [NOH8N 044 036 038
pr2 035 035 036 038 032 041 043 033 032 032 037 042 039 043 033 035
PT3 040 040 040 043 037 038 043 032 o041 RN o044 037 039
pr4 035 036 036 039 033 042 043 035 038 034 033 044 041 044 034 036
PT5 029 030 029 033 028 035 036 028 032 027 031 031 034 037 027 029
PTe 032 034 033 036 030 039 040 031 035 030 034 040 032 041 031 033
pr7 031 032 032 034 028 036 038 029 033 028 032 038 034 032 029 031
HR1 038 038 040 043 036 037 041 036 040 0.31 031 039
HR2 038 038 039 041 035 037 041 036 039 0.35 0.35 033

5.2. COy Emission Reduction Discussion

The analysis of lean practices in relation to CO, emission reduction reveals a distinct

structure of causality and dependency (Figure 6). Among all practices, just-in-time (JIT)

stands out as the most influential, initiating multiple causal relationships that impact
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several downstream practices (Table 8). This underlines its strategic importance in efforts
to reduce emissions by minimizing overproduction, excessive inventory, and energy-
intensive storage. JIT, along with pull production, both located in the first quadrant of the
DEMATEL map, form the backbone of Step 1. Their integration into operations supports a
demand-driven production system that avoids wasteful activities and aligns with lower
CO, generation. The benefits are amplified when these practices are closely coordinated
with suppliers to minimize transportation frequency and reduce energy consumption.
Step 2 comprises enabling practices that facilitate or support the implementation of JIT
and pull production. These include one-piece-flow, TPM, Heijunka, Jidoka, and Cellular
Manufacturing. These practices stabilize production, improve machine efficiency, and
enhance flow, all of which indirectly contribute to emission reductions. Although less
prominent individually, their combined effect supports the broader low-emission system.
In Step 3, we identify practices that are strongly dependent on others to function effectively.
Statistical Process Control (SPC) and 55 emerge as highly influenced practices that require
the foundational practices in Steps 1 and 2 for their benefits to be realized. SPC plays a
critical role in monitoring emissions-related process variables, while 5S supports workplace
organization that can lead to reduced energy use and waste. Several practices, SMED,
Root cause analysis, VSMs, TQM, Kaizen, and Standardized work, were excluded from
this roadmap due to low prominence and limited impact. While relevant in broader lean
systems, their direct influence on CO, reduction in the analyzed context was deemed
minimal by experts.
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Figure 6. Graph with LMP relations for CO, emission reduction.
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Table 8. CO, emission reduction—total relation matrix with thresholds (Threshold 1: 0.29; highlighted
in blue. Threshold 2: 0.31; highlighted in red).

S1 PPC1 PPC2 PPC3 PPC4 PPC5 PPC6 PT1 PT2 PI3 PT4 PI5 PT6 PI7 HR1 HR2
S1 018 080N 028 F029% 026 USRS 029030 027
ppC1 018 019 024 024 021 027 027 024 024 022 023 020 025 028 024 024
ppC2 020 024 019 024 021 028 028 024 025 022 024 027 026 029 024 025
PPC3 019 024 024 019 021 026 026 024 024 022 024 026 026 028 024 025
PPC4 021 027 027 027 019 FO29029N 027 028 025 027 F029° 029 NN 026 027
PPC5 016 022 021 022 019 019 024 022 022 020 022 024 023 026 022 022
pPrCeé 016 021 020 022 019 023 019 022 022 020 021 024 023 025 022 022
pr1 019 024 024 024 021 026 019 023 025 022 023 027 026 028 024 024
Pr2 019 024 023 024 020 026 026 023 019 022 025 026 026 028 024 024
PT3 020 025 025 026 023 028 028 026 026 019 025 0290 027 - 025 026
PT4 020 025 024 024 021 027 027 024 025 024 025 028 026 024 025
pr5 016 022 022 022 019 021 024 021 023 020 022 019 023 026 022 021
PT6 017 023 022 022 019 025 025 022 022 020 022 025 019 027 022 022
pr7 015 020 020 020 017 022 021 020 020 017 020 019 019 019 019 020
HR1 018 024 024 024 021 026 026 024 024 022 024 026 025 028 019 025
HR2 018 024 023 023 021 026 026 024 022 022 023 027 023 027 023 019
5.3. Waste Reduction Discussion
The waste reduction analysis uncovered a broader network of relationships, indicating
that more lean practices are relevant in this area (Figure 7). Total Productive Maintenance
(TPM) emerged again as the most causally dominant practice. Its proactive maintenance
strategies not only reduce downtime but also help prevent the generation of scrap and
defective products (Table 9). TPM, along with 55, Kaizen, and Cellular Manufacturing,
forms the basis of Step 1. These practices are either highly prominent or notably indepen-
dent, making them ideal starting points for waste reduction. 55 and Kaizen foster a clean,
organized, and continuously improving environment, while Cellular Manufacturing allows
for more efficient layouts and material handling. In Step 2, practices like one-piece-flow,
Standardized work, and JIT act as stabilizers and enablers. By improving flow, reducing
overproduction, and ensuring consistency, these practices create the conditions necessary
for effective waste minimization across the supply chain. Step 3 includes practices with
high dependency but important roles in long-term waste management: SPC, Heijunka,
pull production, Root cause analysis, VSMs, and TQM. These are positioned in the fourth
quadrant and depend heavily on upstream practices. Their success is contingent on the
presence of a mature lean system established through Steps 1 and 2. They help identify
inefficiencies, reduce defects, and fine-tune processes to eliminate recurring waste. SMED,
Jidoka, and Layout size and shape were excluded due to low prominence and lack of
systemic influence.
Table 9. Waste reduction—total relation matrix with thresholds (Threshold 1: 0.43; highlighted in
blue. Threshold 2: 0.45; highlighted in red).
S1 PPC1 PPC2 PPC3 PPC4 PPC5 PPC6 PT1 PT2 PT3 PT4 PT5 PT6e PT7 HR1 HR2
S1 032 039 042 040 033 [0#EN 040 037 038 036 041 038 [OMEN 042 036 037
peCi1 035 032 040 038 031 042 040 036 037 034 039 037 042 042 035 036
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Table 9. Cont.

S1 PPC1 PPC2 PPC3 PPC4 PPC5 PPC6 PT1 PT2 PT3 PT4 PT5 PT6 PTI7 HR1 HR2
PPC2 032 035 032 036 030 039 037 034 034 032 036 034 039 038 032 033
PPC3 034 037 039 032 031 040 038 036 036 034 040 037 041 040 034 034
PPC4 040 043 [JJEE 045 031 JEEEEN 043 043 040 SN 042 PEEE 039 040
PPC5 033 034 037 036 030 033 037 034 034 032 034 033 038 038 031 032
PPC6 034 035 037 037 029 038 032 035 035 033 034 034 039 039 032 033
PT1 037 037 040 038 031 041 039 032 037 034 040 037 042 041 034 035
PT2 036 037 040 038 031 041 039 032 035 032 040 037 042 041 034 035
PT3 038 039 042 040 034 [JOE8N 041 039 039 032 042 033 [0O#ET048Y 035 036
PT4 033 034 037 034 029 038 036 033 033 032 038 033 038 038 031 032
PT5 036 038 041 038 032 042 040 037 038 036 041 032 042 041 035 035
PT6 031 032 035 034 028 037 035 032 033 031 035 033 032 037 030 031
PT7 032 032 036 034 028 036 035 033 033 031 035 033 037 032 031 031
HR1 038 039 043 041 034 J0#8F 042 039 040 038 [O#EY 040 FO#E044N 032 038
HR2 037 038 042 040 034 [044" 041 039 039 037 043 039 [048 043 035 032
2
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Figure 7. Graph with LMP relations for waste reduction.

5.4. Cross-Analysis of Lean Practices Across Environmental Performance

This section offers a comparative analysis of the three aspects of environmental perfor-
mance examined. A first notable observation is the different density of interrelations be-
tween practices across the three graphs. Energy performance exhibited the highest number
of connections, suggesting that improving energy efficiency often requires a more complex
integration of multiple lean practices. However, when examining only the strongest con-
nections (values above p + 20), CO; and waste presented more critical dependencies, while
energy had fewer dominant links despite its overall network density. Across all three cases,
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certain practices showed remarkable consistency in their position and role. For instance,
Statistical Process Control (SPC) consistently appeared in Quadrant IV, indicating its es-
sential but highly dependent role in improving environmental outcomes. SPC’s reliance
on other enabling practices, like one-piece-flow and Kaizen (both consistently found in
Quadrant II), confirms the importance of structuring implementation hierarchies. Other
practices, such as pull production and Heijunka, frequently occupied the right half of the
graphs, either Quadrant I or IV, highlighting their overall importance regardless of the
targeted performance. Particularly in waste reduction, both were found to be intertwined
receivers, underlining their dependency on foundational practices for full impact. Con-
versely, practices such as JIT, SMED, TPM, and Jidoka often appeared in the upper half of
the graph, indicating their significant influence. Though they may shift between Quad-
rants I and II depending on the performance evaluated, their influence on other practices
is consistent. Successfully implementing these influential practices requires more than
operational readiness. Strong leadership commitment, company-wide engagement, and
adequate training are vital for embedding these methodologies into everyday processes.
Their significance lies not only in their standalone benefits but also in their capacity to
activate other high-impact lean practices.

Table 10 summarizes the roadmap placements of each practice across the three en-
vironmental targets. Several practices, JIT, pull production, Heijunka, TPM, SPC, and
one-piece-flow, appear in at least one step for each performance type, demonstrating their
central importance. Notably, one-piece-flow and SPC maintain identical roles across all
three analyses: one-piece-flow as a foundational enabler (Step 2) and SPC as a final-phase
executor (Step 3). While most high-priority practices appeared in multiple roadmaps,
some were exclusive to a single performance. For example, SMED is prioritized only for
energy, Layout size and shape only for CO,, and VSMs only for waste. These unique
placements suggest that their effectiveness may be context-specific and could merit further
investigation. When practices are grouped by bundle, it becomes evident that Production
Planning and Control is the most dominant across all three sustainability dimensions.
Process Technology practices are particularly prominent in CO, and waste scenarios, while
Human Resource practices, such as Kaizen and Standardized work, are more relevant
in energy and waste contexts. This insight may guide managers in tailoring their lean
strategies based on the environmental outcome they are aiming to improve.

Table 10. Practice step for each environmental performance.

CO; Emission

Practices ID Lean Manufacturing Practices Energy Reduction Reduction Waste Reduction
S1 JIT delivery by supplier Step 1 Step 1 Step 2
PPC1 Single-Minute Exchange of Dies (SMED) Step 1 - -
PPC2 Pull production/takt time Step 1 Step 1 Step 3
PPC3 Smoothed (leveled) production (Heijunka) Step 1 Step 2 Step 3
PPC4 Total Productive Maintenance (TPM) Step 1 Step 2 Step 1
PPC5 Statistical Process Control (SPC) Step 3 Step 3 Step 3
PPC6 Root cause analysis for problem solving Step 3 - Step 3
PT1 Autonomation (Jidoka) Step 1 Step 2 -
PT2 Cellular Manufacturing - Step 2 Step 1
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Table 10. Cont.

CO; Emission

Practices ID Lean Manufacturing Practices Energy Reduction Reduction Waste Reduction

PT3 One-piece-flow (continuous flow) Step 2 Step 2 Step 2
PT4 Layout size and shape - Step 2 -

PT5 55 - Step 3 Step 1
PTé6 Value Stream Maps (VSMs) - - Step 3
PT7 Total Quality Management (TQM) Step 3 - Step 3
HR1 Continuous improvement (Kaizen) Step 2 - Step 1
HR2 Standardized work Step 1 - Step 2

An additional key point emerging from the graphical analysis is that each dimension of
environmental performance unfolds as a specific pathway of the relationships among Lean
Management practices (Figure 8). This article highlights that there is no single universal
model for all types of performance; rather, each environmental goal requires a distinct and
sequential combination of LMPs, with driving, enabling, and dependent practices changing
in each case. This differentiation is particularly valuable for companies in the automotive
sector, as it provides ad hoc implementation roadmaps that guide firms in selecting and
prioritizing practices according to the environmental outcome pursued. In this sense, this
study’s contribution goes beyond describing abstract correlations, translating the causal
relationships among lean practices into concrete and customized operational pathways for

each sustainability target.

Step 1 - Enabling
Practices

Step 2 — Driving
Practices

Step 3 — Dependent
Practices
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Figure 8. Causal maps of lean practices for energy, CO,, and waste reductions.

6. Conclusions

This study aimed to explore the cause—effect relationships among lean practices tar-
geting environmental sustainability (RQ1) and to understand how these relationships
vary when evaluating different environmental performance indicators: energy consump-
tion, CO, emissions, and waste generation (RQ2). Through the application of the Fuzzy
DEMATEL methodology, the research presents a comprehensive, data-driven model for
identifying and structuring lean interventions within the Italian automotive industry.

In response to RQ1, the analysis revealed that lean practices are not isolated tools but
part of a deeply interconnected system. Certain practices act as causal drivers, exerting
influence over many others, while others are receivers, whose effectiveness depends on
upstream implementation. For example, Total Productive Maintenance (TPM), just-in-time
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(JIT), and one-piece-flow emerged as high-leverage drivers across the system, enabling the
implementation and success of more dependent practices like Statistical Process Control
(SPC), TQM, and Root cause analysis. This systemic view helps move beyond the traditional,
siloed evaluation of lean tools and offers a framework for phased implementation grounded
in actual interdependencies. Regarding RQ?2, the relationships among lean practices vary
significantly depending on the specific environmental outcome being considered. Practices
relevant to energy consumption showed greater overall connectivity and dispersion across
prominence levels, suggesting that energy efficiency relies on a broader and more integrated
application of lean practices. In contrast, practices related to CO, emissions and waste
reduction revealed more concentrated networks, with fewer but stronger interdependencies.
Notably, practices such as pull production and Heijunka maintained high prominence
across all three dimensions, indicating their central role in sustainable manufacturing
regardless of the specific objective. Meanwhile, practices such as SMED, Layout size and
shape, and VSMs were found to have performance-specific relevance, highlighting the
need for contextual adaptation of lean systems.

For practitioners, this research provides an actionable roadmap to prioritizing and
sequencing lean initiatives for enhancing environmental performance. Managers can utilize
cause—effect diagrams and the three-step implementation model to tailor interventions
according to the environmental goal they prioritize, whether it is reducing energy, minimiz-
ing emissions, or cutting waste. The identification of foundational and enabling practices
ensures that efforts are focused where they can generate the greatest systemic benefit.
Furthermore, this study emphasizes the need for strong organizational commitment and
training, especially when implementing cornerstone practices like TPM and JIT, which
require cultural and operational integration across the organization. Academically, this
study helps fill a gap in the literature by adopting a systems-thinking approach to lean and
environmental sustainability. It confirms the presence of synergies, both linear and non-
linear, among lean practices and introduces a methodology (Fuzzy DEMATEL) to capture
and model these dynamics rigorously. By comparing results across multiple performance
indicators, the research also sets the stage for further comparative analyses across industries
or geographical contexts. Future studies could refine the model by integrating performance
data, validating causality with longitudinal observations, or exploring additional environ-
mental metrics such as water use or lifecycle emissions. In summary, this work presents a
novel framework to guide both research and practice in designing lean systems that are not
only operationally efficient but also environmentally responsible.

Limitations and Directions for Future Research

Despite the valuable insights generated, this study presents several limitations that
should be acknowledged. First, the model is grounded in expert judgment, which, although
informed and domain-specific, inherently involves subjectivity and potential bias. The
initial input matrices provided by the experts may reflect individual perceptions and could
be influenced by the ambiguity or uncertainty surrounding the causal relationships among
lean practices. A second limitation concerns the selection of lean practices included in
the analysis. While the practices were carefully chosen based on the literature and sector
relevance, they may not represent the full spectrum of tools applicable to environmental
sustainability. Additional or alternative practices could yield different interdependencies
and implementation priorities. Moreover, this study adopts a theoretical and methodologi-
cal lens without incorporating real-world constraints related to implementation feasibility.
Factors such as resource availability, organizational culture, or workforce readiness, critical
in practice, were not directly considered in this framework. The scope of the sample also
introduces boundaries. All experts consulted were Italian professionals working within the
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automotive industry. While this ensured a homogeneous and sector-specific understanding,
it also limited the generalizability of the findings. Expanding the panel to include experts
from diverse national and cultural backgrounds could help reduce contextual bias and
validate the robustness of the causal models across various settings. Similarly, applying
the same methodology to other industrial sectors, or even to service environments, could
provide new insights and extend the applicability of the proposed framework. These limi-
tations open avenues for future research. Comparative cross-country studies, validation
through empirical case studies, integration with performance data, or the inclusion of social
and economic dimensions of sustainability (beyond environmental indicators) represents
promising directions for enhancing the model and its practical relevance.
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