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Abstract: Environmental sustainability in the manufacturing industry has garnered widespread
attention from researchers and practitioners. Many companies have adopted Lean Manufacturing
(@LM) principles to enhance their performance; however, they have often failed to reap the full
benefits of implementing LM in terms of environmental sustainability. This study aims to build a
framework combining LM and sustainability to improve environmental sustainability
achievements and apply the framework in a company. The study employed a mixed-methods
approach to gain an in-depth understanding of the integration of LM and sustainability in
enhancing sustainable environmental performance. This study involved eight respondents in the
Delphi, AHP, and FMEA processes (four managers and four supervisors). The findings indicate
that the integration of LM and sustainability principles can improve environmental sustainability
achievements, as demonstrated by the increase in the Environmental Sustainability Index (ESI =
92.8), which i1s measured based on three indicators of environmental sustainability: energy
efficiency, material use, and water use. This study differs from previous works by operationalizing
the PEMIC methodology as a practical framework for sustainable lean implementation in the
automotive manufacturing sector. The findings of this study provide implications for the
importance of environmental sustainability in achieving sustainable manufacturing performance.

Keywords: Lean manufacturing framework, environmental sustainability, Environmental
Sustainability Index (ESI), PEMIC methodology, automotive manufacturing.

Introduction

The literature generally recognizes that the manufacturing industry plays a vital role in national development,
driving economic growth and job creation while supporting the expansion of other sectors. The industrial sector
also contributes to economic value creation and enhances national competitiveness [1][2]. Furthermore, existing
studies emphasize that manufacturing companies must continuously improve their performance to remain
competitive. Manufacturing performance refers to how efficiently and effectively a manufacturing company
transforms raw materials into finished products [3][4].

Several experts have proposed various initiatives to support higher manufacturing performance, including the
implementation of Lean Manufacturing (LM). Literature defines LM as an approach focused on minimizing
waste throughout the product value stream to improve process efficiency, enhance customer trust, and produce
better products and services [5]. Meanwhile, the concept of sustainability has also been emphasized as crucial
within the manufacturing industry. In this context, sustainability refers to a company’s ability to produce goods
through economically viable processes that minimize negative environmental impacts while ensuring the safety
and well-being of employees, communities, and users [6]. To achieve this, companies are encouraged to redesign
their manufacturing systems through sustainable practices that enhance efficiency in energy, material, and
water consumption. Sustainability achievements bring multiple benefits, including cost savings, improved
workplace safety, and better regulatory compliance [7].

Of the three aspects of sustainability, this study focuses on environmental sustainability aspect, which refers to
a company's ability to produce products and services in ways that mimimize negative environmental impacts
while ensuring that all production activities are safe for employees and the community [8]. The growing demand
for environmental sustainability has led scholars to explore how traditional LM can be aligned with
sustainability goals, giving rise to the concept of Sustainable Lean Manufacturing (SLM). SLM can be defined
as the application of sustainability principles within manufacturing management to maintain and strengthen
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a company’s competitive advantage, or as the interaction between LM and sustainability concepts to enhance
sustainable manufacturing performance [9]. The application of SLM will produce numerous benefits, including
ensuring quality and environmental compliance, reducing waste, and mitigating legal risks. Additionally, SLM
can lead to increased production efficiency by utilizing less water, energy, and raw materials while also reducing
environmental costs, enhancing occupational safety, and improving the company's image [1].

While LM has been widely cited as a generic approach to help companies become sustainable, Abualfaraa et al
[10] caution that LM implementation is a complex and multidimensional issue. Maware and Parsley [4] also
report that successful LM implementation in one company does not guarantee similar results in other
companies. In other words, the success of LM implementation remains inconsistent, with a relatively high
faillure rate. Key causes of LM failure include misunderstanding the implementation stages, misapplication of
LM tools, and inadequate contextual understanding [5].

A literature review reveals that several experts have proposed various frameworks to integrate the concepts of
LM and environmental sustainability. However, previous studies exhibit several imitations: focusing primarily
on the impact of LM tools on environmental sustainability [11], examining only economic and operational
performance [12], exploring LM-sustainability relationships through lterature reviews [13], or proposing
conceptual frameworks without demonstrating practical application [14].

To address these gaps, this study designs a framework for implementing LM to improve environmental
sustainability in the automotive component industry and applies it through a case study. The automotive
component industry serves as a critical link in the broader automotive value chain, where compliance with
environmental sustainability is mandated under IATF 16949, an international quality management standard
specific to this sector. This study also responds to Vasconcelos et al. [6], who highlight the need for further
research to develop sustainability frameworks that explicitly consider environmental dimensions in the
manufacturing industry.

Methods
Research Methods

The research employed a mixed-methods approach to gain an in-depth understanding of the application of LM
In enhancing sustainable environmental performance in the manufacturing industry. The mixed-methods
approach combines quantitative and qualitative elements to comprehensively address research questions [15].
A case study was conducted in an automotive component company located in DKI Jakarta Province, Indonesia.
The company was selected based on its relevance to the IATF 16949 6th Edition, which will take effect on
January 1, 2025. This international quality standard specifies requirements for the entire automotive industry
supply chain, including component manufacturers. One of its internal audit scopes concerns environmental
sustainability compliance, which requires companies to develop sustainable manufacturing practices and
identify improvement areas.

Framework

This study proposes a five-stage framework for implementing LM to achieve environmental sustainability,
which can be adopted by various manufacturing industries. As illustrated in Figure 1, the framework consists
of five main stages referred to as PEMIC: Planming (P), Evaluation (E), Measurement (M), Improvement (1),
and Control (C). These stages expand upon the PDCA cycle (Plan, Do, Check, Act), functioning as an iterative
process to achieve continuous improvement toward environmental sustainability.

Specifically, the Planning stage (P) involves preparation activities such as obtaining research permits, forming
teams, understanding business processes, and setting objectives. The Evaluation stage (E) includes assessing
team adequacy and skills, identifying research areas, and conducting preliminary performance assessments.
The Measurement stage (M) involves evaluating performance achievements using established indicators. The
Improvement stage () focuses on refining processes or systems in areas that underperform, while the Control
stage (C) ensures long-term maintenance of performance improvements.

Stage 1: SLM project planning

The first stage, SLM project planning, includes several activities: submitting research proposals to company
leadership, forming a work team, determining objectives, mapping production processes, and identifying study
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areas. The tools used include interviews, document analysis, Pareto analysis, Gemba Walks, and SIPOC
diagrams.

Stage Input Tools Output T !
Planning Project proposal Interview, Work team : !
Business process Expert judgment Waste list ! !

Waste Characteristics Pareto analysis Management commitment ! !

Process requirements Gemba Walk Project theme ! !

Supporting documents ! oo !

KPI Determination  Questionnaire Delphi methods Valid and relevant indicators ! é !
Identified indicators AHP Indicator weight e

Measurement Questionnaire Descriptive Sus-VSM current  condition ! 5 !
statistics MSI current condition ' !

Gemba Walk LR

TLS LoE

Sus-VSM -

Repair Sus-VSM current  condition FMEA Proposed initiatives ! é !
Expert judgment ! !

Implementation Proposed mitiatives Descriptive Sus-VSM post repair ! !
and analysis statistics MSI post repair ! I
Gemba Walk ! !

Control Sus-VSM post improvement ~ Statistical process Work standardization : !
oontrol . 1

Figure 1.SLM implementation framework proposed in this study
Stage 2. Selection of environmental KPls
The second stage involves selecting vahd and relevant environmental sustainability KPIs within the company's
context. The selected KPIs must be reliable, accurate, and accessible, measurable, assessable, and easy to
implement. Table 1 presents indicators of environmental sustainability within the manufacturing industry.

Table 1. Environmental sustainability indicators in the context of the manufacturing industry

Indicators References
Energy usage [25] [26] [27]
Emission rate [25] [26] [27]
Water usage [12] [25][27]
Materials usage [12] [25]
Amount of waste [25]
Recyding rate [25]
Scrap amount [8] [25]
Use of renewable energy [8] [26]

In determining the appropriate indicators, this study considered the views of an expert panel regarding
indicator relevance. Following Mullender et al [16], the Delphi method was employed to assess indicator
suitability to the company’s conditions. The Delphi method is an iterative approach aimed at achieving expert
consensus through successive rounds of questionnaires. The process involved selecting experts, distributing the
first questionnaire, analyzing feedback, and then issuing subsequent rounds until consensus was achieved.

Eight respondents participated in the Delphi process: four managers and four supervisors. All respondents held
a bachelor’s degree and had over ten years of experience. Based on their educational background, position, and
tenure, they were considered competent to determine valid and relevant indicators for the company. Two
parameters were used to assess indicator relevance: Weighted Average (WA) and Level of Consensus (LC). WA
was calculated by multiplying each respondent’s score by their assigned weight, then dividing by the total
number of respondents. LC was determined by dividing the number of respondents in agreement by the total
respondents. Indicators with LC > 0.7 and WA > 4.0 were selected as valid measures of environmental
sustainability performance. Table 2 shows valid and relevant environmental sustainability Indicators in the
context of company.

Companies mostly have limited resources; therefore, they need to prioritize indicators that will become the focus
of their improvement efforts. For this reason, this study employs the Analytical Hierarchy Process (AHP)

215



Kemala et dl./ Integrating Lean Manufactuing and Environmental Sustainability/ JTI, Vol. 27 No. 2., December 2025, pp.213-224

method to prioritize environmental sustainability indicators. Following the procedure outlined in Ainul Yaqin
et al. [17], the weight of each indicator, as applied to the company, was obtained (Table 3).

Table 2. Relevance of environmental sustainability KPIs

Indicators - > Rele‘S’an"e — WA LC
Energy usage* 0 0 1 3 4 438 0.88
Emission . 0 3 3 1 1 3.00 025
Water usage® 0 0 1 4 3 425 0.88
Use of raw materials 0 2 3 2 1 325 0.38
Amount of waste 2 3 2 0 1 2.38 0.13
Recycling Iate* 2 2 2 1 1 263 025
Scrap amount 0 0 1 2 5 450 0.88
Use of renewable energy 1 3 2 2 0 2.63 0.25

As depicted in Table 3, the AHP analysis produced weighted values of 0.268 for the energy consumption
indicator, 0.614 for material usage, and 0.117 for water usage, with a Consistency Ratio (CR) of 0.07. Because
the CR value is below 0.10, it indicates an adequate consistency among respondents when comparing various
indicators.

Table 3. Weight of environmental sustainability indicators

Indicators Weight
Energy usage 0,268
Scrap amount 0,614
Waste amount 0,117
Consistency ratio (CR) 0,070

Stage 3. Measuring Environmental Sustainability Achievements

The third stage involves measuring environmental sustainability achievements. This stage aims to identify
performance levels across all work areas, monitor progress toward targets, and support data-driven decision-
making. Referring to Setiawan et al. [18], this study adopts the Traffic Light System (TLS) method to classify
performance based on predefined thresholds: "green" for achievements that meet or exceed targets, "yellow" for
achievements that are close to targets and require attention, or "red" for achievements that are below targets
and therefore require immediate corrective action. Furthermore, this study uses Sustainable Value Stream
Mapping (Sus-VSM) to visualize environmental sustainability achievements across each process area. Sus-
VSM extends the traditional Value Stream Mapping (VSM) approach by integrating sustainability performance
metrics [19].

Stage 4: Improvement of Environmental Sustainability Achievements

The next stage is the improvement stage, which applies to the Kaizen principle emphasizing continuous
improvement for better performance [12]. Among various Lean Manufacturing (LM) tools, this study employs
the Fallure Mode and Effects Analysis (FMEA) method to identify and mitigate potential fallures in the
production process before they occur. The FMEA approach enables proactive risk assessment and the
development of effective mitigation strategies, leading to enhanced process reliability and overall performance
improvement [20].

Stage 5. Controlling Environmental Sustainability Achievements
The final stage involves process control. Among several control tools, this study selects the control chart method
to monitor and improve processes by identifying variations and detecting early signs of problems. Control charts

guide corrective actions to maintain process stability and consistency, ensuring continuous performance
improvement and overall process excellence [21].

Results and Discussions
Preparation

This phase includes several preparatory activities: obtaining a research permit, forming a work team, defining
objectives, and identifying the research area. The company is a manufacturing enterprise producing automotive
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components, specifically bolts. Based on document reviews, interviews with operators, assessments by two
department heads, and a Pareto analysis, the bolt type X/01/0OTO/04 production process was selected as the
research focus.

The following considerations guided the selection. The Pareto analysis indicates that, among the four product
types produced, this product accounts for the highest number and types of defects (79.2% of the total).
Furthermore, material utilization efficiency for this product type is the lowest (E = 61.7%). Therefore, the study
considers this product representative of the actual conditions and problems occurring on the production line.
Figure 2 illustrates a SIPOC diagram of the company.

Supplier Input Processes Output Customer
Company A Wire rod Forming Bolt flange Company
(Taiwan) E
Company B Electricity Rolling Company
(PLN) F
Company C Water Heat |
(PDAM) treatment
Company D il 0il rust

& dryer
Packing

Figure 2.SIPOC diagram of the bolt production process

As shown in Figure 2, the bolt production process comprises the following steps: forming, rolling, heat treatment,
oiling, and packaging. The forming process shapes the steel wire into the desired bolt profile (head and shank)
by applying pressure through a mold without significant material removal. The rolling process forms threads
by passing the steel wire through a series of dies that plastically deform the material Heat treatment
strengthens the bolt by altering its internal structure through heating and rapid cooling. The oil rust/dryer stage
removes residual oil and dirt and dries the bolt. Finally, packaging involves packing bolts that pass quality
inspection to meet customer requirements.

Relevant Indicators of Environmental Sustainability for Manufacturing Companies

A literature review identified numerous environmental sustainability indicators across contexts and industries.
Referring to Rajabi et al. [22], the study considered several selection criteria: reliability and accessibility,
measurability and ease of application, and stakeholder involvement. The review produced seven candidate
environmental sustainability indicators for manufacturing (Table 1). Following Mullender et al [16], a two-
round Delphi process was conducted to determine which indicators were valid and relevant for the company.
Indicators with WA > 4.0 and LC > 0.70 were considered valid for the company [24]. The Delphi results (Table
2) showed that three indicators failed to meet the thresholds, while five indicators passed. The three validated
indicators were energy consumption, water consumption, and scrap amount. The AHP analysis subsequently
ranked the validated indicators by relative weight: material usage B = 0.613), energy usage B = 0.268), and
water usage B =0.117).

Measuring Environmental Sustainability

Environmental sustainability is a critical dimension of sustainable manufacturing performance. Measuring
environmental sustainability is therefore essential to monitor achievements, support data-driven decision-
making, minimize environmental impacts, conserve resources, and improve overall sustamability performance
[38]. Such measures enable the company to identify areas for improvement, reduce waste, and operate more
efficiently, leading ultimately to cost savings and a stronger competitive position. According to [37],
environmental sustainability measurement is integral to the Kaizen process because it highlights both
achievements and areas that require improvement or maintenance. Table 4 below presents a summary of
environmental sustainability achievements.
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Table 4. Achievement of environmental sustainability performance

Processes Energy Usage Water Usage Scrap Amount
Forming 760 856 879
Rolling 754 854 890
Heat treatment 814 85.5 84.1
Oil rust and dryer 872 97.1 889
Packaging 86.3 945 915

As shown in Table 4, energy efficiency across the production line ranges from 75.4% (rolling) to 87.2% (oil rust
& dryer). According to company standards, achievements below 80% are classified as red, achievements
between 80% and 90% as yellow, and achievements above 90% as green. These performance categories are
stipulated in the company Quality Manual, which sets standards across all business processes from raw
material procurement through processing and delivery. For water efficiency, the lowest observed value is 85.4%
(rolling) and the highest is 97.1% (ol rust & dryer). For material efficiency, the lowest occurs in the heat
treatment process (84.1%) and the highest in packaging (91.5%). Material usage efficiency for a machine was
calculated by dividing the amount of wasted material (scrap) by the established standard for scrap, multiplying
by 100, and taking the average. For example, on one observation day the Heat Treatment machine produced 11
kg of scrap versus a standard of 70 kg, yielding 84.3% material efficiency. In the Packaging machine, scrap was
2kg against a 20 kg standard, giving a material efficiency of 90.0%. Based onthese measurements, the company
prepared Environmentally Sustainable Value Stream Mapping (ES-VSM) for the current condition (Figure 3).
ESVSM is a tool that analyzes environmental performance in each work area from both lean and sustamability
perspectives.

Production P
l planning b |
Supplier Customer
A .
A, , %
3 months
Forming Rolling Heat treatment O1l rust Packing
xpr | | cT=100 CT =120 CT =650 CT =250 CT =200 Mean
MP=1 MP=1 MP=1 MP=1 | MP=1
Shift =3 Shift=3 Shift =3 Shift=3 Shift =3
E2 85.6 854 855 971 945 89.62
E3 87.9 89.0 84.1 88.9 915 8828

Figure 3.Current ES-VSM of the company

As shown in Figure 3, the analysis reveals that the energy efficiency (E1) in the Forming and Rolling processes
is below 80.00%. Based on the company’s established standards, achievements below 80% fall into the red
category, those between 80% and 90% are classified as yellow, and those exceeding 90% are placed in the green
category. In this study, the categorization of performance achievements also refers to the companys Quality
Manual document, which defines performance standards for all business processes, from raw material
procurement to processing and delivery. Therefore, the energy efficiency in these two processes is labeled “Red,”
while the energy efficiency in the Heat Treatment, Oil Rust and Dryer, and Packaging processes is labeled
“Yellow.”

For water efficiency (E2), the analysis shows that the Forming and Rolling processes fall into the “Yellow”
category, whereas the Oil Rust and Dryer and Packaging processes fall into the “Green” category. Regarding
the efficiency of material waste (E3), the analysis identifies that the Forming and Rolling processes fall into the
“Yellow” category, while the Oil Rust and Dryer and Packaging processes fall into the “Green” category. Based
on the environmental sustainability achievements of each work area, this study obtained an Environmental
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Sustainability Index (ESI) of 82.59. The pre-improvement ESI score was calculated by multiplying the average
achievement of each environmental sustainability indicator by its corresponding weight.

Improvements

The measurement results indicate that most of the company’s environmental sustainability achievements fall
within the yellow category. This finding serves as an early warning for the company to undertake immediate
process improvements. In this context, the company should begin by addressing the indicators categorized as
red—specifically, energy consumption. As shown in Figure 3, energy efficiency i the Forming and Rolling
processes falls into the red category, suggesting that targeted improvement efforts are required to enhance
energy performance in these areas. The improvement process is crucial as it reflects the Kaizen principle, which
emphasizes continuous improvement to achieve superior conditions [12].

Among the various Lean Manufacturing (LM) tools discussed in the literature, this study employed Gemba
Walk and Falure Mode and Effects Analysis (FMEA) to identify potential initiatives for improving
environmental sustainability achievements. The Gemba Walk [24] was used to directly observe and understand
energy efficiency in the Forming and Rolling work areas, while the FMEA [25] was applied to identify and
mitigate potential failures that could affect energy efficiency before they occur. The selection of these tools was
based on several considerations, including methodological simplicity, insights from employee interviews, team
consensus, and assessments by departmental heads.

The FMEA team comprised nine members: four supervisors (Production, Engineering, Quality Assurance, and
Business Development) and five machine operators (Forming, Rolling, Heat Treatment, Oil Rust and Dryer,
and Packaging). All team members had worked at the company for more than ten years. Based on their
experience, this study considers them sufficiently competent to identify and implement corrective actions to
reduce potential failures in the production line.

Table 5 presents the recommended initiatives for improving energy efficiency at the company. As shown in the
table, the FMEA team proposed six key actions aimed at enhancing energy performance, particularly for the
Forming and Rolling machines. As previously noted, the performance metrics for both machines fall within the
red category, underscoring the need for these improvement initiatives.

Table 5. Recommended actions toimprove energy effidency

No. Improvement Initiatives

1 Conduct relevant training for Forming and Rolling machine operators to reduce downtime, increase capacty, and
decrease production losses.

Establish standard operating procedures and work nstructions for Forming and Rolling processes.

Conduct an operator rolling system to improve operator flexibility and skills and increase workstation capacity.
Eliminate obstacles that cause machine speed reduction and slow cycle times.

Enhance workflows to boost production speed and minimize repetitive errors.
Implement acontrol system to ensure the availability of raw materials and components, ensuring smooth material
flow, and mitigating disruptions that may affect machine capadity.

ULk W N

Following the implementation of these improvement initiatives, the company prepared an Environmentally
Sustainable Value Stream Mapping (ES-VSM) for postimplementation conditions. This ES-VSM was used to
evaluate the impact of the implemented improvements on the companys environmental sustainability
achievements. Figure 4 illustrates the ES-VSM after implementation.

As previously discussed, this study applies the Sustainable Lean Manufacturing (SLM) approach as a means of
achieving environmental sustainability within the company’s production flow. SLM represents the mteraction
between lean manufacturing principles and sustainability concepts, realized through environmentally
responsible practices across the production line. The company can achieve this by increasing efficiency in
material use, water consumption, and energy utilization, reflecting its commitment to environmental
responsibility and the preservation of natural resources.

As shown in Figure 4, the environmental performance of all production processes in the company has met the
established requirements. For the energy efficiency indicator (E1), the Forming, Rolling, and Oil Rust and Dryer
processes now fall into the yellow category, whereas the Heat Treatment and Packaging processes are classified
as green. The average postimprovement energy efficiency is 88.1%. For the material efficiency indicator (E2),
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the Rolling and Heat Treatment processes are classified as yellow, while the Forming, Oil Rust and Dryer, and
Packaging processes fall into the green category, with an average material efficiency of 91.4%. Figure 4 also
shows that, after improvements, the average water efficiency (E3) in the production line reached 90.0%. In this
case, the Forming, Heat Treatment, and Oil Rust and Dryer processes fall into the yellow category, while the
Rolling and Packaging processes are classified as green.

Material efficiency serves as a key indicator of sustainable manufacturing performance, as it directly affects
waste generation. Enhancing material efficiency reduces environmental impacts and contributes positively to
sustainable manufacturing outcomes [26]. In line with Pauliuk and Heeren [27], this study views material
efficiency as encompassing practices aimed at minimizing material consumption and waste while maximizing
material value. Improving material efficiency yields multiple benefits for companies, including environmental
impact reduction, cost savings, and enhanced overall sustainability.

Production _
l planning b |
Supplier Customer
ﬂo o
ﬂo o] 1 day
3 months ’
Forming Rolling Heat treatment Oil rust Packing
xp1 | | CT=100 CT=120 CT =650 CT =250 CT =200 Mean
MP = = |MP=1 = | MP=1 2| MP=1 =| MP=1
Shift=3 Shift=3 Shift=73 Shift=3 Shift=3
El 853 84.6 91.7 86.5 92.8 88.18
E2 91.0 87.5 86.0 96.6 96.3 91.46
E3 89.1 95.0 84.5 89.6 92.0 90.04

Figure 4.Future ES-VSM of the company

Literature has proposed several approaches to measuring material usage efficiency. Referring to Ongbali et al
[28], this study assessed material usage efficiency based on the amount of scrap generated in each work area of
the production hne. The measurement results indicate that performance in all work areas falls within either
the Yellow or Green category. This finding indirectly supports the notion that the Lean Manufacturing (LIM)
implementation framework proposed in this study can facilitate the achievement of environmental
sustainability. Nevertheless, this study recommends that the company continues to control its performance by
selecting and utilizing appropriate LM tools, providing employee training, and maintaining continuous
management support.

The third indicator of environmental performance examined in this study is water use efficiency. This KPI refers
to the effectiveness of water utilization in producing goods, minimizing waste, and maximizing resource use.
Water use efficiency is an important component of environmental sustainability, as it serves as a key indicator
of sustainable manufacturing performance, contributing to cost reduction, environmental protection, and
regulatory compliance [29]. As shown in Figure 4, the efficiency of water use across all work areas falls within
the Yellow and Green categories. This achievement demonstrates that water consumption i the production line
remains below the maximum standard established by the company. Based onthe environmental sustainability
achievements of each work area, the analysis yielded an Environmental Sustainability Index (ESI) of 92.38.
The postimprovement ESI score was calculated by multiplying the average achievement of each environmental
sustainability indicator by its corresponding weight.

These findings support the concept of Abdul Ghafar and Razali [30], who stated that, in addition to improving
operational performance, Sustainable Lean Manufacturing (SLLM) practices can also have a positive impact on
environmental sustainability in the manufacturing sector. This study empirically confirms that SLM
implementation can improve the Environmental Sustainability Index within the automotive components
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industry. Moreover, the findings are consistent with the research of Abdul Shukor and Ng [31], who identified
material usage, energy usage, and water usage as valid indicators for assessing environmental sustainability.
This study extends their work by providing prioritized weights for each environmental sustainability indicator.
As a manufacturing company, the case study firm requires various resources, including water. In the production
process, water is used as both a cooling medium and for cleaning operations. However, manufacturing
companies must acknowledge that water use has a significant environmental impact. Therefore, it is crucial for
companies to understand the implications of water consumption n order to effectively address environmental
challenges [32]. In this regard, the study emphasizes that companies must take proactive measures to mitigate
the negative impacts of water use within their processes to achieve environmental sustainability.

Accordingly, interdisciplinary and green manufacturing concepts should be implemented comprehensively to
achieve a balance between environmental, industrial, and social objectives [33, 34]. Companies can achieve this
by adopting several mitiatives, mcluding the 5R concept (Reduce, Reuse, Recycle, Recover, and Redesign),
conducting leak detection and repair, improving process optimization, implementing productive maintenance,
and providing targeted training for employees.

The selection of tools and methods can be tailored to the companys data variance, sampling frequency, and
process complexity. Furthermore, firms that have adopted Industry 4.0 infrastructure, including sensors, cyber-
physical systems, and cloud platforms—can extend the Measuring and Improving phases to a higher level of
automation. Realtime environmental and energy data captured via IoT sensors can be integrated into adaptive
control loops or predictive models [35]. These systems enable dynamic adjustments to process parameters in
response to deviations in water, energy, or material usage, thereby transforming the PEMIC framework mto a
proactive, data-driven model.

In contexts where rich, continuous data are available, the Control stage may evolve beyond traditional static
control charts to incorporate adaptive Statistical Process Control (SPC) or digital twin-based monitoring. For
example, digital twin models informed by IoT data can simulate process behavior and recommend sustainable
interventions in silico prior to implementation [36]. This hierarchical flexibility ensures that the PEMIC
framework remains scalable—ranging from manual, chart-based control in low-data environments to realtime,
modelinformed optimization in advanced manufacturing settings.

Conclusions

This study proposes a comprehensive framework for implementing Sustainable Lean Manufacturing (SLM) to
achieve environmental sustainability. The framework comprises five main stages: (1) SLM project planning, (2)
establishing and weighting environmental sustainability indicators, (3) measuring environmental sustainability
achievements, (4) improving processes based on SLM and sustainability principles, and (5) controlling outcomes
to maintain sustainable performance.

The implementation of the proposed framework demonstrated a positive impact on enhancing environmental
sustainability in the automotive components industry. The results revealed a measurable increase in environmental
sustainability scores for each process in the production line, and notably, no work areas remained within the
red (high-risk) category. Overall, the Environmental Sustainability Index (ESI) increased to 92.38%, placing the
company within the green (low risk) category.

The findings have two implications. First, automotive component manufacturers must recognize that
implementing SLM to achieve environmental sustainability is a complex and multifaceted issue. Considering
the hmited availability of resources, companies need to identify critical work areas that require immediate
improvement. Therefore, companies need to prioritize improvements based on environmental sustainability
achievements in each work area. The company can carry out by mapping the risk priority number (RPN) of
each indicator across all work areas. Companies can operationalize this by mapping the Risk Priority Number
[RPN) of each indicator and focusing improvement efforts on areas with high RPN scores that fall into the red
(high-risk) category.

Second, to achieve environmental sustainability, companies must enhance the energy efficiency of their
production machines. This can be accomplished through several measures, including installing variable
frequency drives, using high-efficiency motors and bearings, integrating sensors and controllers, and
implementing intelligent maintenance and production scheduling.
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Although the research results demonstrate that the proposed framework positively influences environmental
sustainability outcomes, two lmitations should be acknowledged. First, the case studys application of the
framework was confined to a single company. To generalize the findings, future research should apply the
framework to a broader range of firms within similar industrial contexts. Second, the respondents participating
i the Delphi, AHP, and FMEA processes were drawn exclusively from within the company. To gain a more
comprehensive understanding of environmental sustainability in manufacturing, future studies should mvolve
a wider spectrum of stakeholders—such as government representatives, suppliers, customers, local communities,
and non-governmental organizations.
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