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1. Introduction

In recent years, there has been growing global aware-
ness of environmental issues, driven by concerns over
climate change, resource depletion and the increas-
ing strain on ecosystems. As industries continue
to intensify, the environmental consequences of tra-
ditional manufacturing practices have become more
and more apparent. In response, organizations ur-
gently need to rethink their sustainable development
strategies[1]. Traditional manufacturing approaches
have generally focused on improving performance and
reducing costs, often at the expense of environmental
impact. However, with the growing awareness of en-
vironmental issues, organizations are now confronted
with the critical task of minimizing their environmen-
tal footprint while maintaining operational efficiency
[1, 2]. It was within this context that emerged the
Green Lean Six Sigma (GLSS) as a promising busi-
ness methodology that integrates the principles of Lean
Manufacturing, Six Sigma, and Green Manufacturing
into a unified framework. By combining Lean Six
Sigma’s feedback in process development and waste
reduction with Green Manufacturing’s environmen-
tal sustainability goals, GLSS which aims create syn-
ergy that enhances both operational performance and
environmental sustainability. This integration offers
the potential to transform manufacturing processes,
enabling organizations to reduce waste, conserve re-
sources and lower their carbon footprint while simul-
taneously increasing productivity, product quality and
overall competitiveness[1, 2]. At the same time, the
emergence of Industry 4.0 and Industry 5.0 has in-
troduced new technological capabilities and human-
centered approaches that further amplify the poten-
tial impact of GLSS initiatives [3]. Industry 4.0, with
its emphasis on digitalization, automation, and smart
systems, offers powerful tools to optimize manufac-
turing processes, improve resource efficiency, and en-
able real-time environmental monitoring [4]. Indus-
try 5.0 goes beyond digital integration by focusing
on human-machine collaboration, resilience, and sus-
tainability, aligning perfectly with GLSS’s objectives
of operational excellence and ecological responsibility
[5]. The synergies between GLSS and these industrial
paradigms open new avenues for more intelligent, flex-
ible, and sustainable manufacturing systems[6, 7].
Moreover, the incorporation of Environmental Key
Performance Indicators (EKPIs) into GLSS frame-
works provides a structured and measurable approach
to assessing environmental performance. EKPIs en-
able organizations to monitor their progress towards
sustainability goals and ensure that improvements
achieved through GLSS initiatives are quantifiable and
aligned with broader ecological objectives [8].
This paper provides a comprehensive review of the lit-
erature on GLSS, exploring its theoretical foundations,
implementation challenges, and practical applications.
The research aims to identify the critical factors that
influence the successful adoption of GLSS and propose

a robust framework to guide organizations toward more
sustainable practices [1]. The article is structured as
follows: Section 2 provides a detailed overview of the
research methodology, focusing on the systematic lit-
erature review process used to gather and synthesize
relevant studies. Section 3 discusses the foundations
of Green Manufacturing, Lean Manufacturing, and Six
Sigma, as well as their integration within the GLSS
framework. We highlight their synergies and potential
challenges. Section 4 and 5 identifies the benefits of
integrating GLSS, emphasizing its impact on environ-
mental sustainability, operational efficiency, and cost
reduction. Section 6 presents a practical framework for
GLSS implementation, detailing the necessary phases
and tools for successful adoption. Section 7 and 8 fo-
cuses on Environmental KPI, which are crucial for as-
sessing the success of GLSS implementation in achiev-
ing sustainability goals, and addresses the challenges
encountered in GLSS implementation, providing prac-
tical solutions to overcome these obstacles. Section 9
presents a case study that demonstrates the real-world
application of the GLSS framework and its positive im-
pact on sustainability. Section 10 examines GLSS in
the context of Industry 4.0 and 5.0, exploring how tech-
nological advancements contribute to its implementa-
tion and effectiveness. Section 11 and 12 presents a
discussion of the findings and the broader implications
of GLSS for sustainable manufacturing practices. It
is followed by the limitations of the study, recognizing
potential constraints and suggesting areas for future
research. Finally, Section 13 concludes the paper by
summarizing the key findings and proposing directions
for future research in the field of GLSS .

2. Research methodology

To discover the studies gaps and synthesize under-
standing on Green Lean Six Sigma (GLSS), a scientific
literature review (SLR) was conducted following an ob-
vious and express technique established into a couple
of phases. The review aims to guarantee a rigorous
method while addressing the crucial factors of GLSS.

A general of 24 articles from scienceDirect by Else-
vier, Emerald Insight, IEEE Xplore, MDPI, Taylor and
Francis Group, and Open Access sources, had been de-
cided on and analyzed to pick out the studies gaps
and trends. These articles protected subjects which
includes sustainability factors associated with Lean,
Green, and Six Sigma, in addition to techniques for
undertaking choice and prioritization, also there inte-
gration in 4.0 and 5.0 industry. Relevant key phrases
like "Lean", "Green Lean", "Green Lean Six Sigma",
"sustainability", "KPIs", "4.0 industry " and " indus-
try 5.0 " guided the choice technique. To keep focus,
research emphasizing theoretical factors of Lean and
Lean Six Sigma had been excluded.
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3. Foundations of Green, Lean,
and Six Sigma

The concepts of Green, Lean, and Six Sigma are based
on distinct but complementary principles, each con-
tributing to the improvement of industrial performance
in a targeted manner. GLSS is an integrated approach
that combines three distinct methodologies, each with
its own objectives and benefits:

• Lean Manufacturing aims to eliminate waste
and non-value-added activities from manufactur-
ing processes. Lean concepts seek to simplify
processes, shorten lead times, and increase over-
all efficiency. Notably, Lean does not explicitly
address environmental concerns. Lean aims to
remove two kinds of waste: process waste (over-
processing, transportation, inventory, and qual-
ity faults), and operational waste (unnecessary
motions, overproduction, and waiting)[9].

• Green Manufacturing emphasizes environ-
mental sustainability by minimizing the negative
impact of manufacturing processes on the envi-
ronment. This approach involves waste reduc-
tion, resource efficiency, and pollution preven-
tion. Green practices include reducing hazardous
emissions, eliminating unnecessary resource con-
sumption, recycling, and minimizing health risks
throughout the manufacturing process[9].

• Six Sigma is a data-driven approach focused on
reducing process variation and defects. It uses
the DMAIC (Define, Measure, Analyze, Improve,
Control) methodology to ensure consistent qual-
ity and process evidence improvements[9].

Figure 1: Conceptual Green Lean Six Sigma model
(Kaswan and Rathi, 2021a) [9]

4. Benefits of GLSS Integration

The integration of GLSS offers multiple benefits, im-
pacting environmental performance, operational effi-
ciency, and social performance, while promoting a com-
prehensive approach to sustainability .

• Improved Environmental Performance:
GLSS method greatly improves environmental ef-
ficiency [9, 11]. It reduced emissions and energy
use by a vast amount while efficiently managing
resources at the same time [1, 12, 13]. This ap-
proach tries to reduce environmental impacts as
much as possible through environmental practice.
It is thus a way of being environmentally aware
and respecting it by reducing negative effects on
the planet [11, 13–15] .

• Improved Operational Efficiency : When
efforts such as waste minimization, throughput
streamlining, and lead time reduction are in-
volved, GLSS significantly contributes to the or-
ganization’s overall productivity[13, 16]. Part
and parcel of the GLSS implementation is not
only bettering the customer’s experience and
thus the product’s quality but also resulting in
the lowering of costs which ultimately contributes
to the betterment of the processes[13].

• Reduction of Hazardous Materials: Im-
plementing GLSS can reduce the use of haz-
ardous chemicals[17] and promote the substi-
tution of toxic materials with less dangerous
alternatives[18].

• Integration with Industry 4.0 : The combi-
nation of GLSS with Industry 4.0 can enhance
sustainability performance by using new tech-
nologies. For example, the utilization of Cyber-
Physical Systems (CPS) is recognized as a part
of Industry 4.0 that may assist GLSS [17].

• Continuous Improvement : GLSS em-
phasizes constant progress and environmental
consciousness[1]. Analyzing environmental ele-
ments and value stream implications aids in iden-
tifying chances for improvement in industrial op-
erations [18].

• Framework for Implementation: GLSS of-
fers a framework for discovering and choosing
suitable projects, establishing project objectives,
and creating execution frameworks [9, 13].

5. Proposed Framework for
GLSS Implementation

GLSS implementation frameworks are typically
structured in several steps, which may vary
slightly across sources, but broadly include the
following:

5.1. Phase 1: Project Selection

Project selection is a critical step in implement-
ing GLSS initiatives, and it significantly impacts
the overall success of sustainability efforts1 [9].
The primary aim of project selection should be
to identify areas within an organization where
significant improvements in sustainability can be
achieved [9]. In fact, a significant percentage of
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Figure 2: Integration and implementation of GLSS model [10]

Six Sigma projects, up to 40 % fail because of
improper project selection [19].

• Key selection criteria: Key selection criteria
for a GLS project include environmental impact,
social aspects, productivity, material efficiency,
and waste reduction. Environmental impact is a
key metric aimed at cutting emissions, waste and
energy consumption [18]. LCA is a key tool for
assessing the environmental impact, identifying
areas of improvement [9, 13, 16]. Goals include
a reduction in greenhouse gas (GHG) emissions,
water consumption, acidification and waste gen-
eration [1, 14, 18]. Further, a GLS project is
chosen on the basis of sustainability oriented cri-
teria [9]. Social aspects include improving em-
ployee working conditions, safety and training.
It also encompasses things like a job such as ca-
reer opportunity, health and safety in the work
environment. A Social LCA also offers the social
impact to be assessed [1, 9]. Productivity means
enhancing process efficiency, reducing downtime,
and optimizing resource use. Reduction of de-
fects, optimization of space utilization and re-
source management [1, 9, 13]. And to eliminate
waste and improve flow, lean practices are used
[13, 16]. Material efficiency refers to an efficient
use of equipment and material [1]. It takes into
account material efficiency, reusability and recy-
clability within the product life cycle [1, 9]. It
usually incorporates core principles of the circu-
lar economy, turning waste into resource value
and putting it in the maximum usage of the re-
sources [18]. Waste reduction involves strate-
gies such as reducing the storage and holding
costs. Techniques that would improve material
efficiency for example lean manufacturing and de-
sign for disassembly [1], minimizing excess inven-
tory and corresponding costs by reducing over-
production [9], guided by the fundamental prin-
ciples of the 3Rs: Reduce, Reuse, and Recycle
[18].
Project Selection Process :

1. Data Collection: To identify potential
projects a thorough analysis of the organi-
zation is needed to be done. Among these

are real time data collection and exchange.
The most critical data often originates from
the shop floor [9, 11].

2. Criteria Weighting: The weight assigned
to each criteria of selection differs accord-
ing to industry needs and the relative im-
portance of each criterion. Weights may be
determined using the entropy method [9].

3. Project Evaluation: Weighted criteria is
then used for evaluation of each potential
project. For project ranking, this project
uses Grey Relational Analysis (GRA) [9].

4. SWOT Analysis: Adding a SWOT
(Strengths, Weakness, Opportunities,
Threats) will help understand where the
company is now and the potential issues
[19].

5. Validation: Validation of the project selec-
tion and adaptation of the framework to the
shop floor is central to the framework and
relies on expert input and participation of
company personnel. The framework is re-
fined using the feedback from industry per-
sonnel [9, 11].

• Tools and Techniques Used: Several tools
and techniques have been used to implement the
GLSS approach, among them [9]: SIPOC Dia-
gram (Suppliers, Inputs, Process, Outputs, Cus-
tomers), used to understand existing processes.
Project Charter, which documents roles, time-
lines, and project scope. Prioritization tech-
niques and the Voice of the Customer (VOC),
which are key tools for project selection; Value
Stream Mapping (VSM) and Environmental
Value Stream Mapping (EVSM), used to analyze
value flows and environmental impacts; 5 Whys
Analysis, a technique used to identify root causes
of problems; Pareto Chart, which helps prioritize
problems based on their impact; and the Cause-
and-Effect Diagram, which aids in visualizing po-
tential causes of a problem.

• Additional Insights: data collection through
questionnaires, which then rank criteria with re-
spondents rating their response using a Likert
scale. The weights of criteria are also determined
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using responses of manufacturing personnel. A
framework for evaluation of projects in terms of
the projects’ criteria and their sensitivity is pro-
posed. For further analysis, the responses are
normalized. In grey relational analysis, a devi-
ation sequence is calculated. Robustness is pro-
vided by the calculated grey relational grade us-
ing a method of sensitivity analysis [9].

5.2. Phase 2: Current State As-
sessment

The current state assessment in a GLSS project
is a critical step for understanding the starting
point and measuring progress [20]. It involves
a thorough evaluation of environmental, social,
and operational performance, relying on direct
data for the most reliable insights [18].
GLSS success starts after initial assessment. It
provides a baseline for being able to track how
performance improves over time for organiza-
tions. The assessment identifies inefficiencies and
waste in existing processes that offer important
guidance for improvement efforts [9, 14]. Further-
more, it serves to select suitable GLSS project
areas, identifying critical areas with the most po-
tential of substantial gains in sustainability as
well as efficiencies [9, 13].

• Data Collection :
Direct data collection is prioritized due to its high
reliability. It includes measurements of mate-
rial, water and energy consumption as well as
waste and emission levels[9, 18]. Working condi-
tions and safety are rigorously assessed and, more
so, social impacts such as the working conditions
[9, 14].
Direct measurements, production data, and real
time monitoring systems are the data sources
[9, 11, 18] .In addition, feedback from industrial
personnel, interviews with staff and performance
KPI are analyzed [11]. Sensors, IoT technologies,
and cyber–physical systems (CPS) enable signif-
icant improvements in the monitoring and data
collection process through real time [14].

• Analysis Tools and Techniques:
Environmental Value Stream Mapping (EVSM),
this tool is used to visualize value streams and
identify waste [9, 16]. EVSM helps evaluate cycle
time and material consumption at each process
step, thereby pinpointing areas for improvement
[16]. Life Cycle Assessment (LCA) evaluates the
environmental impact and social sustainability of
processes, covering all stages from raw material
extraction to waste disposal [9, 16]. A statisti-
cal tools may be used too like Pareto charts, re-
gression analyses, and hypothesis testing help in
identifying the most significant issues [9].

• Metrics and Indicators : The effectiveness of
GLSS initiatives must be tracked and evaluated,
and a comprehensive set of metrics is essential for

doing this. KPI encompass:
Environmental Metrics: Such indicators are the
green energy coefficient, acidification potential
and other indicators referring to green and social
performance. In addition, metrics of water pol-
lution reduction and of greenhouse gas emissions
are relevant for measuring environmental impact
[20].
Operational Metrics: Operational efficiency and
quality are guided by the type of measures like
deviations, downtime, defects per million oppor-
tunities (DPMO) and process capabilities [9].
Sustainability Metrics: Assessment includes
scores based on reusability potential and recy-
clability potential, resource efficiency and other
indicators of a circular economy [9].

5.3. Phase 3: Root Cause Analysis

Root cause analysis is a crucial step in GLSS that
enlightens the fundamental reasons of the waste
and inefficiencies instead of putting band aid cov-
ers. The only way you can be sure that solutions
address the root causes of problems is by adopt-
ing this approach, which results in better, more
sustainable improvements [17].

• Objectives of Root Cause Analysis: Its pri-
mary aim is to determine the critical causes for
the deficiency of an organization leading to de-
prived operations in a sustainable way so that im-
mediate action is exerted for rectifying the same.
Root cause analysis can not only help improve
operations but also identify opportunities that
will improve sustainability by reducing energy
consumption, waste production and environmen-
tal impact [17].

• Data Collection and analysis: A key el-
ement of root cause analysis is collecting data,
numeric Data or categorical data to ensure a bet-
ter analysis. Sources of data can be observables
on-site, sensors on the machinery, and feedback
from employees. It allows us to compare data
to standards, and determine if we need to focus
on that area. After date collection we need to
analyse this data, data analysis is essential for
pinpointing problem areas, detecting patterns or
trends, and quantifying the extent of inefficien-
cies. This data-driven approach relies on facts
rather than assumptions and can include the use
of Pareto charts, regression analysis, and princi-
pal component analysis[17].

• Tools for Root Cause Analysis: Essential
tools are used to identify the underlying causes
of problems, including Cause-and-effect diagrams
(also known as Ishikawa or fishbone diagrams) is
used to visualize the potential causes of a prob-
lem by categorizing them. This method struc-
tures thinking by organizing causes (e.g., the
5Ms: Manpower, Material, Method, Environ-
ment, and Management), which helps in identi-
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Figure 3: Criteria for the selection of the GLS project [9]

fying the most likely root causes. The 5 Whys
method involves repeatedly asking "why" (typi-
cally five times) to go beyond superficial causes
and find the root cause of a problem. This en-
courages a thorough investigation into the rea-
sons behind inefficiencies. Failure Mode and Ef-
fects Analysis (FMEA) is used to identify poten-
tial failures in a process, evaluate their risks, and
establish preventive measures. FMEA is partic-
ularly helpful in anticipating problems and min-
imizing their impacts[9].
Once potential causes are identified, the next
step is to reduce and prioritize them by focus-
ing on the most critical ones using tools like the
Pareto chart to rank causes by importance. This
prioritization guides the Solution Identification
and Implementation phase, where targeted ac-
tions are developed and applied to address the
most impactful root causes

5.4. Phase 4: Solution Identifica-
tion and Implementation

Solution identification and implementation are
critical steps in a GLSS project, following root
cause analysis. These steps aim to convert the
identified causes into tangible actions to improve
efficiency, sustainability, and quality.

• Solution Identification: A thorough root
cause analysis is then used to come up with the
solutions to the problems identified[9]. As a re-
sult, the selection of the right corrective action
follows upon this understanding. Improvement
strategies are often categorized into four main

quadrants:[9, 11]
1. Avoid: Fixing the symptoms without ad-

dressing the root cause of the issue, i.e.
changing process parameters.

2. Substitute: Reusing products in ways that
preserve the value of the materials they con-
tain, including recycling. Redesigning prod-
ucts for disassembly, which may also in-
clude special processing methodologies such
as capitalization or remanufacturing, when
products cannot be completely avoided.

3. Circulate: Becoming iterative systems
which use the creation of waste as a sys-
tem of recycling or reusing it into valuable
resources.

4. Eliminate: This contribution redefines
the concept of waste according to ISO by
targeting its root cause, namely the process
or work behavior that makes certain activi-
ties necessary.

• Solution Implementation:
The process of implementing a solution involves
such a methodical way of working that involves a
lot of testing and modifications in lines with feed-
back. This iterative approach guarantees that
the solutions are sustainable and effective. So-
lutions can include a range of topics, including
[9]:

1. Modifications to production processes
:These process changes include changing
the way manufacturing phases are arranged,
changing machine settings and consistently
employing equipment.

2. Optimization of material manage-
ment:Material management optimization is
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the act of enhancing supply chain logistics,
handling and storage in an attempt to re-
duce waste and maximise material flow.

3. Introduction of new technologies : Au-
tomation or 3D printing to use new tech-
nology to improve productivity and reduce
environmental effect.

4. Employee development and training:
Ensuring staffs have adequate ability or
know how to successfully adopt and sustain
the innovative solutions.

5. Supplier collaboration: Fostering strong
relationships with suppliers to optimize and
improve overall supply chain sustainability.

• Tools and techniques :
Current variety of tools and techniques are em-
ployed for evaluating the effectiveness of pro-
posed solutions. Others used are the Pugh ma-
trix, Design of Experiments (DOE), and Critical
to Quality (CTQ) analysis to assess the strength
and weakness of the various options[9]. An in-
tegrated approach which uses both GLSS tools
and Industry 4.0 technologies, deliver the most
innovative and sustainable solutions. Sustain-
ability related indicators are reevaluated follow-
ing implementation to confirm the achievement
of desired outcomes. Value Stream Maps are also
changed in order to reflect the changes brought
about by implemented solutions [10].

5.5. Phase 5: Sustain and Control

The Sustain and Control phase of a GLSS project
is critical for ensuring that improvements are
maintained over time. This phase includes cor-
rective actions and measures to guarantee contin-
uous improvement. The key aspect of the Sustain
and Control phase is maintaining improvements
, the goal is to make sure the new process or so-
lution keeps working like it’s supposed to be. A
quick correction to the deviation from a desired
process or performance can be achieved with
an Out of Control Action Plan (OCAP). This
will allow any topics of problems to be resolved
smoothly, with that stability of improvements.
Standard Operating Procedures (SOPs): Stan-
dardization is such an important part of SOPs
to standardize a process done better, in a consis-
tent way and using the best practice possible. In
the long term this helps to keep-up performance.
Continuous monitoring allows further opportu-
nity for improvement to be identified and vari-
ations that might not have been identified pre-
viously to be detected. It means that project
performance is continually tracked. At the end
of which after applying the best solutions the
whole project is reevaluated according to some
indicators of sustainability. This provides con-
firmation that the performance obtained during
the early stage of the project is indeed better.

The solutions are thrown away until the results
are better, and what works is spread to other
parts of the organization. An OCAP will then
be created to identify other solutions that may
be more efficient. To apply the solutions, staff
must be trained and must be aware of their role
in the work of continuous improvement. To con-
trol important input and output variables of op-
erational and environmental practices, tools like
Poka Yoke, visual management and Total Pro-
ductive Maintenance are being used. Real time
visual monitoring of process performance is pos-
sible using cyber technology. The outputs of the
Sustain and Control phase are fed back into the
heterostatic input control loop of the GLSS pro-
cess. If the results do not give satisfactory re-
sults, the continuity improved cycle starts from
the project selection process and new project is
initiated [9] .

6. Environmental KPI

6.1. Definition and Importance of
Environmental KPIs

Environmental KPI are measures that reflect
an organization’s environmental performance
against its broader objectives and targets. They
enable companies to measure, manage, and com-
municate their environmental impacts in a mean-
ingful. The integration of sustainable concerns
has gained importance in societal and economic
discussions over the past few decades[21]. Faced
with increasing pressure to improve the qual-
ity, efficiency, and sustainability of services, the
adoption of environmental KPIs is becoming es-
sential. These indicators are not only important
for regulatory compliance and penalty preven-
tion, but they also contribute to better overall
performance, bringing financial gains, improving
talent retention, and strengthening market po-
sition and reputation [21]. In essence, environ-
mental KPIs transform environmental concerns
into actionable data, allowing organizations to
track their progress toward more sustainable op-
erations.

6.2. The Role of Environmental
KPIs in GLSS Integration

The significance of Environmental KPI in GLSS
is that it provides a connecting point between
operation efficiency and ecological sustainability.
They contribute to :

• Identify where company processes affect the en-
vironment (emissions, resource use, waste) [21].

• Track progress toward sustainability goals, such
as lowering carbon emissions or increasing recy-
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Figure 4: Green Lean Six Sigma implementation framework [15]

cling [22] .
• Support informed decision-making and continu-

ous improvement by providing measurable data
[8, 21].

• Communicate sustainability efforts transparently
to stakeholders [21].

• Ensure compliance with environmental regula-
tions and standards, avoiding legal risks [22].

6.3. A structured approach to se-
lecting environmental KPIs in man-
ufacturing

A structured approach is proposed to identify the
appropriate environmental KPIs for the manu-
facturing sector. This framework is organized
into three main steps :

1. Building an environmental KPI data base:
Step one involves collecting preliminary
KPIs and selection criteria from various
sources, such as publications to ensure they
align with manufacturing processes[8] .

2. KPI Categorization: The second step in-
volves organizing the many potential KPIs
into two-dimensional matrix, manufactur-
ing element (horizontally) and environmen-
tal element (vertically), to identify poten-
tially unmonitored aspects and track indi-
rect impacts [8].

3. Ranking KPIs according to a specific objec-
tive: Third step allows for prioritizing KPIs
based on their relevance to specific environ-
mental objectives through stakeholder input
and evaluation criteria. KPIs with the high-
est scores are deemed the most effective for
achieving sustainability goals [8].

Figure 5: High-level schematic of the KPIs framework
[8]

6.4. Key environmental KPIs

To operationalize these sustainability principles
within a GLSS framework, a set of specific en-
vironmental KPIs can be monitored. These in-
dicators provide a concrete basis for evaluat-
ing and continuously improving environmental
performance in manufacturing operations [22].
The following examples illustrate key areas of
focus[22]:

1. Electric-powered or low-emission fleet units:
This KPI tracks the percentage of the fleet
which is either fleet-electric or admeets low-
emission criteria.
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2. Reduction in carbon emissions: This KPI
seeks to track down the reduction in the
company’s (GHG) emissions.

3. Waste Reduction: this KPI evaluates efforts
to reduce waste generation.

4. Number of ISO 14001 certified branches:
this KPI measures how much of the com-
pany’s operations are certified to ISO 14001,
which is an internationally accepted envi-
ronmental management system.

5. Water consumption per unit of revenue (€):
this KPI assesses the use of water efficiency
by correlating the amount of water used to
revenue generated.

6. Third-party rating: This KPI prompts com-
panies to get an independent review of
their environmental benchmark by external
framework e.g. CDP, EcoVadis Erdamber
Achilles.

7. Legal proceedings – environment: This KPI
monitors the count of the lawsuits related
to the environmental episodes[22].

8. Environmental incidents / near misses: This
KPI measures the number of real environ-
mental accidents (spills) and potential ones
incidental to environmental aspects [22].

Figure 6: ERA Sustainability KPIs 2.0 for Environ-
mental [22]

7. Challenges and Solutions
for GLSS Implementation

7.1. Challenges to GLSS Imple-
mentation

GLSS implementation faces various challenges,
including organizational, technical, behavioral,
and managerial obstacles that can hinder its suc-
cessful adoption [9, 13]. These challenges can
vary depending on the organizational context and
geographical location [13, 17]. Here are some spe-
cific challenges to GLSS implementation:

• Lack of awareness of sustainability and fear of
failure. In some cases, resistance to change can
come from a lack of understanding on how impor-
tant it can be to be sustainable and the benefits
of it. In addition, because organizations may fear
that GLSS implementation will be unsuccessful,
they may not adopt this approach [19].

• Resource constraints and lack of expertise. GLSS
implementation is a major undertaking, which
necessitates a time, money, and quality of per-
sonnel investment [15]. Resource lack makes it
difficult to adopt GLSS, in particular, for SMEs.
Then there is a lack of trained and experienced
staff on GLSS methods, as well as associated
tools, which is a major obstacle [1, 15].

• Lack of management commitment and unfavor-
able organizational culture. Any change initia-
tive requires commitment and support of man-
agement. If an organization’s culture is not open
to change, collaboration, and innovation and if it
does not practice it, it is difficult for GLSS to be
implemented [1, 15].

• Difficulty in integrating different technologies
and poor selection of GLSS tools. GLSS as an
integration with other technologies, like what is
known as Industry 4.0 is complex and requires
the specific expertise and resources. Failure of
the project can occur when the wrong GLSS tools
are selected at different implementation phases
[1, 15].

• Lack of implementation methodology. A lack of
generic implementation framework for GLSS that
could be applicable in different processes, organi-
zational cultures, and industry is observed [1, 15].

• Gaps in measuring environmental impact. It is
unclear if LSS approach can quantify environ-
mental indicators and hotspots or will enhance
environmental sustainability [1, 15].

• Lack of synergies between objectives and contin-
uous improvement. Often it is difficult to align
GLSS goals because the organizational goals and
the continuous improvement efforts seem to be
out of few lines [1, 15].

• Economic constraints and lack of standardization
procedures. Organizations can be slowed down
with the costs of implementing new technologies
and training. The absence of standard proce-
dures may limit the crossing of the entire supply
chain by GLSS-Industry 4.0 technologies [1, 15].

• Cybersecurity challenges. Furthermore, the se-
curity and availability of data exchanged by var-
ious partners through the supply chain is a much
under-addressed difficult problem [1, 15].

7.2. Overcoming GLSS Implemen-
tation Challenges

The successful implementation of GLSS requires
overcoming several challenges, such as organiza-
tional resistance and technical obstacles, which
must be addressed strategically to ensure opti-
mal adoption. Here are some solutions[15]:

• Training and Awareness / Training and Educa-
tion. Organizations that use the LSS approach
should focus on solid training programs. It in-
cludes educating the public about doing some-
thing about the environment, and how to daily
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do it. It’s also important to teach them how
small, consistent efforts can help the environment
in their daily routines.

• Management Support / Cultural Shift. Lead-
ership plays a key role in getting GLSS off the
ground. Management has to take the first step,
build trust within the organization, and foster a
culture where continuous learning and improve-
ment are the norm. The organization must cre-
ate an organizational culture that welcomes green
practices and further emboldens continuous im-
provement. That shift calls for a positive attitude
towards sustainability initiatives.

• Project Selection. It is critical to choose the right
GLSS projects to have a high sustainability im-
pact. SIPOC diagram, project charters and pri-
oritization tools can help identify what initiatives
to focus on.

• Implementation Frameworks. The GLSS imple-
mentation process is made simple with the de-
velopment of clear and step-by-step frameworks.
These frameworks should be adaptable enough
to incorporate each other depending on the goals
and achieve green goals.

• Strategic Partnerships / Addressing Knowledge
Barriers. Technical expertise and enhancing
training possibilities can be shared with envi-
ronmental organizations, academic institutions,
as well as research bodies. It’s important to
close knowledge gaps by refining employee skills,
choosing the right tools for the job, and making
sure everyone has access to the resources they
need.

• Financial Support. The financial side of GLSS
can be challenging, but governments and banks
can help by offering loans, grants, and supportive
policies to ease the burden.

• Continuous Improvement. Sustainability
shouldn’t be a one-time effort. It needs to be
woven into the organization’s philosophy of con-
tinuous improvement so it becomes a long-term
habit.

• Performance Metrics. To stay on track, compa-
nies should develop clear ways to measure their
progress. Tracking sustainability performance
ensures that efforts align with industry goals and
make a real difference.

8. Case Study Example

A case study in the iron ore industry illustrates
the application of GLSS to reduce graphite and
dust pollution, demonstrating how the integra-
tion of LSS principles can lead to both environ-
mental and operational improvements. This case
follows DMAIC approach, and the first step be-
gins with problem definition where the com-
pany (Company X), being an iron ore exporter,
set a reduction criterion of 20 % in graphite
and dust emissions at the desulfurization plant.

Although the emissions were within statutory
norms, the graphite and dust were causing en-
vironmental concerns [11].
In the measurement phase , the company mea-
sured the levels of graphite and dust in micro-
grams per cubic meter (ug/m3) at four key loca-
tions: the slag dryer, coke screen, baghouse, and
iron ore screening. The average levels recorded at
2.68, 2.29, 1.71 and 1.92 ug/m3 were initial[11].
The team analyzed metal transfers between la-
dles and dust emissions from sources identified
as locations with graphite generation for a signif-
icant source[11].
In the improvement phase , the process design
was improved, the de dusting system modified,
and bag house debris was soaked before loading
to improve the bag house performance. Action
was prioritized for implementation based on slag
pot dumping trials[11].
During the control phase , standardized oper-
ating procedures (SOPs) were created to over-
see metal transfers and solution transfers in or-
der to continue to improve by way of control
documentation[11].
After completing one year, we could see that the
targets of reducing graphite and dust emission
were realized in all four areas, and levels de-
clined to 2.18, 2.03, 1.48 and 1.64 ug/m3, from
the target levels of 2.15, 1.83, 1.37 and 1.53
ug/m3 respectively. In this case the tools used
were group discussion, brainstorming, Five Whys
analysis, SMART goals, project charter, statisti-
cal analysis, Environmental Value Stream Map-
ping (EVSM), multi voting systems, takt time,
waste identification and control charts [11].

Figure 7: Performance improvement in graphite and
dust levels [11]

• Feedback from employees is presented be-
low:

• Concerning value specification that incorporates
environmental aspects, one employee stated:
"Customer needs are paramount to the organi-
zation. They must be met. But the organization
should also analyze in detail what the environ-
mental impact would be in order to meet cus-
tomer needs. I want to give an example from my
company, where our customer wants a large ship-
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ment of iron ore to export, but if we don’t mine
sustainably, we will leave nothing for our chil-
dren". This reflection underscores the need to
align customer needs with environmental impact
and adopt green initiatives to mitigate it[11].

• In relation to the VSM with environmental con-
siderations, one employee noted: "VSM is a very
important tool for representing the process of sat-
isfying customer value. However, we need to be
creative when using conventional VSM to include
elements that will benefit the environment." [11].

• On the subject of the importance of creating flows
while considering environmental impact, one em-
ployee was asked: "As lean professionals, we used
to design flows based on the seven wastes pre-
scribed in the lean methodology. But in mod-
ern organizations, due to the implementation of
green initiatives, streamlining flows while taking
into account the reduction of gases harmful to
the atmosphere is very important."[11].

• Regarding the demand-driven system integrating
environmental dimensions, one employee com-
mented: "Customers are very attentive to prod-
ucts that will preserve our environment. There is
a high demand for such products. Organizations
can use this customer need to design systems that
will benefit them all." [11].

• Creating perfection while considering environ-
mental performance, one employee clarified:
"Creating a state of perfection while considering
environmental performance is a challenge for the
organization. It is one idealistic thing to start
an initiative and another to achieve perfection."
[11].

• The importance of organizational culture for the
success of GLSS, one employee commented: "A
company that has a vision, a mission, and a pre-
disposition toward green initiatives will be better
positioned to implement such Green LSS initia-
tives. Because every employee will be motivated
and imbued with the corporate culture to save en-
ergy or reduce greenhouse gases. "Therefore, for
the successful implementation of the Green LSS
framework, organizations must establish policies,
visions, and missions focused on sustainability
and green management [11].
In this case study, we see how when LSS tools are
combined via the GLSS framework, companies
can improve efficiency and reduce operational
and environmental waste. By integrating these
methodologies with green initiatives the pollution
is addressed and the industry is enabled to prac-
tice sustainable practices. Applying the DMAIC
approach, the company achieves optimized envi-
ronmental performance and operational effective-
ness and demonstrates how GLSS could generate
sustainable outcome [11].

9. GLSS in the Era of Indus-
try 4.0 and 5.0 :

The integration of GLSS with the paradigms of
Industry 4.0 and Industry 5.0 offers new oppor-
tunities and challenges for achieving sustainable,
resilient and human-centered manufacturing sys-
tems. This section explores the synergies be-
tween GLSS and the digital technologies of In-
dustry 4.0 and then discusses the evolution to-
ward Industry 5.0, highlighting the need for a
more holistic and ethical approach.

9.1. Synergies between GLSS and
Industry 4.0

The integration of GLSS approach with Indus-
try 4.0 offers an exciting opportunity to lever-
age quality, productivity and environmental and
social sustainability benefits in manufacturing
firms, for modern industries, sustainability has
to be incorporated into manufacturing practice
and GLSS, has emerged as an effective strategy.
By combining the principles of LSS and sustain-
ability, GLSS aims to enhance operational effi-
ciency while minimizing environmental impact,
adopting the 3R concepts: reduce, reuse, recycle.
As advanced technologies like IoT, CPS, AI, and
big data analytics are used in Industry 4.0 [23],
GLSS can be implemented to reduce emissions
and wastes and sustain practices[24]. The follow-
ing table provides a detailed exploration of the
synergies between specific Industry 4.0 technolo-
gies (e.g., IoT, AI) and GLSS tools, highlighting
how these technologies enhance its effectiveness
of GLSS practices [4, 7, 24]:
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Figure 8: Synergies between GLSS and Industry 4.0
[by students]

9.2. Enhancing GLSS with Indus-
try 5.0: Advancing Beyond Industry
4.0

Industry 5.0 enhances GLSS by going beyond
the digitalization and automation of Industry 4.0
by introducing a human-centered approach, em-
phasizing collaboration between humans and ad-

vanced technologies, and more strongly integrat-
ing sustainability and well-being objectives into
digital transformations [3, 5, 6]. Here’s how In-
dustry 5.0 enhances GLSS in addition to Industry
4.0:

• Human Machine Synergy for Sustainability
boosted: While Industry 4.0 mainly relies on au-
tomation to raise the efficiency Industry 5.0 em-
phasizes on synergy between humans and ma-
chines [3]. In the context of GLSS, this im-
plies that workers’ human knowledge, imagina-
tion and analytical thinking are deliberately com-
bined with the power of advanced technologies
to spot and implement even more innovative and
customized sustainability solutions. Industry 5.0
addresses the need to return human workers to
factories to partner with machines to boost effi-
ciency of process that has a sustainability related
component to it [6].

• Emphasis on Sustainability and Well-being: Un-
like Industry 4.0, which could potentially over-
look the human cost of process optimization and
did not have as strong a focus on environmental
protection, Industry 5.0 integrates sustainability
and well-being into its digital transformations.
For GLSS, this translates into an increased em-
phasis on sustainable manufacturing, combining
advanced technologies with sustainable practices
to reduce environmental impacts. Industry 5.0
now integrates sustainability objectives into its
digital transformation. The industries of the fu-
ture hold a key position in addressing societal
challenges, including the preservation of natural
resources and combating climate change [3].

• Sustainable Personalization Focused on Humans:
Industry 5.0 enables mass customization with
high precision and low cost, integrating sustain-
able and resilient thinking. This personalization
can be guided by the specific needs of customers
identified through human interaction, while opti-
mizing resource utilization and minimizing waste,
which aligns with GLSS objectives. Digital Twins
in Industry 5.0 allow companies to simulate and
predict the socio-environmental footprint of their
products across their entire life cycle, from de-
sign to final consumption, helping to align indus-
trial practices with more sustainable standards
[3]. Smart Additive Manufacturing (SAM) helps
to reduce the consumption of materials and re-
sources, in addition to its ability to save energy
resources, leading to pollution-free environmen-
tal production [6].

• Industry 5.0 promotes sustainable innovation
through a partnership of technological capacities
with human creativity and ethical values. Mo-
bilizing joint efforts between humans and ma-
chines allows designers and engineers to produce
sustainable and ethical products and processes.
The sustainability-oriented innovation principle
of Industry 5.0 builds fundamental operational
elements which enable resilient and efficient and
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environmentally responsible operational models
aligned with GLSS objectives [6].

• Industry 5.0 focuses on human applications of
data analysis developed through Industry 4.0
methods to support sustainable decisions. The
utilization of human experience and knowledge
when reviewing data from Industry 5.0 technolo-
gies results in more significant sustainable out-
comes within GLSS approaches. AI together
with big data technology supports DMAIC’s De-
fine phase by transitioning from subjective man-
ual methods toward embedded data-based ap-
proaches that gather information from various
sources while recognizing patterns with major en-
vironmental and operational effects [6].
In summary, Industry 5.0 enriches GLSS by
adding an essential human dimension, reinforc-
ing the commitment to environmental and social
sustainability, and fostering closer collaboration
between humans and advanced technologies to
achieve truly sustainable operational excellence.
Industry 5.0 does not replace Industry 4.0, but
evolves it towards a more holistic paradigm where
technology serves humans and the planet. The
integration of Industry 5.0 technologies into the
cycle of GLSS can significantly enhance both sus-
tainability and efficiency of production processes
[3].

Figure 9: Conceptual Green Lean Six Sigma model
(Kaswan and Rathi, 2021a) [9]

10. Discussion

GLSS integrates operational efficiency and sus-
tainability, providing a phased, tool-supported
approach [11, 13]. Case studies have validated its
applicability in reducing pollution and enhancing
sustainability [11]. GLSS achieves efficiency and

sustainability by incorporating waste, variation,
environmental emissions, and process improve-
ments, making use of the strengths of LSS and
sustainable technologies [9, 12, 13]. Unlike LSS,
which prioritizes operational quality, GLSS con-
siders the whole breadth of sustainability as well
as social factors, according to [11, 13]. A project-
based, phased, and structured framework is fol-
lowed in GLSS, with key project selection being
supported by instruments such as LCA, SLCA,
DOE, and the Pugh Matrix [9, 13]. The use of
Industry 4.0 technologies, notably IoT, Big Data,
AI, and smart sensors, assists in green initiatives
by making it possible to monitor processes, opti-
mize them, and use predictive analytics, thereby
increasing the effectiveness of GLSS approaches
and pushing for sustainability [17, 24]. Manufac-
turers require KPI aligned with the Triple Bot-
tom Line (TBL) framework to effectively moni-
tor and improve sustainability across social, eco-
nomic, and environmental dimensions, linking
targets to stakeholder expectations [3, 8]. Sev-
eral case studies validate GLSS’s applicability
in reducing pollution, GHG emissions, and im-
proving energy efficiency, cycle time, and lead
time, emphasizing the need for employee involve-
ment, financial resources, and adequate training
[11, 15, 20]. Industry 5.0 further advances this
approach by focusing on human-centric cooper-
ation and leveraging AI and big data analytics
combined with the GLSS DMAIC cycle to bet-
ter define sustainability objectives and track en-
vironmental performance [24].

11. Limitations

The Research on integrating sustainable prac-
tices, particularly concerning GLSS and related
methodologies, faces several limitations. There is
a reliance on existing literature, often based on
a limited selection of articles, which constrains
scope and originality of findings. Studies propos-
ing frameworks for integrating lean, agile, re-
silient, and green approaches often depend on a
small number of prior works, limiting the explo-
ration of new perspectives or methodologies. The
focus on the manufacturing sector restricts gen-
eralization, as sectors like healthcare, services, or
education remain less researched. Research of-
ten targets specific industries such as construc-
tion, mining, or food processing. A lack of stan-
dardized sustainability metrics persists. Finan-
cial and environmental performance can be as-
sessed differently, and social indicators are sub-
jective, making it difficult to accurately measure
sustainability. Some frameworks also neglect one
or more dimensions of sustainability (economic,
environmental, and social). There is a lack also
of practical validation and empirical research.
Many frameworks lack real-world testing. While
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case studies exist, they are often exploratory,
with limited scope and generalizability, creating a
gap between theory and practice. Also a limited
comparative studies across countries, cultures, or
company sizes further restrict understanding of
contextual factors affecting the effectiveness and
generalization of sustainability practices. The
development of environmental KPIs faces both
theoretical and practical limitations. Research
constrains the breadth and depth of KPIs, and
data collection lacks industry-specific granular-
ity. There is no universally standardized set
of KPIs for environmental sustainability across
the manufacturing sector [8]. Regarding Indus-
try 4.0, despite vast data opportunities, the ac-
tual relevance of its technologies to environmen-
tal performance is unclear. Leveraging big data
requires specific BDA capabilities and EP focus,
with limited empirical validation of their relation-
ship [3, 7]. The integration of Industry 5.0 with
GLSS is largely conceptual. Its success assumes
access to advanced technologies, digital infras-
tructure, and organizational commitment to sus-
tainability and operational excellence. Given its
nascent stage, sector-specific empirical research
is needed to validate its sustainability impact [3].
These limitations do not negate the value of sus-
tainable approaches but emphasize the need for
further research. Future research should focus on
empirically validating models, integrating Green
Lean with Circular Economy and Industry 5.0
technologies, developing practical tools, analyz-
ing drivers and barriers, redefining KPIs, and
expanding applications to underexplored sectors
and regions.

12. Conclusions

This review highlighted the transformative po-
tential of GLSS for sustainable manufacturing
by integrating LSS and environmental practices
to optimize industrial performance while mini-
mizing environmental impact. The integration
of these approaches not only improves efficiency
but also reduces emissions, contributing to the
circular economy [9].
The proposed framework for GLSS implemen-
tation demonstrates that structured integration
is crucial for success. Relying on key fac-
tors such as leadership commitment, employee
involvement, and the adoption of appropriate
technologies[1, 11, 12]. Measuring its impact re-
quires the use of sustainability KPI that cover
environmental (emissions, energy consumption,
waste), economic (costs, resource efficiency) and
social (employee well-being, community engage-
ment) dimensions [8]. However, significant chal-
lenges remain in GLSS implementation, partic-
ularly cultural barriers and technological con-
straints, which must be addressed to maximize

its benefits [1, 11, 12].
Case studies and research on GLSS applica-
tions in both developed and developing countries
have provided valuable insights into its impact
and outcomes. Nevertheless, further research is
needed to quantify sustainability impacts, ex-
plore applications across additional industries,
and refine performance measurement tools[9].
Additionally, The integration of Industry 4.0
technologies, such as the IoT and CPS, offers sig-
nificant potential to optimize GLSS practices by
providing real-time data and facilitating the au-
tomation of sustainable processes[7, 24]. The in-
tegration of Industry 5.0 technologies with GLSS
enhances sustainability and efficiency through
real-time optimization and smart systems. De-
spite some challenges, this synergy drives sus-
tainable manufacturing forward. Future research
should refine measurement tools and broaden ap-
plications across industries [3].
In conclusion, GLSS offers a promising ap-
proach to enhancing overall business performance
while simultaneously contributing to environ-
mental sustainability and operational efficiency.
It serves as a strategic lever for organizations
aiming to become leaders in sustainable manu-
facturing on a global scale.
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A. List of abbreviation

• GLSS: Green Lean Six Sigma
• DMAIC: Define, Measure, Analyze, Improve,

Control (Six Sigma methodology)
• LCA: Life Cycle Assessment
• GRA: Grey Relational Analysis
• FMEA: Failure Mode and Effects Analysis
• SOP: Standard Operating Procedures
• OCAP: Operating Control and Action Proce-

dures
• Key Performance Indicators: KPI
• DOE: Design of Experiments
• Pugh Matrix: Decision-making tool for evalu-

ating alternatives
• 3R: Reduce, Reuse, Recycle
• SLR: Systematic Literature Review
• GLA: Green Lean Approach
• CSR: Corporate Social Responsibility
• VSM: Value Stream Mapping
• EVSM: Environmental Value Stream Mapping
• CTQ: Critical to Quality
• CPS: Cyber-Physical Systems
• IoT: Internet of Things
• AI: Artificial Intelligence
• LSS: Lean Six Sigma
• CE: Circular Economy
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