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Abstract: In recent years, the application of Lean models in manufacturing processes has received
significant attention due to the successful implementation of relatively simple measures to eliminate or
reduce waste. Similarly, Six Sigma has attracted the interest of the industry for reducing production
costs through statistical methods and data analysis tools. The combination of both techniques
constitutes a powerful management model known as Lean Six Sigma (LSS), whose application has
been unevenly spread across the different services and industrial sectors. Despite the multiple
studies conducted on the use of LSS methodologies in manufacturing processes, few studies have
focused on its direct application in chemical manufacturing are less numerous. Consequently, many
chemical companies still face major challenges in implementing the LSS model. This study explores
the state of the art, current trends, and perspectives of Lean and Six Sigma integration in the chemical
manufacturing sector. For this purpose, a bibliometric analysis was conducted covering topics
from the implementation of the LSS on a global scale, i.e., non-manufacturing and manufacturing
environments, to its application in the manufacturing of chemical products. The literature search
was carried out in the Scopus and Web of Science databases using a different sequence of terms. The
findings of this study revealed the most important contributions in terms of publications, authors,
countries, and institutions over the past two decades. Additionally, avenues for future research
are discussed.

Keywords: bibliometric study; Lean Six Sigma; manufacturing processes; chemical manufacturing;
quality management

1. Introduction

Current market globalization drives business organizations to establish mechanisms
that enhance their competitiveness by developing and implementing more efficient organi-
zational and production techniques. Furthermore, maintaining customer satisfaction by
meeting expectations necessitates a constant evolution in management techniques. There-
fore, an increasing number of companies are looking to adopt business strategies that will
enable them to remain competitive in the market, achieve optimal performance, provide
the best possible service to customers, and strive for continuous improvement. The Lean
manufacturing (LM) model is a concept adopted to remove waste and processes that do not
contribute to customer satisfaction or add value to the final product or service. In recent
years, this manufacturing philosophy has been consolidated as the driving force behind
an efficient production process and is universally recognized and valued for its significant
advantages [1]. It focuses on the management of points that use more resources than
necessary, whether material, human, or time, which increases the effectiveness of the com-
pany [2]. The precursor to the LM model is found in the just in time (JIT) production system,
whose origin dates back to the 1950s at the Toyota automobile company and is based on
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producing only what is demanded and when the customer requests it [3]. Although John F.
Krafcik introduced the term Lean production in 1988 based on JIT [4], the current concept
given to LM by Womack et al. [5] compares the Toyota Production System (TPS) with the
American mass one and is defined as a process of change guided by a set of principles
and practices that would undertake continuous improvement. One of the fundamental
principles is called “Toyota’s seven wastes”, which recognizes eight types of waste that do
not add value to customers, i.e., overproduction, waiting, transportation, overprocessing,
excess inventory, unnecessary movements, defects, and underutilized talent [6]. Generally
considered as a methodology, it should be noted that some authors such as Liker [7] go
one step further and suggest that LM is a work philosophy that reduces the time elapsed
from the customer’s order to the shipment, removing possible waste sources during the
production flow. On the other hand, Cooper [8] offers a more critical view and refers to
Lean as a competitive system based on the assumption that the advantage of a product
over its competitors is not sustainable over time.

At the same time, Motorola Inc. successfully implemented the Six Sigma (SS) model in
the mid-1980s, in an effort to enhance the quality level by consistently reducing variability
within manufacturing operations. SS can be defined as a systematic method for strategically
improving processes and developing new products or services through the application of
statistical tools and techniques to minimize defects that may reach the final consumer. It
aims to reduce process variation and improve process control. The origins of SS can be
attributed to Bill Smith (1929-1993), who initially developed a concept based on quality
management principles. However, under the leadership of Jack Welch at General Electric
(GE) in the early 1990s, SS evolved into a globally adopted management approach, becom-
ing a widely recognized and implemented methodology [9]. Under this definition, this
methodology has been demonstrated to be an effective tool for improving productivity and
quality in a wide range of production processes, and has consequently generated favorable
impacts from an economic point of view [10,11]. In short, while SS emphasizes variation
and defects/failures, LM emphasizes speed and waste.

In the early 2000s, several organizations attempted the simultaneous adoption of
both methodologies. The integration of LM and SS, known as lean Six Sigma Manufac-
turing (LSSM), offers a powerful strategy that provides better results in any discipline
over individual one [6]. Devane [12] showed that a strategy based only on the application
of SS would overlook three benefits that LM would bring, i.e., inventory reduction, pro-
cessing speed and short-term economic benefits, owing to the time required for learning
the methodology, data collection, analysis and application of techniques. LSSM drives
process improvement, increasing processing speed and ensuring high-quality outputs, to
meet customer satisfaction [13]. Since customer satisfaction is directly related to the profit
obtained by the organization [14], the implementation of the LSSM methodology can be
considered a part of the business strategy. Currently, the LSSM has become the leading
strategy for business improvement and has been effectively implemented across a wide
range of businesses. An increasing number of studies indicate that LSSM has substan-
tially contributed to the success of numerous companies in different sectors worldwide.
For instance, Bailey et al. [15] reported the successful convergence of LM and SS in an
aerospace company. The implementation of LSSM reduced waste inventory, production
and labor costs, resulting in a substantial increase in sales from USD 30 to 205 million
per year. Franchetti et al. [16] proposed an LSSM approach with a specific focus on value
stream analysis for a local manufacturing company in Ohio (USA). The case study demon-
strated how this company can substantially reduce costs by USD 0.6 million per year.
Ruben et al. [17] adopted an LSS framework that incorporates environmental considera-
tions to simultaneously reduce defects and minimize environmental impacts in an Indian
automotive manufacturing company. Deployment of the LSSM framework reduced the
internal defects from 16,000 to 6000 ppm and the environmental impacts from 42 to 33 Pt.
The LSSM has also been successfully implemented in a wide variety of sectors such as elec-
trical [18,19], casting [20,21], construction [22,23], food engineering [24,25], education [26],
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communications [27], energy [28], healthcare [29], even government services [30], and
many other. [31-33]. However, despite its proven effectiveness, there are still numerous
potential sectors suitable for LSSM implementation that, for a variety of reasons, have not
yet adopted these business strategies or are progressing very slowly.

One such example is the chemical sector, particularly chemical manufacturing. It is
noteworthy that the influence of LSSM on the production of chemicals is not prominent.
Indeed, the literature shows that research on the implementation of LSSM in the chemical
sector is very limited, especially when compared to the extensive studies focused on non-
chemical sectors. Therefore, this sector has yet to fully explore and harness the benefits of
LSSM. This assessment raises the following research questions:

1.  What is the trend and actual situation of LSS applied to manufacturing chemicals?

2. What are the motivations or factors driving the adoption of LSS in the chemical
manufacturing sector?

3. What factors contribute to the limited adoption of LSS by chemical manufacturing
companies?

4. What is the future research direction for chemical manufacturing companies after the
LSSM implantation?

According to the U.S. Bureau of Labor Statistics, the number of establishments in
chemical manufacturing was 23,177 at the end of 2022 in the USA [34], representing 8%
of all manufacturing facilities, while the European Chemical Industry Council registered
more than 61,000 chemical companies in Europe [35], which means 2.3% of its total. Given
the current situation in the international market and the extensive use of chemical products
in multiple fields such as food, energy, health, agriculture, etc., the chemical manufacturing
sector represents a clear example of customer service. Additionally, chemical industry
processes are often complex, involving multiple variables, significant volumes of hazardous
materials, stringent safety regulations, energy consumption, and waste generation. Con-
sequently, the chemical manufacturing sector is a promising candidate for application
of LSSM business strategies. This reflects the opportunity for further expansion and ap-
plication of the LSSM in chemical industries to unlock its benefits and drive continuous
improvements, which still remain unexplored for most of them. Therefore, this study high-
lights and supports the potential for broader implementation and exploration of LSSM in
chemical manufacturing companies by emphasizing the current motivations, barriers, chal-
lenges, and applications. Additionally, this study uses bibliometric approaches to provide
a comprehensive overview of the current state of LSS adoption in chemical manufacturing
companies compared with its implementation in other environments.

2. Methodology

The analysis of the publication trend of scientific articles has become the standard
unit that allows the quality of the knowledge-generating process and its impact on the
scientific environment to be qualified. In this way, it is feasible to evaluate the state of
the art and prospects of the topic under investigation [36]. Bibliometric studies are based
on statistical analyses of specific data collected from the review of databases, focusing
on publication indicators such as articles, authors, citations, keywords, etc., which are
susceptible to analysis [37]. Recently, researchers from multiple disciplines have extensively
adopted bibliographic methodologies that combine bibliometric analysis and systematic
literature reviews to describe the development of a concept in their research areas [38—40].
Particularly, bibliometric analysis has gained remarkable popularity within the domain
of business research, including business strategy [41], marketing [42], management [43],
human resources [44], etc. This popularity can be attributed to the valuable information that
can be extracted from these types of studies, e.g., extension of research activity, publication
output, collaboration patterns, dissemination of knowledge, etc., as well as its potential to
uncover emerging trends, handling a huge volume of unstructured scientific data, or the
cross-disciplinary pollination of data science to business research [45].
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The first integration of LM and SS methodologies was in the late 1980s; however, it
was the publication of the book Lean Six Sigma: Combining Six Sigma Quality with Lean Speed
by George (2002), which significantly raised the appeal of LSS as a combined framework for
organizations [46]. Thus, the present bibliometric analysis and literature review covers the
period from 2002 to 2022 in order to understand the evolution of LSSM over this time. Ini-
tially, the searches were carried out in two of the most relevant databases: Scopus (Elsevier)
and Web of Science core collection (Clarivate). To follow the current trend and state of LSS
applied to the manufacturing of chemicals, it is crucial to begin with a global perspective
and progressively deepen in more specific concepts. Thus, the search was mainly organized
into three categories: (i) the implementation of LSS in any sector (manufacturing and
non-manufacturing environments); (ii) LSS implementation in manufacturing companies;
and (iii) LSS adopted in the manufacturing of chemicals. In this regard, the following
sequence of terms was used to search the article titles, abstracts and keywords: “Lean Six
Sigma”, “Lean Six Sigma Manufacturing”, “Lean Six Sigma Manufacturing Chemicals”
and “Lean Six Sigma Manufacturing Chemical Industry” (Figure 1).

‘ Identification of Studies via databases ‘

Database searching ‘ Database searching
Scopus ! l Wos

Definition of Keyword
“ss”

| Sscopusin=3180] || Wos [n=2255]
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Figure 1. Scientific publications between 2002 and 2022 as a function of the database employed.

The study excluded certain types of articles, such as editorial notes, reports, prefaces,
theses, conference articles, and working papers, and included those that were published in
peer-reviewed academic journals. Additionally, there was no language restriction. These
exclusions ensured a focused and rigorous analysis of the relevant literature. Following
this scrutiny, abstracts of the collected articles were further analyzed for the LSSM adoption
framework, factors contributing to its success or failure and case studies on LSS applied to
the manufacturing of chemicals. Finally, a thorough analysis of these studies was carried
out. Based on the search results, Scopus was selected as the database for this study. The
methodology is illustrated in Figure 2.
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Figure 2. Methodology followed for the study.

A bibliometric software, i.e., VOSviewer (developed by Nees Jan van Eck and Ludo
Waltman from the Centre for Science and Technology Studies [47]), was employed for
bibliometric mapping. Different graph-based maps were constructed to visualize bib-
liometric networks that include journals, researchers and publications based on citation,
bibliographic linkage, co-citation and co-authorship relationships. Moreover, graph-based
maps were constructed to visualize co-occurrence networks of crucial terms extracted from
a corpus of scientific literature. Such networks provide a comprehensive understanding of
the interrelationships among the key concepts and themes discussed in the literature.

3. Results

As mentioned above, a global perspective of LSS implantation is first given to then
progressively deepen the research into more specific aspects. This enables a comprehensive
understanding of LSS in a broader context before narrowing down to its application within
the manufacturing chemical industry.

3.1. Brief Overview of Current LSS Publications
3.1.1. Subjects Area

The search results using the Scopus database are presented in Table 1. As can be
seen, the non-manufacturing sector involves the highest percentage of LSS application,
accounting for over 65% of the total. Interestingly, the chemical manufacturing companies
that have implemented LSS hardly represent 4% of the total number of manufacturing
companies that have deployed these methodologies. This percentage is even lower if the
term industry is added to the search. This indicates that the implementation of LSS in the
chemical manufacturing sector has not been fully explored.
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Table 1. Scientific publications between 2002 and 2022; Scopus database.

Search Term Articles
Lean Six Sigma 1572
Lean Six Sigma Manufacturing 547
Lean Six Sigma Manufacturing Chemicals 22
Lean Six Sigma Manufacturing Chemical Industry 7

Table 2 shows the share of total articles classified by the top ten subject areas. A
preliminary analysis of the results shows a wide variety of research areas on LSS method-
ology, highlighting those related to the management, business, engineering, and health
sectors. This search did not generate any results sorted by sectors, such as production or
manufacturing. As expected from the results of Table 1, the field of chemistry is not within
the top ten research areas of LSS publications (Table 2).

Table 2. Top ten research areas of LSS articles.

Subject Area Items Including % From Total Articles
Business, Management and Accounting 810 30.1
Engineering 661 24.5
Decision Sciences 367 13.7
Medicine 301 11.1
Computer Science 173 6.4
Social Sciences 110 4.0
Nursing 103 3.8
Environmental Science 71 2.6
Materials Science 55 2.0
Energy 43 1.6

3.1.2. Articles by Country

Table 3 shows the number and proportion of publications by the top ten contributing
countries. LSS has been extensively studied in its origin country (USA), reaching more than
one-third of the total number of publications between 2002 and 2022, followed by India
with 20.7%. Both countries accounted for the majority of publications on this topic. Of the
ten countries, four were from Europe, with a ratio of 27.5%. The substantial number of
publications originating from the USA and India underscores their role as leaders in the
field and their contribution to the global body of knowledge on the topic.

Table 3. Main contributions made by country.

Country Articles %
United States 481 38.9
India 256 20.7
United Kingdom 187 15.1
Netherlands 60 4.8
Brazil 54 43
Ireland 51 41
Italy 43 3.5
Malaysia 42 3.4
United Arab Emirates 33 2.7
Canada 32 2.6

3.1.3. Keywords

For comparative purposes, it is interesting to have an overview of the keywords
employed to classify the reviewed works. Table 4 shows the ranking of the top ten relevant
key terms used by the authors.
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Table 4. Top ten keywords and key terms used in LSS ranking of published articles.
Keywords Quantity Total Link Strength
Six Sigma 618 2182
Lean Six Sigma 602 1664
Total Quality Management 284 1089
Lean 249 808
Work Simplification 244 1211
Lean Production 228 1142
Process Engineering 195 1004
Quality Improvement 187 768
Process monitoring 182 1096
Organization and Management 141 635

From the data collected in Table 4, a graph-based map was elaborated using VOS
Viewer tool (Figure 3). It indicates the frequency of occurrence of each term, number of
connections to other terms, and strength of these connections based on the frequency of their
occurrence. The proximity between nodes, which indicates the simultaneous appearance
in multiple published articles, and the thickness of the links are directly related to their
strength [47]. To provide a more representative picture, each term must be mentioned at
least 30 times to be involved in mapping. Furthermore, irrelevant terms such as “article” or
“human”, which do not add value to the search, were excluded. Finally, a total of 64 from
6521 keywords remained for mapping.

case@tudy
sustaifability ™
dmaic
.
sustainable development = lean management ior Bhmical
lean mangfacturing g major cligical study
efficiency .
% econ@mics.
— N controlled stud:
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process inprovement S ;
i quality == Z /
lean prgguction decisionimaking quality imBfovement. .« A\
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3 . rocegures
process epgineering ] .
qualityicontrol

design/methodelogy/approach quality mahagement

critical suagess factors

Figure 3. Keyword concurrency LSS analysis. Groups of repeated keywords are shown in the same
color (clusters).

The frequency analysis shows the most relevant keywords as well as the co-occurrence
patterns found in the publications on this topic. As seen, all are grouped into three cluster:
red, green and blue. The green cluster includes words such as total quality management,
quality improvement, organization and management, whereas the red one includes lean
production, six sigma, work simplification and process monitoring, among others. The
blue cluster is the smallest and gathers words such as lean six sigma, lean or process
improvement. From the analysis of these clusters, it can be deduced that there are three
main pillars that define LSS research: (i) the red pillar, which is headed by the term
Six Sigma, is mainly focused on management; (ii) the green pillar, led by total quality
management, focuses on quality; and (iii) the blue pillar, which is driven by Lean Six Sigma,
is related to the analysis. The multitude of connections between clusters indicates the
mutual dependence of these pillars. It should be noted that the largest cluster is related
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to management, followed closely by the quality cluster. As expected, there are no notable
references to the manufacture of chemicals or any of their permutations among the main
keywords, and consequently, no nodes related to the chemical sector appear in the map.

3.2. Lean Six Sigma Manufacturing

In this section, the current state of LSSM methodology is presented. Considering the
application of LSS in manufacturing processes, the number of publications found in the
Scopus database decreases from 1572 to 547.

3.2.1. Annual Articles

An increasing number of companies are adopting LSSM methodologies, and interest
in developing this strategy in production environments is growing sharply. This is notori-
ous for the 250 studies that have been published during the last five years, representing
approximately 48% of the total number of articles published during the studied period
(Figure 4).

80

_________

70

60

50

40

Articles

30

20

10

2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023
Year

Figure 4. Scientific publications on LSSM by year.

In a dynamic and ever-changing environment where efficiency is becoming increas-
ingly important, the adoption of systems based on the Internet of Things (IoT), artificial
intelligence (Al), big data, Industry 4.0 and supply chain management (SCM) requires
in-depth analysis to aim for zero defects in processes [48]. Thus, manufacturing production
sectors have significantly supported the application and development of these techniques,
driven by the need for cost reduction to remain competitive in the globalized market [49].
Additionally, the pursuit of energy savings, waste reduction and material cost optimization,
along with initiatives such as Horizon 2030 (Global Nature Foundation), has increased in-
terest in exploring new management proposals in activities that were traditionally resistant
to such models or simply did not consider the possibility of changing their production
systems [50].

3.2.2. Articles by Source, Author, Research Areas and Countries

To establish a comprehensive framework to support further studies on LSS applied
to the manufacturing of chemicals, studies dealing with LSSM and published in the past
two decades have been categorized by journals, authors, research areas and countries
(Tables 5-8). This classification provides a structured overview of the existing literature
and facilitates a deeper understanding of the current state of LSSM.
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Table 5. Top ten journals collecting LSSM.

Source Title Articles
International Journal of Lean Six Sigma 39
International Journal of Six Sigma and Competitive Advantage 33
TQM Journal 24
International Journal of Quality and Reliability Management 21
Production Planning and Control 17
International Journal of Productivity and Quality Management 11
Journal of Cleaner Production 11
Total Quality Management and Business Excellence 11
Journal of Chemical Health and Safety 10
International Journal of Productivity and Performance Management 9

Table 6. Top ten authors collecting LSSM.

Source Title Articles

Antony, J. 41
Vinodh, S. 11
Cournoyer, M.E. 10
Kumar, M. 10
Sony, M. 10

Sunder M. V. 8

Devadasan, S.R. 8
Rathi, R. 8

Chiarini, A. 7

Desai, T.N. 7

Table 7. Top ten subject areas collecting LSSM.
Subject Area Articles

Business, Management and Accounting 320
Engineering 300
Decision Sciences 141

Computer Science 76

Social Sciences 34
Environmental Science 28
Medicine 28

Chemical Engineering 28
Materials Science 26

Energy 21

Table 8. Top ten countries collecting LSSM.
Country Articles

India 151
United States 131

United Kingdom 80

Malaysia 23

Brazil 22

Ireland 15

Italy 14

United Arab Emirates 13

Indonesia 9

Australia 8
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The data reveal that India has emerged as the major contributor to LSSM implemen-
tation, followed closely by the USA and the UK. This indicates a shift in the top position
between the USA and India compared with LSS adoption in global terms. It is interesting
to note that one author (Antony, J) stands out from other authors in the field. His work
accounts for approximately one-third of the total contributions of the top ten authors.
Furthermore, most of the studies were published in the International Journal of Lean Six
Sigma, with the International Journal of Six Sigma and Competitive Advantages being a
close second in terms of publication frequency, indicating the prominence of these jour-
nals in disseminating research related to LSSM. Concerning the subject area, the top ten
research areas were also quite similar when comparing LSS and LSSM. For instance, the
three most researched areas are the same and in the same order (business, management
and accounting, engineering, and decision sciences) for both methodologies. Interestingly,
chemical engineering replaces nursing in the top ten LSSM subject areas, indicating a spe-
cific focus on chemical engineering-related applications and considerations in the context
of LSS in manufacturing. This shift suggests that there is distinct emphasis on applying LSS
methodologies and principles, specifically in the field of chemical engineering. However,
despite this emphasis, the number of publications in the field of chemical engineering
represents a small fraction, accounting for approximately 2% of the total published works.
This suggests that while there is recognition of the potential applications of LSSM in the
chemical engineering domain, there is still ample room for further research and exploration
in this area.

3.2.3. Keywords

Table 9 presents a compilation of the top 10 keywords, which have been used more
than 30 times, out of a total of 2455 keywords obtained from the LSSM search conducted in
the Scopus database. The relationships between these keywords are shown in Figure 5. As
in the previous case, the VOS Viewer tool was employed for data mapping.

Table 9. List of the ten most frequently used key terms on LSSM.

Keywords Quantity Total Link Strength
Six Sigma 260 739
Lean Six Sigma 187 439
Work Simplification 105 475
Lean Manufacturing 107 245
Lean Production 97 423
Process Engineering 86 377
Process Monitoring 79 416
Lean 79 201
Manufacture 59 258
DMAIC 58 125

In this case, the graph-based map is simpler than that obtained for the LSS. The
lower number of links and keyword repetitions contributed to this appreciation. The
main observation is that the key terms are fully associated with issues directly related to
manufacturing processes, such as work simplification and manufacture, among others.
The keywords organization and management and quality improvement, which were in
the top ten LSS keywords, were indeed replaced by manufacture and DMAIC. Again, all
data are grouped into three clusters: red, green and blue; however, their distributions are
different. The green cluster includes words such as lean production, process engineering,
manufacture, and work simplification. The red one includes lean, lean six sigma and
six sigma, among others. The blue cluster is smaller and includes words such as lean
manufacturing and total quality management. The red area is related to lean tools, whereas
the green and blue are related to production processes and quality, respectively. Despite
the potential relevance of these subjects in chemical manufacturing and the production of
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chemicals, it is intriguing to observe that there are no specific references to them within the
analyzed articles. This observation suggests a research gap and indicates a potential area for
future exploration and investigation within the context of LSS in chemical manufacturing.

qualitygontrol

work sifiplification

lean maq@ifacturing ' ¢otal quality@anagement

process @figineering
lean pigduction

continuous improvement - |ean swigma sustainable@evelopment

six*na

manuifacture
process ffionitoring
draic

manufacturing

process improvement

Figure 5. Network visualization of keywords cited in LSSM more than 30 times. Groups of repeated
keywords are shown in the same color (clusters).

3.3. LSS Adoption in the Manufacturing of Chemicals

As seen, the area delimited by LSSM covers similar sectors and follows a publication
trend comparable to that of LSS. In this section, a special focus on the application of LSS
in the chemical manufacturing industry is given. Chemical manufacturing holds great
potential for the adoption of these methodologies. The widespread use of chemical products
across multiple fields represents a clear example of customer service, making this sector
a promising candidate for the implementation of LSSM. Nevertheless, the search carried
out on this topic shows a dramatic decrease in the number of research papers compared
to other manufacturing sectors (Figure 6). This suggests that the application of the LSSM
techniques in this sector has not yet been widely developed.

e .\\
/ Chemical Engineering - N\
1600 + \
\ i
1400 1 Social Sciences - 3}
1200 + Computer Sciences %
ks : 1
£ 1000 + ———— A i
Fe r y Decision Sciences /
< 1 ; i
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2 eva I |
400 + i i
i |
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Number of Publications /

0 N e e e

LSS LSSM

Methodology

Figure 6. Number of published articles between 2002 and 2022 on the application of LSS in man-
ufacturing and non-manufacturing environments (left), and on the top ten subject areas of LSSM
adoption (right).
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By searching LSSMCh in the Scopus database, the results hardly offered 22 scientific
papers published between 2002 and 2022. This clearly means that the research and devel-
opment of LSS methodology applied to the chemical manufacturing environment is in a
very early stage. Table 10 shows the year of publication, citations, and the most important
contributions of all works published on this topic. In short, 18 articles deal with sustainable
development, 9 with innovation and infrastructure and 9 are related to nuclear facilities; it
should also be noted that the most productive country is the USA (12 articles), followed by
Malaysia (2 articles).

Table 10. Literature on the LSS application in the manufacturing of chemicals.

Ref. Year Cit. Findings

[51] 2022 0 A monthly reduction of 15.3% in chemical consumption and process capacity enhancement.
[52] 2021 35 Reduction in the chemicals (28%) and energy (21%) consumption in the system.

[53] 2021 11 Environmental capacity enhancement and achieving a higher level of green process performance.

Demonstrated the effectiveness and relevance of LSS as a strategic tool for business survival in a
chemical manufacturing company in South Africa.

[54] 2016 1 Chemical exposure and slip/trip/fall cases decreased. Reduction in illness and injuries.

A proposition to successfully implement the LSSM in the pharmaceutical industry for the

[32] 2019 13

(53] 2016 8 improvement in quality management and cleaner production.

[56] 2015 2 Potential improvement in criticality safety operation safety at a nuclear facility. Reduction in
administrative and engineered requirements and mitigating human error factors.

[57] 2015 1 To improve competitiveness and quality by the integration of the theory of constraints and LSS in

the manufacturing of chemicals.
[58] 2014 0 Enhancement of the performance of the product development process.
Reduction in the production time by up to 54%, elimination of all critical defects, increase in

591 2013 0 product performance from 17 to 90%.
To ensure radiation exposures remain significantly below regulatory limits, minimize

[60] 2013 3 contamination events, and avoid uncontrolled releases (National Laboratory Plutonium (Los
Alamos, NM, USA)).

[61] 2013 16 Increase effectiveness in the air purifying respirator process, removing events, reducing costs,
and decreasing cycle time.

[62] 2013 1 To improve safety awareness and minimize accidents, illnesses, and injuries.

[63] 2011 0 A mini-review of different methodologies for cleaning validation, including the adoption of

i LSSM among others.
[64] 2011 4 A substantial reduction in ergonomic injuries, particularly those related to glovebox operations,

e.g., laceration, etc.
[65] 2011 18 Improvement in operational safety by the potential reduction in glovebox glove events.
Enhancement of efficiency, cost-effectiveness and formalization of glovebox operations by

[66] 2011 20 reducing inefficiencies and wastes.
Operational safety improvement. Reduction in ergonomic injuries and minimization of excessive
[67] 2011 15 . . . . .
exposure to radiological sources related to breaches and failures in glovebox operations.
[68] 2009 0 Improvement in manufacturing performance and cost saving.
[69] 2009 9 Elimination of unnecessary steps, enhancing the efficiency of the production process, decreasing
cycles times, resource saving.
[70] 2007 3 A proposal to optimize people, assets, and processes. Operation efficiency improvement.
[71] 2006 0 A strategic tool for business survival; maximizing process flows and removing wasteful activities.

The publication trend in the field of LSS applied to the manufacturing of chemicals
does not show a positive trajectory. The first study on this topic was published in 2006, and
there have been fluctuations in the number of studies over the years. The years 2011 and
2013 recorded the highest number of publications, with five and four studies, respectively.
However, in the last six years, only four works have been published, three of which
were published in 2020 and one in the last year. This indicates low adoption and limited
development of LSS methodologies in the chemical manufacturing sector. Furthermore, it is
notable that only half of the published works received more than 10 citations, suggesting a
relatively low impact of these studies within the research community. Despite the promising
results reported by other authors in different sectors and the clear advantages that this sector
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may gain from its adoption (Table 10), it remains intriguing why the implementation of LSS
in the chemical industry is not popular. This indicates the need for further exploration and
investigation to understand the barriers, challenges, and factors influencing the adoption
of LSS methodologies in this specific field.

4. Discussion

This study explores the state of the art, current trends, and perspectives of LM and
SS integration in the context of the chemical manufacturing sector. For this purpose, a
bibliometric analysis was conducted covering from the implementation of the LSS on a
global scale, i.e., non-manufacturing and manufacturing environments, to its application in
the manufacturing of chemical products. The main results of this study in response to the
research questions are summarized below. The barriers, challenges, and future avenues for
the potential implementation of LSS in the manufacturing of chemicals are also addressed.

R.Q. 1. —What is the trend and actual situation of LSS applied to manufacturing chemicals?

To examine the current trend and state of LSS applied to the manufacturing of chem-
icals, it was essential to first analyze LSS adoption in all environments and then assess
its role within this specific context. The results indicate that the application of LSS has
gained significant interest and recognition within the research community since its origin
in the early 2000s. Particularly, the implementation of LSS in the manufacturing sector is
steadily growing, with approximately 50% of the total publications on this topic published
within the last five years (see Figure 5). However, its implementation in the manufacturing
of chemicals does not follow this positive tendency. In fact, the publication trend on this
topic is negative, with four publications in the last five years and only one in the last year.
Additionally, the contribution is quite low in comparison to the adoption of LSS in other
manufacturing sectors (see Figure 6). This comparatively low volume of publications, along
with the negative publication trend, emphasizes the need for further research to explore
new opportunities and revitalize interest and engagement in LSS within the chemical
manufacturing domain. This was the motivation for conducting the present research.

R.Q. 2. —What are the motivations or factors driving the adoption of LSS in the chemical
manufacturing sector?

Several factors drive the adoption of LSS in the chemical manufacturing sector. These
drivers have been identified from the analysis of 22 studies on this topic (Table 10). Some
of the key drivers highlighted in these papers include the following:

. Cost reduction: LSS implementation led to significant cost savings [51,52,59,61,66,69].

s Quality improvement: LSS enhanced product and service quality and customer
satisfaction [55,57,70].

s Cycle time reduction: LSS helped streamline processes, eliminate non-value-added
activities, and optimize workflows [61,69].

= Increased production capacity: LSS techniques optimized resource utilization, elimi-
nated bottlenecks, and enhanced workforce productivity [51,58,59,69,70].

s Regulatory compliance and risk mitigation: These companies operate in a heavily
regulated environment, subject to stringent safety and environmental standards. LSS
has provided structured approaches and tools to streamline processes and ensure
compliance with regulatory requirements. Additionally, LSS methodologies have
helped identify and address potential risks and vulnerabilities within manufacturing
processes [36,38,42,44,46-49].

= Sustainability and environmental management: The chemical industry is increasingly
focusing on sustainable practices and minimizing its environmental footprint. LSS
offers techniques for waste reduction, energy efficiency, and sustainable process
design, aligning with the industry’s sustainability goals [52-54,63].

s  Continuous learning and innovation: LSS encourages a culture of continuous learning,
problem-solving, and innovation. Chemical manufacturers adopting LSS embrace a
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mindset of ongoing improvement and foster a culture of employee involvement and
engagement in driving innovation and process enhancement [32,56,57,70].

Other factors have also been observed in the implementation of LSS in the chemical
manufacturing sector (see Table 10 above). Waste identification and employee morale are
some examples.

R.Q. 3. —What factors contribute to the limited adoption of LSS by chemical manufacturing
companies?

Firstly, the lack of technical knowledge or insufficient understanding of LSS is probably
the main barrier to its implementation. It requires a certain level of expertise and familiarity
with the methodologies, tools, and techniques associated with LSS. This is even more
vital in the manufacturing of chemical products, where complex processes and strict
regulatory requirements are involved. The low implementation also contributes to scarce
industry collaboration as well as limited expertise on LSS in the chemical industry, resulting
in a shortage of professionals with expertise in this specific field. Another important
factor is the lack of well-defined guidelines or framework describing a clear and suitable
adoption of LSS within this specific sector. According to Kumar et al. [72], practitioners
need clear guidance on which strategy should be applied first, i.e., L or SS, and which
tools should be used, especially during the initial stages of LSS implementation. In this
regard, several authors have emphasized the need to standardize LSS curricula to enhance
learning in companies [73,74]. There are also other contributing factors, such as a lack of
understanding of the benefits, lack of leadership, employee resistance, or issues related to
time consumption, which arise from the previous ones and could be potentially resolved
by effectively tackling the main barriers.

R.Q. 4. —What is the future research direction for the chemical manufacturing companies
after the LSSM implantation?

The barriers and factors mentioned above can serve as a basis for future research on
this topic. For instance, there is a real need to define a systematic framework that guides
companies to a suitable adoption and get the most out of these methodologies within the
chemical manufacturing sector. Standardizing the LSS curriculum would ensure that the
knowledge and skills acquired by learners in different organizations are consistent and
comparable. The latter will also encourage collaboration and facilitate the transferability
of LSS skills across different sectors and organizations. Additionally, due to the lack of
empirical studies published on this topic, research on LSS practices in this sector represents
an excellent opportunity for future research. Last but not least, the existence of counter-
intuitive or simply the non-existence of scenarios that need to be considered require the
development of simulation models that consider multiple variables, their interactions, and
variability [75]. The creation of simulation and optimization-based systems based on the
application of LSS techniques in chemical manufacturing processes represents a novel and
important challenge, as well as an advance in the way of minimizing the waste generated
and the search for reliability.

5. Conclusions

The globalization of markets has led to a paradigm change in the search for customer
satisfaction, optimizing the benefits obtained by reducing everything that is considered
wasteful in the process. In order to remain competitive in a sustainable manner, companies
require management models that can gather comprehensive process information and
possess predictive capabilities. Over the last 20 years, the LSS model has been successfully
developed through the combination of Lean tools and statistical data processing with Six
Sigma. This provides a broad range of possibilities for comprehensive management, with
the aim of improving operational performance and enhancing customer satisfaction. This
study explored the state of the art, current trends, and perspectives of Lean and Six Sigma
integration in the context of the chemical manufacturing sector. A bibliometric analysis
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was provided covering topics from the implementation of the LSS on a global scale to its
adoption in chemical manufacturing facilities. The results indicate that the application
of LSS has gained significant interest and recognition since its origin in the early 2000s.
Moreover, the implementation of LSS in the manufacturing sector is steadily growing, with
approximately 50% of the total publications on this topic having been published within the
last five years. In contrast, its implementation in the manufacturing of chemicals follows
the opposite tendency, with four works published in the last five years, only one of which
was in the last year. Despite the reported promising results and clear advantages that
this sector may obtain from LSS adoption, the implementation of LSS in the chemical
industry is not popular. This clearly indicates that the research and development of LSS
methodology applied to the chemical manufacturing environment is in a very early stage.
Therefore, further research is required to strengthen the interest and engagement of LSS
within the chemical manufacturing domain. In this regard, conducting case studies on
LSS implementation in this context is highly desirable. Last but not least, since the lack
of technical knowledge and insufficient understanding of these models are probably the
main barriers to implementing them in this sector, efforts must be made to establish a
well-defined and segment-specific framework. This will facilitate the transfer of this body
of knowledge to other sectors and provide guidance for understanding how LSS practices
can be successfully implemented and promoted in chemical manufacturing companies.
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