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Abstract

The manufacturing industry has been facing the pressure of supply-demand and climate change around the globe. Many industry
players are constantly seeking for alternative option to strike a good balance between operation and environmental performance.
Despite many studies on lean and green that have been done, there is no definite definition for lean and green. This paper explores
the evolution and contribution of lean manufacturing and green manufacturing. The paper’s main contribution is to focus on the
application and impact of lean and green approach in the manufacturing industry. The common challenges and confusions faced
by the manufacturing industry are studied. This paper identifies the similarities and benefit of both lean and green approaches, the
synergy effect of lean and green, application tools, and misconception of lean and green. It allows the industries to have a better
understanding on the application of tools and challenges prior to moving forward with actual implementation of the lean and
green approach. This paper also identifies potential research gaps which address the need of effective lean and green implemen-
tation strategy in the industry. The need to reduce the implementation gap for lean and green approach will contribute signifi-
cantly towards sustainable manufacturing.
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Introduction manufacturing industry has led the manufacturers to expand

and source for alternative ways to improve their competitive-

Globalization has opened up global market opportunities for
manufacturing companies around the world (Business 2018).
This promotes positive global competition in supply for qual-
ity goods. The increase in global competition among the
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ness. The global market has also posed challenges to the
manufacturing industry with monetary fluctuation factor, po-
litical influence, economic stability, technological innovation,
regulatory restructuring, and environmental pressure that have
been constantly altering the competitive landscape (Issa et al.
2010). Paul et al. (2014) stated that the cost of energy and
resources are constantly increasing due to rising demand and
limited supply. These factors contribute significantly to oper-
ating performance and economic performance of the manu-
facturer directly. One of the easier methods for manufacturing
industry to remain competitive is to reduce production and
operation waste.

Many large manufacturers have applied the lean approach
to maintain their competitiveness in the global market (Anand
and Kodali 2008). The concept of lean is very popular and it
has been adopted by many industries (e.g., Toyota, Ford,
Boeing, etc.). There are many interpretations for the definition
of lean which has resulted in confusion to identify the impact
of lean (Parker 2003). The definition of lean has been clusive.
Bicheno (2004) stated that lean is more of a philosophical
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approach than a set of tools. On the other hand, practical and
project-based approaches indicate lean as a collection of waste
reduction tools (Pettersen 2009). Rodriguez et al. (2017) stat-
ed that lean is an integrated socio-technical system whose
main objective is to eliminate waste by concurrently reducing
or minimizing supplier, customer, and internal variability.
Nevertheless, the common agenda for all lean focuses on
waste reduction or elimination. The lean approach provides
distinctive tools, practices, and strategies that can be applied to
identify possible efficient production system with fewer re-
source consumption and waste generation (Pettersen 2009).
Lean manufacturing (LM) has been implemented in the indus-
try since the successful implementation of the Toyota
Production System (TPS) (Maynard 2013). Apart from defin-
ing LM in terms of resources, LM is defined as approach
which eliminates all non-value added activity in a production
process (Womack and Jones 1994).

While lean focuses on operational aspect, the environmen-
tal aspect is symbolized by green. Green represents ecological
sustainability and encompasses many different concerns in-
cluding waste generation and recycling, air, water and land
pollution, energy usage, and efficiency (Bhattacharya et al.
2011). The European Commission has stated that the exten-
sion of the green application into other related areas such as
green economy will create more value with fewer resources,
by replacing them with more environmentally friendly re-
sources wherever possible (European Commission 2015).
The United Nations Environmental Program (UNEP) stated
that green economy will improve human well-being and social
equity, while significantly reducing environmental risk and
ecological scarcities (UNEP 2011). Green economy is known
as an important pathway to drive economic growth and foster
the innovation of new low carbon technologies and products
(Yatim et al. 2017). From the green growth perspective, the
World Bank (2012) defined green growth as growth that is
efficient in consumption of natural resources, minimize pollu-
tion and environmental impacts, and resilient towards natural
hazards. Green growth emphasizes on global sustainability
that enables the world’s poorest and most vulnerable to benefit
from efficient, clean, and resilient growth. Green is also
known as the new lean where industries started to move to-
wards sustainability (Diies et al. 2013). There are different
definitions across the vast green applications. It is observed
that the green element mainly focuses on minimizing environ-
mental impact and pollution by creating more value with few-
er resources.

Green manufacturing (GM) has received many recogni-
tions from literature study. Abdul-Rashid et al. (2017) claimed
that GM is known as business strategy that focuses on profit-
ability through reactive and proactive environmentally
friendly operating processes. Andrew (2012) argued that
GM can be perceived as “green” manufacturing and
“greening” the manufacturing. “Green” manufacturing refers
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to an industry that uses clean technology and renewable ener-
gy while “greening” reflects on the action taken to reduce
pollution and waste through minimizing usage of resources.
GM approach is introduced to compensate and improve the
industry performance on environment aspect. A study showed
that firms embarked on green management and green innova-
tion to improve their environmental performances and satisfy
the demands of consumer to boost corporate image among
regulators and public (Taylor 1992).

The synergy between lean and green (L&G) approach can
further enhance the operational performance through value
creation and waste reduction. The combination of L&G ap-
proach has stirred up the interest of many researchers. There
are many factors that drive the implementation of LM and GM
that are discussed in the paper. L&G implementation has been
a major industry challenge due to the lacking of industry ex-
pert. The lack of industry expert has delayed the implementa-
tion of L&G approach; this reduces the competitiveness of the
industry (Cherrafi et al. 2017). The industry players rely
heavily on the expert on new method and approach as there
is a lack of implementation method that can be easily adopted
by the industry including L&G approach. This paper reviews
the principles of L&G manufacturing and their implementa-
tion methods. There is a need to review the core principles of
LM and GM to develop the L&G principle as to increase the
efficiency and effectiveness of operation and environmental
improvement in the industry sector.

This paper covers LM principles and tools, GM principles
and tools, L&G manufacturing challenges, as well as potential
future research development in L&G discipline.

Lean Manufacturing
Introduction to Lean Manufacturing

Lean approach is discovered as a significant element in
manufacturing since the industrial revolution. LM is common-
ly used to eliminate activities and procedures which do not
add value to the final product (Nawanir et al. 2018). Figure 1
presents the important milestones of LM along with the de-
velopment of the industrial revolution. Every important mile-
stone in the development of LM will be reviewed to identify
their contribution to LM. LM kick-started back in early 1800
by Eli Whitney during the first industrial revolution when
machinery was first introduced in manufacturing
(History.com 2010b). He invented the concept of interchange-
able parts which allowed more unskilled workers to get in-
volve in musket manufacturing (History.com 2010b). Musket
manufacturing was a skillful task handled only by craftsman
back then. Eli Whitney’s introduction of interchangeable part
had successfully improved the economics of scale of the pro-
duction line. The manufacturing industry focused on
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Fig. 1 The overview of the development of lean manufacturing since Industrial Revolution

individual technology until the late 1890s where F.W. Taylor
introduced the time study to reduce processing time
(Strategosinc 2017). Time study method measures and ana-
lyzes the amount of time required by a worker to complete a
task using a stopwatch (Lopetegui et al. 2014). Time study
establishes a standard time for a specific process. Frank and
Lilian Gilbreth then introduced Process Charting and Motion
Study in 1900. Process Charting is a tool for visualizing a
process to identify the area of improvement (Gilbreth 1921).
The motion study method was developed to reduce the
amount of motion required for a task (Lopetegui et al.
2014). Then, time study and motion study are integrated and
improved as method engineering. Method engineering evalu-
ates the involvement of human in material handling and how
effective can human perform an assigned task (Industrial
Timestudy Institute 2017). These innovators were considered
as the initiators for the idea of waste elimination (e.g., motion
and waiting) which were then reflected in the seven (7) wastes
of LM.

In the early of 1910, when the second industrial revolution
took place, Henry Ford integrated the elements of inter-
changeable parts with standard work into flow production of
the assembly line (History.com 2010a). Ford production sys-
tem (FPS) has made advancement in manufacturing industry
by mass production of Model T, the first affordable car to the
majority consumers (History.com 2010a). Buesa (2009) stated
that Ford’s effort in improving the manufacturing method to
increase production with lower cost had been revolutionary.
Furthermore, FPS was the main factor contributing to the
Allied victory of World War Il where bombers were produced
at the rate of one plane per hour (Garrett 2017). Ford was
considered the first practitioner of LM.

After the World War II (WWII), Eiji Toyoda and Taichii
Ohno visited Ford’s production complex as FPS model was
one of the key factors for the victory of WWII (Strategosinc
2017). Ford’s complex was producing 8000 vehicles com-
pared to 2500 vehicles in total that Toyota had produced per
day (Maynard 2013). The visit then led to the development of
TPS initiated by Taichii Ohno before the third industrial rev-
olution. TPS was established based on two concepts, which
were Jidoka and Just in Time (JIT). Jidoka is known as one of
the two main pillars in TPS which is defined as “automation
with a human touch”. Jidoka applies to any machine that is
designed to make judgment by itself (TOYOTA 2018). JIT is
known as a production method where products are created to
meet demand with no surplus production or storage require-
ment (Rouse 2015). Taichii Ohno later introduced the “pull-
flow production” which was able to generate a variety of
products that could be reutilized in the process (Dekier
2012). Toyota also recognized the importance of the quality
circle and the central role of inventory. Quality circle involves
the participation of all employees contributing to continuous
improvement of the system (Villa and Taurino 2013).

In the 1990s, James P. Womack, Daniel T. Jones, and
Daniel Roos introduced LM. LM was regarded as the succes-
sor of TPS as it was an enhanced version of TPS (Dekier
2012). Kochnev (2007) revealed that TPS and LM are very
similar business philosophies where TPS focuses on the prin-
ciples of Toyota way and LM emphasize on continuous im-
provement methodology. The lean approach was defined with
five principles (Table 1) and focused on eliminating seven
types of waste (Table 2). The five principles are known as
define value, identify value stream, create smooth value, im-
plement pull-based production, and strive for excellence. The
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Table 1 5 principle functions of Lean (BMA 2008; Crawford 2016)

Lean Principles

Principle Functions

Define Value

To identify requirements of customer's need for a specific product. This value

determines how much customer is willing to spend for the service or product.

Identify Value Stream

Value stream identification allows the production team to understand the entire

product lifecycle. The goal is to identify the procedure or steps that do not add value
to the product.

Create Smooth Value Flow

To smoothen the value flow, any steps that do not add value to the product will be

eliminated. The intention is to allow raw material to flow through the process
without any interruption and deliver the products to end-user smoothly.

Implement Pull-Based Production

Pull-based production approach is a demand-based production. The production of

goods will only take place upon receiving an order from the client. This requires
great production flexibility in managing the entire supply chain.

Strive for Excellent

Aim to perform continuous improvement by constantly reviewing the process to

remove non-value-added steps.

seven wastes of TPS and LM were defined as over-produc-
tion, waiting, transport, over-process, inventory, motion, and
defect.

Lean Manufacturing Principles and Tools

The development and implementation of LM have shown posi-
tive performance improvement in the manufacturing industry.

Table 2 7 waste of Lean Manufacturing

The evolutions of manufacturing from the traditional method to
the lean approach allow the industry to operate at a higher effi-
ciency and competitive way. Lean is a wide context and it covers
various aspects of an operation. The five key principles of LM
have laid down a systematic framework to ease lean implemen-
tation. The five key principles are listed and described in Table 1.
The principles of LM mainly focus on identifying the value-
added and non-value-added components in a process flow. The

Wastes Descriptions

Over-production’

Product that is produced without or beyond demand. Over-production is described as the

main waste that will trigger and contribute to the remaining of 7 wastes.

Waiting??

Waiting occurred between two different processes when the product is not being processed.

Poor communication and uneven workstation loading can contribute to the waiting factor.
In traditional manufacturing, manpower is one of the contributors to waiting waste.
Interruption of production flow is considered as waiting waste.

Inventoryz’3

Inventory is an essential part of every manufacturing factory. Excessive inventory will lead

to cash flow constraint, longer lead time in obtaining items or storage of the obsolete
product. It will cause a hidden operation problem that can lead to higher better plant

performance.
Motion™ *

Motion is defined as an excessive movement of employee or machine that does not add

value to the product Excessive motion might result from lack of standard operating
procedure (SOP), poor layout design, etc. This will relate to employee health issue.

Transportation®

Transportation is deemed as waste if it does not add value to the product, it might cause

damage to the product or extra manpower to manage transportation. Transportation factor
is normally caused by poorly designed layout, improvement can be done by simplifying the
process and improve the layout.

Over-Processing”

Over-processing is defined as manufacturing the product at the specification higher than

customer’s requirement.

Defect*

A product that does not satisfy the end-users need. Defects can be resulted from poor

quality control, poor inventory control or from machine breakdown.

"Berg A, Ohlsson F (2005) Lean manufacturing at Volvo truck production, Master Thesis, Lulea University of Technology

2Bach N (2017) 8 lean wastes: How to Identify & Eliminate Them. Available at: www.phase5group.com/blog/learn-to-identify-the-cight-lean-wastes-

and-eliminate-them [accessed 20Nov. 2017]

3 McBride, D. (2013). The 7 Wastes in Manufacturing. Retrieved November 20, 2017, from http://www.emsstrategies.com/dm090203article2.html

4 Abe J. (2015) The 8 Deadly Lean Wastes - DOWNTIME. [online] BPM, lean six Sigma & Continuous Process Improvement | process excellence
network. Available at: www.processexcellencenetwork.com/business-transformation/articles/the-8-deadly-lean-wastes-downtime [Accessed 20 Nov.

2017]
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Table 3 25 essential Lean Tools Functions

Lean Tools Tools Function

58>6 Work place organization method: Sort (eliminate that which not needed), Systemize
(organize remaining items), Sanitize (clean and inspect work area), Standardize
(write standards of best practices for work area) and Sustain (apply the standard,
perform audit and training regularly).

Andon™® A main principal element of Jidoka. It acts as real-time machine communication tools

Bottleneck™®

Continuous Flow>®
Gemba>*®

Heijunka>¢
HoshinKanri>*®

Jidoka™®
Just-In-Time>®

Kaizen>*

Kanban™®

Key Performance Index (KPI) 5.6
Muda™>®

Overall Equipment Effectiveness (OEE) > "

Plan, Do, Check, Act (PDCA) °
Poka-Yoke®

Root Cause Analysis®

Single-Minute Exchange of Dies (SMED) 5
Six Big Losses’

SMART Goals®

Standardized Work®

Takt Time®
Total Productive Maintenance (TPM) °

Value Stream Mapping®
Visual Factory”

that notifies the operator immediately to attend to the problem.

Identify the part of manufacturing/process that limits the overall output of the
process.

Elimination of waste by ensuring work-in-process smoothly flow through production.
Understand the location where value is generated.

Production scheduling that manufactures smaller batch of product to reduce lead time
and inventory.

Policy deployment process to ensure manufacturing strategic is consistence and align
with company direction.

Automated process that stops immediately when a defect is identified.

Inventory strategy for reducing inventory level, space requirement and improve cash
flow through client demand.

Continuous improvement strategy that encourages employee to work proactively
together to improve the manufacturing process.

Pull demand system that relies on signal card to indicate when more goods are
required. It aims to create a smooth flow of process and reduce inventory.

The indicator used to track and encourage the progression of employee towards
company goal and target.

Indicate the 7 wastes in lean manufacturing. It aims to remove anything that does not
add value in manufacturing.

Benchmarking to track the improvement of operation performance.
A methodology that improves the production.

Error proofing method where error detection and prevention are included in the
production system.

A method that focuses on identifying and solving the underlying problem.
Reduce setup time or changeover of machine.

Provides a framework to cope with common cause of waste from equipment
perspective, unplanned stop, planned stop, small stops, slow cycle, production rejects
and start-up rejects.

Ensure that goals are defined accurately aligning with Specific, Measurable,
Attainable, Relevant and Time Specific.

Documented standard operating procedure for operation. Improvement can be
documented and audited for continuous improvement.

The rate of production that is used for production planning.

Optimise equipment effectiveness, eliminate breakdown and promote autonomous
maintenance by operators through day-to-day activities involving total workers.

Tools used to visually map the production flow to identify waste.
Put up visual indicator and display in operation plant to notify and alert everyone.

> Leanproduction.com. (2017). Top 25 Lean Manufacturing Tools. [online] Available at: https://www.leanproduction.com/top-25-lean-tools.html#

continuous-flow [Accessed 20 Nov. 2017]

¢ Simona U, Cristina D (2015) Review on lean tools used in manufacturing process improvement (I), Ovidius University Annals, Economic Sciences

Series, Vol. 15 Issue: 1, pp. 642-647

" Dal B, Tugwell P, Greatbanks R (2000) Overall equipment effectiveness as a measure of operational improvement — a practical analysis. International
Journal of Operations & Production Management 20(12):1488—1502

8De Ron A, Rooda J (2006) OEEand equipment effectiveness: an evaluation. International Journal of Production Research 44(23):4987-5003
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identification and elimination of non-value-added wastes in LM
will be assisted by a series of lean tools (Liker 2004).

LM approach mainly focuses on improving the productivity
of the operation through value creation by reducing seven wastes
from an operation. Table 2 provides a detailed explanation of the
seven wastes commonly encountered in LM.

To improve the effectiveness of the lean approach, many LM
tools have been developed to assist the industry to achieve lean.
Lean tool (Table 3) selection is highly critical to building the
industry’s confidence to implement the lean practice. Some of
the lean tools exist in different names and overlap with other
tools, for example, process mapping is also known as value
stream mapping. Mourtzis et al. (2016) suggested that lean tools
can be applied to every enterprise worldwide with appropriate
modifications. However, misapplication of lean tools might
cause additional resource wastage. To ease tools selection,
Pavnaskar et al. (2003) proposed a classification scheme that
matches the lean tools to the waste that needs to be eliminated.
The scheme established a relationship between the LM tools and
waste that leads the users to the selection of appropriate lean
tools. Simona and Cristina (2015) reviewed fifteen (15) lean
tools and concluded that an organization required years with
experience lean mentor to observe significant results. The
dependency on experienced lean mentor to implement and
produce operational results from the lean approach requires
time and lack of empowerment to the employee. Pavnaskar
et al. (2003) classification scheme will be able to empower pro-
duction employee to take initiative to identify and apply appro-
priate lean tools to gain maximum production output.

The successful implementation of LM approach and tools has
shown positive results in operating performance such as 50% or
greater increase in capacity with current facilities, 50% improve-
ment in quality, 60% reduction in cycle time and etc. (Zimmer
2000). Enaghani et al. (2009) stated that lean is a culture for
quality improvement that should be cultivated in the employee.
Czabke (2007) claimed that LM aims to create a smooth, high-
quality, and well-organized operation that can produce customer-
demanded product on time with minimum waste. LM has also
shown to have a significant impact on cost performance and
waste reduction has to be carried out to improve the competitive-
ness of the manufacturing plant (McGrath 2007).

Systematic Implementation of Lean Manufacturing

Generally, LM strives to improve an existing operation’s produc-
tivity by eliminating non-value-added product. Table 3 explains
the essential lean tools that are normally used by an organization.
Despite the benefits brought by the successful implementation of
lean approach, there are some challenges in implementing the
LM approach. Some lean tools tend to have the same intention
for value creation, and they are complementing each other. For
instance, value stream mapping, bottlenecking analysis, Gemba
analysis, and continuous flow tools can be used to complement
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block diagram to achieve better value. Despite the existence of
various lean tools, lack of proper guidance in matching the suit-
able lean tools with targeted non-value-added stream can be re-
source consuming. The development and creation of more lean
tools will create confusion in lean tools selection prior to
implementation.

In normal application, many lean practitioners use combina-
tion of individual lean tools to form combination method such as
Sig-Sigma and Agile. However, sustainable-focused work has
received minimal attention despite Six-Sigma being one of the
reliable tools in improving operational performance (Erdil et al.
2018). Garza-Reyes (2015b) developed a conceptual model to
integrate lean, Six Sigma, and Green concept using DMAIC
cycle that can be implemented together with lean Six-Sigma
tools. Besides, Tortorella et al. (2016) mentioned that the suc-
cessful implementation of LM is highly dependent on the pre-
dominant culture within an organization. Tortorella et al. (2016)
associated the implementation of LM in an organization’s lead-
ership to have an influence on follower’s attitude and behavior. A
study had been carried out by Kumar et al. (2015) to evaluate the
carriers, enablers, and critical success factors that are critical to be
identified to ensure successful implementation of an integrated
model. The study revealed that human resources and manage-
ment appeared to be the top-ranked critical success factor.
Castillo-Pérez et al. (2018) also discovered that human factor
was the key to ensure successful implementation of LM ap-
proach. A systematic implementation system of LM will require
a top-down approach within the organization. In other words,
empowerment of employee and lean approach implementation
strategy should be taken into consideration carefully by an orga-
nization to ensure successful implementation of LM.

Green Manufacturing
Introduction to Green Manufacturing

Global warming has triggered the public concern where people
are giving more attention to the environment. The lean improve-
ment of operational performances in the manufacturing industry
has shown a lack of consideration for environmental perfor-
mance. GM is widely known as sustainable manufacturing, re-
fers to the business strategy that focuses on profitability through
reactive and proactive environmentally friendly operating pro-
cesses (Abdul-Rashid et al. 2017).

GM is mainly initiated in the early 1990s with the emerging of
eco-innovation (Sezen and Cankaya 2013). The eco-innovation
is known as production method which is novel to the organiza-
tion which results in reduction of environmental risk and other
negative impact of resources used (Kemp and Pearson 2008).
Many researchers have been working to explore the potential
of green approach in the industry. GM is regarded as an environ-
mental and economical-driven approach to minimize waste
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stream through process design, consumption of products, and
materials (Maruthi and Rashmi 2015). According to Mittal and
Sangwan (2014), GM approach helps to achieve better economy
significantly without compromising the environment. Mohnty
and Deshmukh (1998) defined green productivity as all activities
that decrease wastes. They highlighted that the potential of green
productivity can have on the overall manufacturing performance.
Handfield et al. (1997) conducted a case study on industry envi-
ronmentally friendly best practice then discovered that environ-
mental caution and practice should be implemented in all value
chain to make green approach successful. The International
Standard Organization (ISO) published the first Environmental
Management System (EMS) standard internationally which is
known as ISO14001 (Agan et al. 2013). EMS system acts as a
continuous improvement tool to provide a systematic method to
manage an organization’s environmental-related matters (ISO
2015). EMS can act as a tool to implement GM.

GM focuses on a closed-loop operation involving recycling
and recuperation practices to reduce waste, capturing the residual
value of products while implementing green technologies and
optimized logistics for pollution prevention (Ferguson and
Toktay 2009). Sezen and Cankaya (2013) showed that GM can
cause growth in economics, environmental, and social
performances through waste and cost reduction. Taylor (1992)
investigation shows that firms embarked on green management
and green innovation are able to improve environmental perfor-
mance while satisfying demand of consumers to boost corporate
image among regulators and the public. The demand for
manufacturing is expected to increase in the future while im-
provements in the energy-efficient manufacturing process will
become an essential element for any industry (Nukman et al.
2017). Paul et al. (2014) emphasized that the cost of energy
and resources are constantly increasing due to its rising demand
and limited supply. The manufacturing industries are exploring
for alternatives to strike a balance for the operation cost to remain
competitive. They are also exploring ways to improve production
performance while achieving healthy environmental
performance.

Green Manufacturing Principles and Tools

In order to achieve a healthy environmental performance in
manufacturing, there is a need to establish the proper approach
to achieve GM. Anastas and Zimmerman (2003) proposed the
12 Principles of Green Engineering (Table 4) as the guidelines
for process design. They have also stressed that evaluation for
input and output of energy and material should be non-
hazardous inherently and product lifecycle as well. Helu and
Dornfeld (2012) then suggested a simplified framework that
consists of five principles of GM. The five principles of GM
from Helu and Dornfeld (2012) are illustrated in Table 5. In
the second principle of Helu and Dornfeld (2012), the
“vertical” refers to systems at any one level of details from

the enterprise down to the process; the “horizontal” refers to
systems at any one level of detail. Helu and Dornfeld (2012)
have covered and simplified the principles that Anastas and
Zimmerman (2003) proposed. The main intention for both
principles emphasizes the evaluation of the manufacturing
process based on product lifecycle and resources. Both pro-
posals also exhibit a strong emphasis on energy and environ-
mental emission issue that can be taken into consideration in
green approach.

Lele (2009) shows the main product lifecycle design elements
such as design, procure, manufacture, packing and distribution,
product end of life, and re-manufacturing, to be incorporated
with GM approach. Vila et al. (2015) have expanded the product
lifecycle element proposed by Lele (2009) into a more detail
framework by looking into the method, tools, and knowledge
in lifecycle design. However, Vila et al. (2015) also categorized
and proposed a framework with three major sections such as
design development, manufacturing, and services. In the
manufacturing context of Lele (2009) and Vila et al. (2015),
the framework focuses on resource management, production
control, production, assembly, and storage package. As far as
GM is concerned, a design of sustainable manufacturing, utiliza-
tion of green energy, and new technology that can improve en-
vironmental performance should be taken into consideration
(Vila et al. 2015). It is discovered that 80% of the economic,
social, and environmental impact is determined during product
or process design (Kim and Kara 2012). Thus, design of envi-
ronment (DfE) is introduced to include green element into pro-
cess design. Generally, DfE identifies and designs the product
based on the environmental impact of a product throughout the
lifecycle of the product (Eibel and Joanneum 2014). The lifecycle
assessment (LCA) of a product is relatively important at the
initial design stage (Ma et al. 2012). LCA analyzes the potential
environmental impact throughout the entire lifecycle of a product
from raw material, production, use, and disposal. The
relationship between LCA and DfE is closely related to
reducing the environmental emission or waste. Paul et al.
(2014) mentioned the importance of LCA in evaluating the prod-
uct which leads to environmental pollution.

Other than DfE and LCA for the product, energy consump-
tion plays a significant role in manufacturing. Green technol-
ogy is no longer a new term to researchers and the industrial-
ist. Green technology is known as the usage of science in the
environment to preserve the resource and environment to con-
trol negative impact from human activity (Ishak et al. 2017).
Energy efficient technology such as photovoltaic, co-genera-
tion, biogas, etc. can improve the green aspect of a factory
(Paul et al. 2014). Yong (2014) stated that green technologies
have achieved certain technological maturity but still occupied
comparatively low market share. Yong (2014) also mentioned
that changes are required at the technology level, system per-
spective, paradigm shift, and system knowledge level to
achieve GM. From DfE and LCA of the product of a process,
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Table 4

12 principles of Green Principles (Anastas and Zimmerman 2003)

No. Definitions

Descriptions

Non-hazardous inherent rather than
circumstantial.

Principle 1

Principle 2 Prevention instead of treatment.

Principle 3 Design for separation.

Principle 4 Maximize mass, energy, space and

time efficiencies.

Principle 5 Output-pull.

Principle 6 Conserve complexity.

Principle 7 Durability rather than immortality.

Principle 8 Meet need, minimize excess.

Principle 9 Minimize material diversity.

Principle 10 Integrate local material and energy

flow.

Principle 11 Design for commercial “afterlife”.

Principle 12 Renewable rather than depleting.

Strive to ensure all material and energy input and output are
inherently non-hazardous as possible.

Better to prevent waste than treat or clean up waste after it is
formed. Waste correlates to a process or an energy that is
not being used efficiently in an operation.

Product separation and purification process in
manufacturing process consume a large amount of energy
and material. Minimum energy consumption and material
use design consideration should be incorporated in
separation and purification operation.

A process is considered not efficient when mass, energy,
space and time are utilized below maximum efficiency.
Space and time can be utilized along with mass and energy
to eliminate waste. Product, process and system should be
designed to maximize mass, energy, space and time efficiencies.

The production is based on client demand where material or
energy will only be consumed when there is a demand.

High complexity should correspond to reuse. The material
used should have the complexity benefit without the need of
modifying existing manufacturing process. Embedded
entropy and complexity must be viewed as an investment
when making design choices on recycle, reuse, or beneficial
disposition.

A product that lasts well beyond its commercial life will
normally cause an environmental problem. Product design
should consider the expected lifespan of the product. Design
goal should be targeted at durability, not immortality.

The operation cost for material and energy cost can be high
for an overdesign system. Design for unnecessary capacity
or capability should be considered as a design flaw.

Material diversity in multicomponent products should be
minimized to promote disassembly and value retention.

This focuses on heat and material recovery on existing
process. Design of products, processes, and systems must
include integration and interconnectivity with available
energy and materials flows.

The recycling element should be incorporated into product
design. This enables the current product to be utilized in the
next generation product. Products, processes, and systems
should be designed for performance in a commercial
"afterlife".

Taking waste product from a process and utilised as a
feedstock into other process is a recycle/renewable source.
The renewable resources can be utilized for recycling.
Material and energy inputs should be renewable rather than
depleting.

screening method can be used to evaluate new technologies
that can eliminate or reduce pollution (Reich-Weiser et al.
2010). Green technology can bring positive impact to energy
management and optimization performance in the factory. For
instance, gas turbine co-generation system is able to reduce
the operation cost without compromising the exhaust
emission.

Melnyk et al. (2001) proposed a conventional material re-
quirement planning system (MRP) that includes
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environmental concern into material planning. The MRP sys-
tem provides a better understanding of potential waste stream
generated from an operation in both quantitative and financial
term. Hui et al. (2002) suggested a network analytic model to
evaluate environmental hazards in manufacturing; it focuses
on analyzing the impact produced by different types of
manufacturing waste. Krishnan et al. (2004) developed envi-
ronmental value system analysis tools that assess the environ-
mental performance through a “bottom-up” analysis
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Table 5 Simplified 5 principles of Green Principles (Helu and Dornfeld 2012)

No. Definitions Descriptions

Principle 1 A comprehensive systems approach must Principle 1 takes environmental impact into consideration
be used to evaluate and improve as the impact may have resulted from the process itself.
manufacturing process from a green
perspective.

Principle 2 The system should be wholly viewed Vertical refers to system varying level of detail from the
across both the vertical and horizontal enterprise down to the process while horizontal refers to
directions. the system at the same level of detail. This approach is

important as environmental impact can occur depending
on the level of detail.

Principle 3 Harmful input and output of the system Identify harmful input and output to be replaced with
to the environment and humans should material that has a lower impact. An alternative way is to
be reduced or removed. implement recycle, reuse and remanufacture to reduce

harmful input required.

Principle 4 Net resource use should be lowered. Ideally, net resources should be zero so that resources

may be used at a rate equal to the rate of replenishment in
the environment. Aside from being practically impossible,
the system will be deemed as inefficient in minimizing
environmental impact.

Principle 5 Temporal effect on the system should Temporal effect is referred to effect that is time-based.

always be considered.

Environmental impact should be considered in the design
stage to allow better ability to consider for an alternative
in reducing the future effect.

approach. The bottom-up approach enables flexibility in the
analysis required by the client. Van Berkel (2010) discovered
that industrial symbiosis allows an industry to substitute high-
quality resources (raw material and energy source) with lower
quality substitute (waste). The substitution process will in-
volve conversion, substitution, and avoidance steps. The con-
version step is involved with the collection of waste material
from a symbiosis partner’s waste which is suitable to act as a
feedstock or energy source that can be transported to the site.
The substitution steps use alternative feedstock and require
process adjustment to compensate for alternative feedstock
input. The final step emphasizes the reduction or the elimina-
tion of waste that is generated and can harm the environment.

Drivers for Green Manufacturing

GM shows identical waste reduction initiative with LM.
Therefore, Hines (2009) proposed to align green waste with
lean waste to close the gap between L&G approach. Verrier
et al. (2016) have also laid out the correlation between lean
waste and green waste and proposed them to be incorporated
together as one to further improve the operation performance.
The green wastes are greenhouse gases (GHG), eutrophication,
excessiveresourceusage, excessivepowerusage, pollution, rub-
bish, excessive water usage, and poor health and safety.

In this work, an interview was conducted with several com-
panies (i.e., palm oil refineries, rubber processing facility, and
pharmaceutical company) on green technology and discov-
ered a few important factors that can potentially delay the

implementation of the green approach. The interviewed com-
panies were the active manufacturing industries that contrib-
ute to South East Asia (SEA) economy. One of the main
reasons is that the management is not aware of the potential
or possibility to improve the efficiency of the factory opera-
tors. The lack of expertise in the factory results in the delay of
the green implementations. Some of the engineers stated that
only no or low-cost improvement can be done in the factory
(Cheng, personal communication, Jan 20, 2018). Cheng
(2018) also mentioned that the management is not confident
with high-cost investment technology as they do not have
experience and capable employee who can lead the project;
payback on investment also plays a significant role to con-
vince the management. Green technology and financial
scheme appear to be manufacturing industry’s concern. The
market tends to focus on individual or smaller component of
energy efficient equipment where it only contributes to a po-
tential improvement of 2—5% (UNIDO 2010). It is observed
that a particular discipline of manufacturing industry will be
actively engaged in green technology when one successfully
initiated and implement the technology.

According to International Energy Outlook (2016), the
industry sector is consuming 54% of the world total de-
livered energy. Besides that, BP. (2018) indicates the
global primary energy consumption has increased by
2.2% in 2017. Energy generation has been one of the
major contributors to global warming as coal or fossil
fuel is used as fuel. Generally, the main driving force
will be from the external driver such as legislation,

@ Springer



Process Integr Optim Sustain (2019) 3:5-23

Carbon Credits

Leading low carbon
technologies, etc., and
implementations of
mitigation actions

JICM
Projects

*MRV

PARTNER
COUNTRY

*Measurement, reporting and
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Fig. 2 Japan’s Joint Credit Mechanism Scheme with developing countries (JCM 2017)

corporate image, peer pressure, and tax incentive.
Alvarez-Gil et al. (2007) discovered that significant in-
fluence of stakeholders such as supplier, customer, gov-
ernment agency, non-governmental organization (NGO),
and shareholder on the organization in terms of power,
legitimacy, and urgency towards GM. Government regu-
lation plays a crucial role in promoting and advocating
the industry towards achieving GM (Zhu et al. 2005). In
order to promote the green initiative, the government has
offered tax inventive for the company in green practice
such as investment tax allowance (MIDA 2017).
Government support in providing green project funding
and incentive to the industry will further thrust the im-
plementation and confident of the user for GM (MDV
2013). The Japanese government has shown strong com-
mitment and initiatives in green approach. Japan has im-
plemented the Joint Crediting Mechanism (JCM) to fa-
cilitate the implementation of low-carbon technology and
system in some developing countries (JCM 2017).
Figure 2 illustrates a simplified flow of JCM structure.
In exchange, Japan will benefit from the total GHG
emission reduction or removal that will contribute to
Japan’s emission reduction target (Japan 2017). Green
technology will not only reduce environmental pollution
but also helps to reduce operation cost. Green technology
such as cogeneration or tri-generation is considered that
can increase energy generation efficiency of the facility.
Andiappan and Ng (2016) have proposed a systematic
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approach to tri-generation system selection that will as-
sist industry players to improve their energy
performance.

Nowadays, clients are more educated and aware of
climate change. Carter and Jennings (2002) discovered
that customer pressure is influencing the company to in-
corporate GM. A study also showed that customers are
frequently pressuring and demanding the manufacturer
(Hall 2001). The demand of clients on GM also relates
to competitor pressure. Company also realized that corpo-
rate image can be improved through environmental-
related corporate social responsibility (Maloni and
Brown 2006). There are many green tools and methods
that aid the company to achieve green. ISO-certified com-
pany will have to maintain the certification by continu-
ously practicing green approach. A study showed that ISO
14001 certified companies are 40% likely to assess their
suppliers’ environmental performances and 50% likely to
require their suppliers to undertake specific environmental
practices (Maloni and Brown 2006).

Researchers have discovered that GM focuses mainly
on environmental pollution, manufacturing energy effi-
cient and waste management (Rehman and Shrivastava
2013). Many countries around the world have put priority
on GM; technologies and incentives are available in the
market. It is discovered that GM emphasizes the reduction
of resources, energy, and environmental emission of a
company. In reality, some manufacturing industries are
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implementing green approach in their operations without
realizing.

Lean and Green Manufacturing

Both lean approach and green approach have shown similar
objectives towards minimization of non-value-added product;
they form stronger commitment in operational performance
when incorporated simultaneously. The development of
L&G manufacturing approach has been in the industry and
academic since the past decade (Verrier et al. 2016). L&G
manufacturing is the current paradigm of manufacturing in-
dustry. Garza-Reyes (2015a) highlighted the misunderstand-
ing in L&G, where L&G is referred to as the lean environ-
ment, instead of relating lean to a green environment.

LM and GM have been proven to be an effective approach
to improve global market competition. LM and GM ap-
proaches are powerful tools that can improve production effi-
ciency and global competition. LM and GM show similarity;
both approaches indicate a strong commitment to efficiency-
driven practice and zero waste (Diies et al. 2013).
Hajmohammad et al. (2013) conducted a study on developing
an extensive application for LM that helps organizations to
incorporate rethinking capability in their processes with waste
reduction in mind which can be transferable to GM. Both LM
and GM have a similar positive effect on operational and
environmental performances (Galeazzo et al. 2014).

According to Vachon and Klassen (2006), some re-
searchers argued that LM has a positive environmental
impact on environmental performance. Sawhney et al.
(2007) further discovered that factories that operate with
lean principles have greater ability to reduce environmen-
tal pollutant. Factories that introduce LM practice to seek
for continuous improvement in their productions have
positive influence and effect towards higher efficiency
and better environmental performance (Galeazzo et al.
2014). Chiarini (2014) indicated the implementation of
lean tools such as 5S, single-minute exchange die
(SMED), TPM will improve environmental performance.
A study conducted in Boeing’s LM program resulted in
reduced environmental waste as process efficiency and
quality improved (EPA 2000). However, the LM study
did not specifically address environmental waste as a
main subject in the study.

Some authors claimed that GM allows the production
facilities to perform better. Jabbour et al. (2013) conclud-
ed that the implementation of the environmental program
(ISO14001) can have positive impact on various areas of
organization performance. According to Melnyk et al.
(2002), GM has a positive influence on the operation to
create the synergy between environmental management
and operational performance. Diies et al. (2013) stated

that lean is a catalyst to implement green in manufactur-
ing company and green may help in return to maintain
best practice in lean. Bergmiller and McCright (2009a)
have developed a parallel L&G model where implemen-
tation of the green approach may lead to lean effects as
well. Generally, L&G approach complements each other
and enhances the efficiency and effectiveness of operation
outcome as compared to the individual approach. Hallam
and Contreras (2016) stated that L&G manufacturing
shares the same objectives in enhancing performance,
product quality, and time to reduce operation cost while
creating values. This indicates the relationship and inter-
connection between L&G in the manufacturing system
(Bergmiller and McCright 2009b).

Diies et al. (2013) indicated the overlapping of L&G
according to series of common attributes such as people
and organization, waste and waste reduction method, lead
time reduction, supply chain relationship, key perfor-
mance index (KPI), and common tools and practices.
Figure 3 shows the relationship and overlapping of
L&G. It is explained that although both the lean
approach and green approach share common attributes,
they are defined differently. Figure 3 also reflects the
main commonality in the objectives of both approaches
in waste elimination. It is observed that the purpose of
lean is to maximize profit through cost reduction while
green is to reduce environmental risks and impacts while
improving the ecological efficiency of organization.
Practice indicated in Fig. 3 has reflected different
objectives between the lean approach and green
approach. Lean practice ensures high resource utilization
rate by frequently replenishing required item while green
practice reduces replenish frequency to reduce
environmental pollution. Diies et al. (2013) discovered
that although the lean approach and green approach have
a different objective in waste elimination, they do target
the same type of waste. Verrier et al. (2016) also per-
formed a study to layout the relationship between lean
waste and green waste to be incorporated as one to further
enhance the operational performance in the area of waste
reduction. This shows the symbiosis characteristic be-
tween L&G.

Challenges in Implementing Lean and Green (L&G)
Manufacturing Approach

Many tools have been developed for the L&G approach,
but there is a lack of development of the measurement
method and model for a specific process (Garza-Reyes
2015a). Garza-Reyes (2015a) found that production,
manufacturing, and industrial system attracts 27% of the
L&G researchers’ attention for development. There are
limited approaches that integrate L&G to merge their

@ Springer



16 Process Integr Optim Sustain (2019) 3:5-23

and Organisation, Lead Time

Reduction, Supply Chain
Relationship, KPI on Level of Service,
Tools and Practices

Manufacturing Product Design Principal Tools
Re-manufacturing Life-Cycle Life-Cycle
capabilities Assessment Assessment

Fig. 3 Relationship between lean and green approaches (Diies et al. 2013)
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fundamental principles (Pampanelli et al. 2014). The cur-
rent approaches show similarities in terms of manage-
ment, implementation technique, and expected result.
Carvalho et al. (2010) developed a conceptual model to
measure the relationship between L&G practice perfor-
mance. Top down management commitment is the key
to implementation of L&G manufacturing (Asif et al.
2013). Kurdve et al. (2014) also discovered that the lack
of organizational responsibility and ownership of the
L&G approaches are the major hurdles towards successful
implementation. The implementation of L&G is highly
dependent on an organization’s commitment (Asif et al.
2013). From the strategy and direction of the organiza-
tion, L&G approach will be used as an execution direction
for improvement.

Verrier et al. (2016) have developed an L&G model to
correlate both L&G method and waste. The lack of L&G
expertise in the industry has always been the challenge in
the manufacturing industry. To enhance the implementation
of L&G approach in the industry, a systematic approach
should be implemented to support and allow the employee
to understand the benefit of L&G. Florida (1996) conducted
a study on advanced management practice and discovered
that techniques (e.g., management commitment, new pro-
cess technology, innovative product design, and supply
chain management) are closely associated with L&G
manufacturing system. The facility that organized under
the principles of LM exhibits improved environmental per-
formance (Florida 1996). However, there is an implementa-
tion gap during implementation stage on which element
shall lead L&G approach. Simons and Mason (2003) con-
ducted a study on L&G and concluded that both L&G have

many in common in the way resources are being used and
focus on maximizing the efficiency to reduce waste.

The synergy between L&G can impact the operation and
environmental performance through effective management
strategy with the proper aiding tools. There are lean tools such
as Hoshin Kanri, Gemba, KPI and etc. to help the organization
to strategize the lean effect on the employee. In the lean con-
text of operations, tools such as total productive maintenance
(TPM) and root cause analysis are critical to ensure smooth
operation. On the green aspect, energy consumption can be
easily reduced through optimization and integration approach.
An effective energy management system will reflect directly
on the total operation cost reduction in every facilities.
Potential energy saving opportunities can be identified
through energy management responses. Furthermore, the ap-
propriate lean tools (e.g., kanban, 5S, PDCA and etc.) can be
used to establish continuous improvement practice. Besides
that, environmental emission will be monitored and improved
through operation and technology improvement. Both L&G
elements are interrelated and they have positive synergy to
further enhance manufacturing performance. The manufactur-
ing industry is driven by market demand; thus, the industry
needs to be able to adapt quickly and adopt new technologies
and performance boosting approaches to improve its
performance.

Cherrafi et al. (2017) pointed out a list of important chal-
lenges in the implementation of L&G as shown in Table 6.
Based on Table 6, four (4) mitigation methods are suggested
to improve the implementation of L&G. The first mitigation
action is to develop a green economy to positively affect L&G
implementation (Loiseau et al. 2016). Cherrafi et al. (2017)
emphasized the importance of promoting education and

Table 6 Important barriers in

implementing lean and green No.  Barriers in implementing L&G Importance
approach (Cherrafi et al. 2017)

1 Lack of environmental awareness High

2 Fear of failure High

3 Poor quality of human resources High

4 Lack of expertise training and education High

5 Fund constraints High

6 Lack of statistical, lean and green thinking High

7 Inappropriate identification of areas and activities to be “leaned and greened” and High

unreliable “data collection system”
Lack of Kaizen culture High

9 Lack of visual and statistical control during L&G implementation High

10 Lack of government support to integrate green practices High

11 High cost High

12 Lack of communication and cooperation between departments Moderate

13 Lack of top management involvement in adopting L&G initiative High

14 Resistance to change High

15 Poor corporate culture separating environmental and continuous improvement decisions ~ High
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training method for the top management to ensure their com-
mitments and understanding to implement L&G. Industry col-
laborations among NGOs and academics can be formulated to
develop workshop and internship program to promote L&G
among industry practitioners and students. Strong government
support and commitment form the third mitigation method
(Cherrafi et al. 2017). Many industry players are bound by
fund constraint in implementing a newer approach in their
facilities, strong government policies will lead to easier access
to funding through the financial institute. The fourth mitiga-
tion method proposes proper implementation of data collec-
tion and performance measurement system (Cherrafi et al.
2017). This allows the organization to identify problems and
evaluate the effectiveness of action plan in a proper manner.
Cherrafi et al. (2017) also mentioned that recruiting qualified
and competent person to implement and improve L&G is also
a challenge to the organization.

Based on the literature review, there is a lack of a system-
atic framework and analytic model to guide the manufacturing
industralist towards L&G manufacturing. The need to fullfill
this research gap is significant in improving the operational
and environmental performances of the industry. This research
will address the solution to the research gap with the proposed
L&G framework.

Future Work

The importance to achieve global goods demand without
compromising the performance of environmental ecological
system has been aware by many industry players. The indus-
try revolution has posed great techno-economical challenge
for the industry players in adopting advance technology to
remain sustainable in the market. The rise of digitalization

Interview with Plant Personnel

A

v

Data Collection with L&G Checklist

v

Review of Collected Data

v

Calculation Model

v

Development Individual L&G Baseline

v

L&G Level: Review of System
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Fig. 4 Proposed lean and green process flow chart
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Fig. 5 Proposed lean and green manufacturing framework

has led to a new paradigm in manufacturing which is known
as industrial revolution 4.0. Industry 4.0 has massively influ-
enced the latest industry development especially in smart fac-
tories, smart products, and smart services that are embedded
with Internet of Thing (IoT) (Stock and Seliger 2016).
Industry 4.0 combines the production system technology with
intelligent production process to create new technology wave
that fundamentally transforms the industry value chain, pro-
duction value chain, and business model (Zhong et al. 2017).

Recently, many researchers have developed guidelines for
manufacturing factory to practice L&G. Data collection ana-
lytic is a key process to improve the manufacturing industry
performance. Operation data can be used as analytical tools to
improve production yield, quality assurance, and efficiency of
the process (Columbus 2014). Zhong et al. (2017) also stated
that for existing industry players to adapt to Industry 4.0,
various smart sensors, adaptive decision-making model, ad-
vance model, intelligent devices, and data analytics are un-
avoidable. This would incur a huge amount of investment cost
to the industry players. There is a huge gap between actual
implementation of Industry 4.0 element and confident of in-
dustry players, especially dealing with large investment cost
and competition from the global market.

Figure 4 presents the proposed L&G process flow for fu-
ture modeling work to fill the implementation gap of Industry
4.0 where the simulation outcome can help to build industry
players’ confidence at lower investment cost. The approach
towards Industry 4.0 is highly dependent on actual data col-
lection through factory instrumentation. The data will be ana-
lyzed to allow continuous process improvement to enhance
production efficiency (Qin 2014). The proposed L&G process
flow provides a lower cost method for industry players to
adapt and appreciate continuous process improvement prior
to venturing into Industry 4.0 which will incur higher invest-
ment cost.

An L&G framework has been proposed to be incorporated
in “data collection with L&G checklist” as shown in Fig. 5.
The proposed L&G framework mainly consists of five major
components such as manpower, money, machine, material,
and environment. Sme (2018) model focuses on lean such as
man, material, machine, methods, and money but it does not
take into consideration of green method. The proposed L&G
framework modifies Sme (2018) with the incorporation of
green element. Leong et al. (2018) stated that “manpower”
plays an important role in the manufacturing industry. In order
to adapt to new manufacturing technology and strategy, orga-
nization has to create a positive environment to allow the
workforce to adapt rapidly. On top of that, retaining and im-
proving employee capability is critical to ensure organization
competitiveness globally. As for “money”, Jason (2016) has
carried out a study to show the relationship between cost sav-
ing, efficiency, and sustainability. Money factor is also a direct
indication or performance index to an organization. Moving
on to “machine”, most of the manufacturing players depend
on machinery to produce goods. The optimization of machin-
ery performance will not only improve production efficiency,
it will create a continuous improvement environment for em-
ployee to strive for better performance (Leong et al. 2018).
The component “material” covers the aspect of resources
where raw and output products, logistic and storage, and qual-
ity of material are taken into consideration. Lastly,
“environment” is included to represent the green aspect of
the framework. The importance of decision making by an
organization without including environmental factors can con-
tribute severely to global warming and climate change.
Therefore, these five major components are proposed to be
included in the L&G framework.

The five major components will act as a check and balance
model to guide and assist the industry players during L&G
implementation. This will not only accelerate the
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implementation of L&G but also allow an organization to
have a clear direction during decision making. Moreover, the
direction of the model is to create a multiple-criteria decision
making (MCDM) tool that can assist an organization to make
the right decision based on their operational behavior.

This framework will help to fill this implementation gap as
the simulation is one of the technologies that contribute to
Industry 4.0. Crahmaliuc (2018) expected that global engi-
neering simulation software will rise by 12.4% per annum
from 2014 to 2022 due to increasing demand for integrated
analysis and development of process automation. Hong et al.
(2016) performed a study on various modeling techniques for
sustainable biomass supply chain that can be used to optimize
and locate bottleneck point for system improvement. This can
be used as a reference for future model development on
optimization and debottlenecking approach. Rojko (2017) re-
vealed that Industry 4.0 is able to reduce production, logistics,
and quality management cost by a minimum of 10%.
However, it is discovered that there is a lack of attention of
green element in Industry 4.0 from literature reviews. The
proposed L&G framework will include five major compo-
nents such as manpower, machine, material, money, and en-
vironment that will cover both operational and environmental
aspects. The framework intends to solve the barrier to promote
L&G in the industry. An actual industry case study that will be
evaluated with the proposed L&G improves the operating
performance of the facility as future research work. The inten-
tion of the framework is to fill the implementation gap and
assist the industry players towards Industry 4.0 by
implementing L&G approach in their production systems.

Conclusion

The fundamentals of lean aspect and green aspect have been
studied as the foundation to understand the application of both
aspects. The synergy of L&G approach has shown a better
effect that will benefit operational and environmental perfor-
mances. This paper offers an overview of principles of L&G,
application tools, potential barriers, and common challenges
faced by the industry. The study shows that there is a lack of
policy support and commitment from the government as well
as industry players in implementing the L&G approach. Top-
down commitment from the organization is one of the major
contributors to succeed in L&G approach implementation.
The potential barriers have been identified; however, actual
implementation has been ineffective mainly due to lack of
competent personnel. This paper has also identified the re-
search gap between the potential barrier and implementation
method. An L&G framework model has been proposed to fill
the research gap to overcome problems during the implemen-
tation of the L&G approach. The L&G model focuses on
manpower, machine, material, money, and environmental as
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the main components of the model. The proposed model is
expected to fill the research gap by performing simulation
studies to improve the implementation rate of the L&G meth-
od. This paper also intends to provide the industrialists with a
better understanding of L&G and help them to strategize an
effective way to improve the sustainability of their facilities.
This study will motivate and encourage industry players to-
wards L&G manufacturing and to catch up with Industry 4.0.
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