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Abstract
This work proposes a Value Stream Mapping (VSM) to be used in manufacturing industry that combines Lean, Energy 
and Six-Sigma methodologies. Lean’s VSM tool is amended to energy VSM so that the value-added and non-value-
added approach can be used to determine the energy use and waste. In order to identify the maximum rejection or rework at a 
workstation, an entropy-based mathematical model is developed and a Lean-Energy-Six Sigma Value Stream Mapping 
(LESSVSM) is presented. The model can be used in manufacturing at product level where temperature and energy can 
be measured from input to output. The model has been implemented on a manufacturing system containing four worksta-
tions. The proposed LESSVSM model will help to industry to become more sustainable as it can minimize energy and waste 
in the case of rework and rejection. This study presents a systematic approach which researchers and practitioners can apply 
for sustainable manufacturing.

Keywords Value stream mapping · Lean · Energy · Six sigma · Entropy · Sustainability

1 Introduction

The industrialization has increased the prosperity of civiliza-
tion, but it has also raised several environmental concerns. 
One is the absorption of electricity. Energy efficiency pres-
sures extend to businesses which are increasingly involved in 
the climate. The researchers have therefore studied methods 
and means in order to construct an energy-efficient machine 
or to reduce the energy consumption in current methods. In 
the ongoing research studies, the methods for addressing 

lean and green growth are integrated. The new energy stream 
mapping method has been developed with the addition of 
energy components as EVSM (Energy Value Stream Map-
ping) to VSM (Value Stream Mapping).The EVSM deter-
mines the energy consumption and waste in every phase and 
thus creates opportunities for energy saving. For diagnos-
tic, energy budgeting, and economical purposes, the EVSM 
model can be used.

Even though EVSM helps in minimizing non value-added 
energy consumption, it’s not sufficient to achieve a more 
sustainable manufacturing which requires reduction of waste 
in terms of entropy. This is the motivation behind the current 
work to incorporate entropy besides energy.

In this work, Lean, Energy, and Six-Sigma (LESS) 
approaches are combined to come up with a LESS model. 
An entropy-based energy equation is also developed. The 
equation helps to identify the stations where attention is 
required for determining the energy of rejection and energy 
at rework. This equation helps to take optimal decisions in 
the sustainability process. In order to develop a model uti-
lizing the entropy equation, it is considered that the product 
manufacturing requires four processes (i.e. four worksta-
tions). It is shown with figures in Sects. 3 and 5. In this 
manufacturing process, raw materials (angles) undergo first 
through straightening process, in which bend or distortion 
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present in raw materials is removed. After this, angles 
undergo CNC, in which punching, stamping & cutting oper-
ations are performed. After CNC, notching is performed on 
the angles and then all products undergo galvanization. In 
galvanization, a protective coating of zinc is applied on the 
angles and cleats. Here manufacturing process is completed 
and all the products are sent for packaging. Each process 
will lead to an increase in the temperature of the work-piece, 
which increases the entropy of both the work-piece and the 
universe. It is assumed that rework and rejection at any point 
in the system will lead to an increase in entropy of the uni-
verse and this can be identified by the proposed Lean Energy 
Six Sigma VSM (LESSVSM) model.

Besides the development of the sustainable LESSVSM 
model, this article discusses the application of the model 
in a case study with a manufacturing system comprising 
four workstations. There does not exist enough studies in the 
literature showing stepwise details of the use of energy and 
entropy for sustainable manufacturing systems in industries. 
The present work is an attempt to make contribution in this 
regard. The LESSVSM model minimizes waste and helps 
towards sustainability.

The article is organized as follows. Next section covers 
literature review related to Value Stream Mapping, Energy 
Value Stream Mapping, Lean, and Six Sigma. Section 3 
explains Lean, Energy, and Six Sigma model for an exam-
ple product from the industry. Section 4 presents the new 
entropy based mathematical model for Lean, Energy, and 
Six Sigma Value Stream Mapping. Section 5 illustrates the 
model implementation. Section 6 discusses the results. Sec-
tion 7 describes the conclusions and recommendations.

2  Literature Review

This section discusses the literature review related to Lean, 
Six Sigma, Lean Six Sigma, Value Stream Mapping (VSM) 
and Energy VSM.

2.1  Lean, Six Sigma and Lean Six Sigma

Lean technique emphasizes waste elimination [8, 53] 
and reduction of flow time between process steps [9]. 
Six Sigma methodology emphasizes process optimiza-
tion by reducing variation [4, 18, 47]. Because Lean and 
Six Sigma both are process improvement techniques and 
have similarity in their goals and procedures, these are 
also combined as Lean Six Sigma methodology [43, 47]. 
Lean Six Sigma (LSS) tools address the waste generated 
during the process, identify and eliminate the non-value 
added activities, and reduce process variations [32]. A 
variety of studies have been done to study the impact of 
these LSS tools in manufacturing and service industries 

as well as non-profit organizations. Edgeman and Dugan 
[21] have discussed the use of Six Sigma in military and 
defence applications as well as pertaining to society and 
environment.

The effect of Lean tools like 5S, value stream mapping 
(VSM), Total productive maintenance, and Six Sigma tools 
like DMAIC (Define, Measure, Analyze, Improve, and 
Control) has been studied in a die manufacturing industry 
[51]. A Lean tool: observation is used to eliminate waste 
and identify causes of variations [7]. DMAIC approach has 
been used to improve productivity in a caravan manufactur-
ing company in the UAE [30]. A study has been done on the 
existing Six Sigma methodologies and quality improvement 
procedures in a small engineering firm in the USA, which 
suggested a plan to improve service quality and customer 
satisfaction [10]. A modified version of DMAIC has been 
applied to decrease defects produced in an automotive part 
manufacturing company in India [36]. DMAIC approach is 
utilized in sheet metal forming process of deep drawing to 
minimize defects [1]. DMAIC has been adopted in textile 
industry of Bangladesh to decrease defects in denim fabric 
manufacturing [44]. A framework using analytic hierarchy 
process (AHP) and DMAIC to improve supply chain perfor-
mance of manufacturing companies has been proposed [41]. 
A Lean and sustainability principle is applied to determine 
the performance of manufacturing sustainability in an Indo-
nesian furniture industry [27]. Similarly Lean concepts are 
used to design a facility layout for a cylinder liner produc-
tion line in China [55]. The designed layout increased the 
production efficiency. Six Sigma approach is also applied in 
a semiconductor company that used to produce cartridges 
for printers [48]. It helped to decrease defects in the manu-
facturing process.

DMAIC is applied in a UAE telecom company to improve 
customer satisfaction by decreasing the response time to 
customer requirements [43]. Pareto chart, cause and effect 
diagram, Kaizen, 5S, etc. are used to improve the business 
process of an interior design company located in the mid-
dle-east region [31]. LSS is also applied to improve service 
process in a higher education institution [35]. The authors 
also discussed the challenges faced while working with the 
intangible factors. The intangible impacts of LSS are ana-
lysed and reported that LSS can foster organizational inno-
vation [2]. A review on the application of Lean, Six Sigma, 
or LSS initiatives in the food industry has been conducted 
[17] and concluded that these initiatives would decrease cost 
and imporve productivity. DMAIC methodology is applied 
in a business entity in Croatia to decrease delivery times of 
products in order to be competitive in the global market [39]. 
An investigation has been done if Lean and SS principles 
can be applied in public housing authorities in the USA. 
With a case study, it showed that these concepts can improve 
an affordable housing process [33].
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A systematic review of literature on the application of Six 
Sigma approach in healthcare is presented in [5]. This work 
can be used as a guide in improving the quality of health-
care. An ILL (Innovativeness, Learning and Lean) index is 
devised to evaluate and improve healthcare organizations 
[19]. Identification of key factors has been done that are 
tied with successful continuous improvement in hospitals 
while implementing quality improvement methodologies 
such as Lean-Kaizen, SS, LSS. [25]. Lean technique is uti-
lized to identify waste in a hospital emergency department 
to decrease patient length of stay [40]. Lean healthcare prin-
ciples are adopted to devise an operating room effectiveness 
indicator, which can measure the performance and identify 
waste in hospital operating rooms [46]. The adaptation of 
this indicator in a university hospital in Brazil resulted in an 
increase in the operating room efficiency. DMAIC is also 
used in a healthcare setting for patient surge planning due 
to the COVID-19 pandemic [12].

2.2  Value Stream Mapping (VSM) and Energy VSM

A Lean incipience spiral model is proposed as a Lean trans-
formation framework to be used in small and medium enter-
prises (SMEs) [16]. SMEs can sustain this transformation as 
it is guided by value stream mapping (VSM). In VSM, time 
for value-added and non-value-added activities are shown. 
VSM has been used to address problems like rejections, 
inventories, waiting time, setup time in a die manufacturing 
industry [51], where a decrease in wastage and an increase 
in productivity was achieved. VSM has also been applied in 
a simulated manufacturing company in an academic setting 
[3]. Adding energy consumption to value stream makes it 
energy value stream, which can be used to address the wast-
age of energy in any process chain of a manufacturing sys-
tem [22]. This visual display of energy waste helps the plan-
ner to manage efficiently. But the idea of added value and 
non-value consumption does not propose a way to compute 
the time and energy input simultaneously, which in turn con-
tributes to a concept of energy loss due to non-value added 
activities. To avoid this, Muller et al. [37] in their energy 
VSM (EVSM), evaluated time and energy inputs simultane-
ously to optimize value-streams including the transportation 
processes which are essential parts of supply chains. The 
incorporation of transport into energy VSM demonstrates 
the impact of prolonging lead time as a way of adding value 
to energy consumption [20]. When the output cycle is ana-
lysed, it reveals that during the full cycle there is a trend of 
energy consumption depending on the state of the machine. 
Installation, set-up, idle, and processing or production status 
are various states of the machine or system corresponding to 
different power levels [11]. This EVSM approach allows for 
an analysis of energy consumption during non-value-added 
work. The energy audit records the power level for each state 

[11]. It discusses the thematic state of the system and assigns 
energy level. Every state has its own value-added energy and 
non-value-added energy. When the device is set, it commu-
nicates the consumption of energy and its control.

The VSM is also effectively utilized in the process of 
planning to visualize and reduce waste [38]. The current 
state of the use of energy value stream mapping (EVSM) 
has been described in [52]. The waiting time is eliminated by 
Kanban (pull system). Verma & Sharma [50] used EVSM to 
address the non-productive energy consuming processes and 
to focus on achieving Green Manufacturing. The energy esti-
mation is based on Lean modelling as value added and non-
value added in order to holistically maximise value sources. 
This definition uses simulation to construct a dynamic VSM, 
which allows more complex systems than conventional 
VSMs to be analysed. This allows the Lean coordinator to 
envision the outcomes in an easily understandable language 
[50]. Value stream mappings can be updated in a table to 
make the teams compatible [45]. The paper shows the inabil-
ity to thoroughly and adequately address industrial needs 
of "existing methods to manufacturing calculation, control, 
and energy efficiency improvement" [45]. The absence of 
effective instruments to recognize energy use and the ways 
to enhance energy effectiveness has created a gap between 
literature and industrial needs [14].

Pioneering stream mapping strategies have been pro-
posed to improve energy efficiency in small and medium-
sized manufacturing sectors [49]. Potential scenarios for 
exploring potential changes are also developed via Bayes-
ian networks. Not only can the proposed model be used for 
diagnosis, but also for energy budgeting and saving meas-
ures. In view of the machinery’s state energy use, visualiza-
tion of the energy usage has been considered as important 
[29]. The total energy consumption of the company is taken 
into account in an integrated energy stream mapping. The 
process box identifies energy consumption in different pro-
duction steps, but the energy wastes are linked to the non-
value-added activity of the traditional VSM. In the value-
added activity could be hidden energy non-value-added step, 
which is not considered. The focus is on the factory level, 
not on the product level [13]. Energy Value Stream Mapping 
(EVSM) as a method for determining energy consumption 
during any phase of development is also explored in [15] in 
the development of bio diesel. The first approach that maps 
the sustainable value stream and accounts for the energy 
consumption for two direct and indirect categorizations is 
presented in [23]. Direct energy for supporting operations 
and auxiliary equipment is divided into theoretical energy 
and auxiliary energy. For all products is then calculated the 
embodied energy as the sum of theoretical, auxiliary, and 
indirect energy consumption. EVSM is used to determine 
energy wastage in an auto body paint shop of an automobile 
manufacturing company [42].
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VSM is presented in combination with energy loss 
equations and heat energy rate analysis to reduce energy 
loss in a power plant [6]. Environmental VSM is used in 
lean manufacturing work at Volvo [34]. DMAIC-based 
methodology is proposed to use sustainable VSM for sus-
tainable manufacturing [28]. The terminology of Green 
Lean Six Sigma for sustainable VSM is adopted in [24]. 
An operational entropy model of operation-logistics sys-
tems in order to determine the operational efficiency has 
been developed and used in a case study in [54].

It is evident from the literature that sustainable 
VSM utilizing energy and entropy is a growing field 
for researchers and practitioners. However, there are no 
enough studies showing how to use sustainable VSM in 
sustainable manufacturing systems. The present research is 
an attempt to fill this gap. This work employs the concepts 
of Lean, Energy, and Six Sigma and presents a model that 
includes entropy. The model will help minimize waste and 
aid towards sustainability.

3  Lean Energy Six Sigma Model

Figure 1 displays the proposed Lean Energy Six Sigma 
(LESS) model. Starting with the application of the lean 
energy, all waste including energy is then applied to the 
system. Six-sigma instruments are then used to refine the 
process and reduce uncertainty, eliminating energy usage 
during the product life cycle. The model is named LESS 
(Lean, Energy, Six-Sigma) by the application of the tools 
in the system to achieve sustainability.

3.1  Value Stream Mapping (VSM)

Galvanized angles and cleats having holes stamp and notch 
are the products that are being manufactured from input (i.e. 
angles) by four processes. Raw materials (angles) undergo first 
through straightening process, in which bend or distortion pre-
sent in raw materials is removed. After this, angles undergo 
CNC, in which punching, stamping & cutting operations are 
performed. After CNC, notching is performed on the angles 
and then all products undergo galvanization. In galvanization, 
a protective coating of zinc is applied on the angles and cleats. 
Here manufacturing process is completed and all the products 
are sent for packaging. Figure 2 shows the process flow dia-
gram of the product used for the creation of the model and 
Fig. 3 shows its present value stream mapping (VSM).

The information which is collected from the current VSM 
is: Machine name, Energy (E), Cycle time (CT), Change over 
time (C/O), Number of workers engaged, the calculation is 
being made for a cycle time of each operation. For each opera-
tion, data are collected for five consecutive cycle and average 
data are considered for VSM. It is observed that the cycle time 
of the galvanization process deviates too much from the takt 
time of 39 s, hence the bottleneck exists here in Fig. 4. Packag-
ing is not a part of the manufacturing process, rather it is a part 
of the supply chain. Packaging is done to provide products to 
the customers safely. Hence, Fig. 4 does not show packaging. 
By successful implementation of the new LESSVSM model 
as proposed in Sect. 5 and shown in Fig. 7, the bottlenecking 
can be minimized.

3.2  Energy Value Stream Mapping (EVSM)

The energy value stream mapping (EVSM) is created by tak-
ing into account the energy usage for each time-related value-
added (VA) and non-value-added (NVA) activities. The rel-
evant data are collected on the basis of each operation and the 
corresponding value is summarized in Table 1 and EVSM is 
shown in Fig. 5. Comparing energy NVA (ENVA) with the 
corresponding energy VA (EVA), it’s clear that the notching 
consumes the highest proportion of ENVA compared to its 
corresponding EVA. The values shown in Fig. 5 are obtained 
from the time study and motion study of manufacturing pro-
cesses and the values of EVA and ENVA shown in Table 1 are 
obtained by energy calculation for the four processes. Packag-
ing was not shown in Fig. 4 as explained in Sect. 3.1.

VSM (Fig. 4) displays takt time and provides information 
related to different processes, inventories etc. But EVSM Fig. 1  Lean energy six sigma (LESS) model

Fig. 2  Process flow line taken for value stream mapping
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(Fig. 5) consists of all information of VSM as well as rep-
resents energy consumption for value added & non value 
added activities i.e. EVA & ENVA.

3.3  LESS Model

Six Sigma is the data-based approach that improves process 
capabilities and increases the performance of process and 
decreases the variation. Six Sigma’s DMAIC tool is used in 
the current work. A concise description of all the phases of 
DMAIC: Define, Measure, Analyze, Improve, and Control 
[30] is presented here.

1. Define:—In this phase various problems and compli-
cations associated with manufacturing process such as 
waste, rejection & rework due to energy consumption 
and dissipation are identified. This phase provides infor-
mation about all process parameters such as inputs and 
outputs of manufacturing processes, suppliers and cus-
tomers.

2. Measure:—Information gained from the define phase 
helps to measure process parameters and collect data. 
In this phase, a Lean tool: value stream mapping (VSM) 
can be used. For the present production shown in Fig. 2, 
the corresponding VSM is displayed in Fig.  3 and 
explained in Sect. 3.1.

Fig. 3  Current value stream 
mapping

Fig. 4  The bottleneck in the process line

Table 1  Energy Calculation for different processes

Process/Data Straightening CNC Notching Galvanization

Energy (KW) 22 15 22 96.55
C/T 1.15 min 4 min 27 s 10 min
C/O 7 min 5 min 6 min 6 min
EVA 0.421 kWh 1kwh 0.165 kWh 16.09 kWh
ENVA 2.57 kWh 1.25 kWh 2.2 kWh 9.655 kWh
Total Energy 2.991 kwh 2.25 kWh 2.385 kWh 25.745 kWh
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3. Analyze:—In the ‘analyze’ phase, energy consumed in 
value-added (EVA) and non-value-added (ENVA) activ-
ities have been determined as discussed in Sect. 3.2, and 
EVSM has been shown in Fig. 5. This provides a great 
information about energy consumption in value added 
tasks such as manufacturing operations and energy dis-
sipation due to non-value added tasks such as rejection.

4. Improve:—Energy dissipation that occurs due to rejec-
tion and rework can be reduced by minimizing rejec-
tion and rework rates (%). Entropy based mathematical 
model is proposed for this phase which helps to identify 
rejection and rework % by using energy and entropy con-
cepts. The detailed discussion is given in Sect. 4.

5. Control:—This phase deals with physical behaviour 
of the proposed model i.e. whether this model sustains 
a real manufacturing environment or not. Hence the 
entropy based model is implemented on the current pro-
duction with the four manufacturing processes. This has 
been explained in Sect. 5.

Since this work deals with integrating Lean thinking 
and energy savings in manufacturing processes through 
the Six Sigma tool, the proposed model is named as 
“LESS” model.

4  Entropy Based Mathematical Model 
For Lean Energy Six Sigma Value Stream 
Mapping (LESSVSM)

The next step is to minimize process variability and defects 
after the energy waste is minimized by eliminating the non-
value added energy shown earlier in EVSM. A mathemati-
cal model based on system entropy is built to define the 
mechanism where maximum rejection and rework occur. 
The following assumptions have been made to develop this 
mathematical model:

1. Six sigma’s DMAIC methodology is followed strictly.
2. Manufacturing process is considered as an isolated sys-

tem.
3. Rejection and rework increase entropy of the system.
4. Temperature values for each process can be measured.
5. Energy consumption values for rejection and rework can 

be determined.

Fig. 5  Energy value stream 
mapping (EVSM)



8111Arabian Journal for Science and Engineering (2021) 46:8105–8117 

1 3

Let,

Utilizing the heat energy and work done equations for the 
steady-state equation as proposed by [26]

The work done at different stages can be represented as

where Q0(MF) = mi × Cp ×
(
T1 − T2

)

ΔS = Change in entropy from state 1 to state 2

ΔQ = Change in Heat Energy

ΔU = Change in Internal energy of a system

ΔW = Change in Work done by the system

T1 = Inlet temperature

T2 = Outlet temperature

Tsys = System temperature

QME = Heat Energy interaction between the manufacturing subsystem

WME = Work is done between the manufacturing subsystem

HPROD = Enthalpy of all products, of the manufacturing system

HMAT = Enthalpy of all material, of the manufacturing system

HRES = Enthalpy of all Residual, of the manufacturing system

Q0 = Heat interaction between manufacturing system and the environment, denoted by the subscript “o” is assumed to be out of the system

Mi = mass of a substance

Cp = specificheat

ΔW = Work done during production

ΔU = Internal energy

H = Enthalpy

Qi = Heat energy for process i

Qi(MF),= Heat interaction from the material to the environment for the time in which material is exposed to the environment

(1)ΔQ = ΔU − ΔW

ΔS =

[
Q

T1

+
Q

T2

]
=

Q
(
T1 + T2

)
T1 × T2

(2)

WME = Q0(MF) −

(∑
i

QME

)
− HMAT(MF) + HPROD(MF) + HRES(MF)

(3)

∴WME =
∑
i

mi × Cp ×
(
T1 − T2

)
−

(∑
i

QME

)

− HMAT(MF) + HPROD(MF) + HRES(MF)

Let 
∑
i

QME = Ei and neglecting the enthalpy of material 

and residue.

(4)∴WME =
∑
i

mi × Cp ×
(
T1 − T2

)
− Ei + HPROD(MF)

(5)

WME =

n∑
i

mi.cp.
(
T1 − T2

)
− Ei + Uprod(MF) +Wprod(MF)

[H = ΔU + ΔW]

(6)

WME −Wprod(MF) =

n∑
i

mi.cp.
(
T1 − T2

)
− Ei + Uprod(MF)

Uprod(MF) = Ep

Fig. 6  Manufacturing system 
for analysis
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5  Implementation of the LESSVSM Model

Consider the same product with the manufacturing processes 
as shown in Fig. 2. This manufacturing system has four pro-
cesses or workstations between inlet and outlet as shown 
in Fig. 6. It is assumed that each process in the system will 
lead to an increase of entropy of both the work-piece and the 
universe. Any rework or rejection at any point in the system 
will cause the entropy of the system to increase further.

Let, the temperature of inlet material is  T1 and the tem-
perature of the outlet material is  T2.

Let,

The total energy consumed in the system can be written 
as equation 9

Assuming ENVA has been taken care of by EVSM, there 
will be four idealistic conditions.

Condition-1: when there is no rejection or rework,

(7)Wnet =

n∑
i

mi.cp.
(
T1 − T2

)
− Ei + Ep

(8)Q(MF) =

n∑
i

mi.cp.
(
Ti − To

)

N = Batch size

Ei = Energy consumed in each workstation

m = No. of products Reworked in a batch

Ej = Additional energy consumes for rework

r = No. of components Rejected in a batch

EK = Energy consumes when the workpiece is rejected

Ep = Energy consumes when rework and rejection

ES = When there are rework and then rejection or rejection

and then rework at one or more workstations

EN = Energy consumes when the workpiece is reworked

n = number of workstations

Z = Total Energy

(9)

Total energy(Z) = Energy consumed during value added process(EVA)

+ Energy consumed during nonvalue added process(ENVA)

+ Energy consumed due to rework(s)(ERW)

+ Energy consumed due to rejection(s)(ERJ)

(10)Z = Total energy = N

n∑
i

Ei

Condition-2: When there is rework(s) at one and more 
workstation for one or more workpiece

Condition-3: When a workpiece is being rejected at one 
or more workstation

(11)ΔQ = N ⋅ Ei −

n∑
i

mi ⋅ cp ⋅
(
Ti − To

)
+ Ei − Ep

(12)

ΔS =

(
T1 + T2

)
T1. T2

[
N.Ei −

n∑
i

mi.cp.
(
Ti − To

)
+ Ei − Ep

]

(13)ΔS =

(
T1 + T2

)
T1 ⋅ T2

[
(N + 1) ⋅ Ei − Ep − Q1(MF)

]

(14)Z
�

= Total energy = N

n∑
i

Ei + m

m∑
j

Ej

(15)

ΔQ = (N −m) ⋅ Ei +

m∑
j=1

(
mEi +mEj

)

−

n∑
i

mi ⋅ cp ⋅
(
Ti − To

)
+ Ei − Ep

(16)

ΔS =

(
T1 + T2

)
T1 ⋅ T2[
(N −m) ⋅ Ei +

m∑
j=1

(
mEi +mEj

)

−

n∑
i

mi ⋅ cp ⋅
(
Ti − To

)
+ Ei − Ep

]

(17)ΔS =

(
T1 + T2

)
T1 ⋅ T2

[
(N + 1) ⋅ Ei +m ⋅ EN − Ep − Q2(MF)

]



8113Arabian Journal for Science and Engineering (2021) 46:8105–8117 

1 3

Condition-4: When there are rework and then rejection 
or rejection and then rework at one or more workstations,

(18)Z�� = Total energy = N

n∑
i

Ei + r

k∑
j

Ek

(19)

ΔQ = (N − r) ⋅ Ei +

r∑
k=1

(
r ⋅ Ek + r ⋅ Ek

)

−

n∑
i

mi ⋅ cp ⋅
(
Ti − To

)
+ Ei − Ep

(20)

ΔS =

(
T1 + T2

)
T1 ⋅ T2[
Ei +

r∑
k=1

(
r ⋅ Ek + r ⋅ Ek

)

−

n∑
i

mi ⋅ cp ⋅
(
Ti − To

)
+ Ei − Ep

]

(21)ΔS =

(
T1 + T2

)
T1 ⋅ T2

[
(N + 1) ⋅ Ei + r ⋅ ES − Ep − Q3(MF)

] (22)Z��� = Total eney = N

n∑
i

Ei +m

m∑
j

Ej + r

r∑
k

Ek

Fig. 7  LESS value stream 
mapping

Fig. 8  Findings of energy value stream mapping (EVSM)
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Converting (13), (17), (21), (25) in matrix form

From the matrix, the values of all the unknowns (m, r) can 
be calculated. The matrix can be solved using MATLAB.

From Fig. 5: E1 = 2.991 Kwh; E2 = 2.25 Kwh; E3 = 
2.365 Kwh; E4 = 25.7 Kwh

Total no. of components per day = 700 piece/day =30 
piece/hr.

Now from case study mass and temperature are:
mo = 20 kg, m1 = 19 kg, m2 = 18 kg, m3 = 17 kg, m4 

= 15 kg,
T1 = 270 = 300K, T2 = 1270 = 400K
TA = 520 = 325K, TB = 730= 346K, TC = 970 = 370K,
Cp = 0.49 KJ/kgK
Percentage of rework = (.09744/700) = 0.0139 %
Percentage of rejection = (.050291/700) = 0.0071 %
The workstation where the highest rework and rejection 

occur is workstation 4. Based on the information generated 
from the model, EVSM is modified to LESSVSM and is 
shown in Fig. 7. This is the most effective tool for the indus-
try as this value stream mapping will address, in totality 
the wastage in any system, and make it the most effective 
towards sustainability.

(23)

ΔQ = (N −m − r) ⋅ Ei +

m∑
j=1

(
mEi +mEj

)

+

r∑
k=1

(
r ⋅ Ek + r ⋅ Ek

)

−

n∑
i

mi ⋅ cp ⋅
(
Ti − To

)
+ Ei − Ep

(24)

ΔS =

(
T1 + T2

)
T1 ⋅ T2

[
(N −m − r) ⋅ Ei +

m∑
j=1

(
mEi +mEj

)

+

r∑
k=1

(
r ⋅ Ek + r ⋅ Ek

)
−

n∑
i

mi ⋅ cp ⋅
(
Ti − To

)]

+ Ei − Ep

(25)

ΔS =

(
T1 + T2

)
T1 ⋅ T2

[
(N + 1) ⋅ Ei +m ⋅ EN + r ⋅ ES − Ep − Q4(MF)

]

⎡⎢⎢⎢⎣

N + 1 0 0 −1

N + 1 m 0 −1

N + 1 0 r −1

N + 1 m r −1

⎤⎥⎥⎥⎦
×

⎡⎢⎢⎢⎣

Ei

EN

ES

EP

⎤⎥⎥⎥⎦
=

⎡⎢⎢⎢⎣

Q1(MF)

Q2(MF)

Q3(MF)

Q4(MF)

⎤⎥⎥⎥⎦

6  Results and Discussion

In this research work lean thinking is integrated to optimize 
amount of rejection & rework by utilizing energy consump-
tion in particular workstation. The energy consumption for 
both value added (EVA) & non value added (ENVA) is 
shown in Fig. 8, which can be identified and calculated by 
implementing EVSM (Fig. 5).

Figure 8 gives a summary of essential information regard-
ing energy consumption. It can be observed that galvaniza-
tion process is the highest energy consuming workstation 
including both EVA & ENVA. It is also observed that the 
galvanization has higher EVA value than that of ENVA 
while the other three processes (workstations) have lesser 
EVA than ENVA. ENVA is the energy that is wasted or 
do not add any value i.e. energy wasted due to rejection 
of products. It indicates that EVA of galvanization also 
includes energy consumed for rework of materials, which 
significantly add values on products but increases production 
cost and lead time, also causes obstacle for a continuous and 
smooth production flow.

The percentage of rework and rejection is 0.0139% 
and 0.0071%, respectively, which is calculated from the 
proposed entropy based LESSVSM model. The amount 
of rejection and rework is very less i.e. less than 1%, this 
indicates that the successful implementation of the entropy 
based mathematical model for LESSVSM reduces amount 
of rejection and rework which are waste. Also reduction in 
amount of waste reduces energy consumption. Another ben-
efit of this model is that with the help of this percentage, one 
can calculate the number of rework or rejected products that 
will be produced in a month or a year. So by this percent-
age industry will be able to calculate the cost of rework or 
rejected products and will include in the manufacturing cost 
of products to avoid any losses incurred due to the rework 
or rejected products.

The present work is in agreement with the work of [24, 
28, and 34]. All these studies used sustainable VSM to make 
manufacturing systems lean and sustainable. This work dif-
fers from the work of [6] which used energy and enthalpy to 
reduce energy loss in a power plant. It also differs from the 
work reported in [54] in the sense that they used entropy in 
operation-logistics systems to find the operational efficiency.

The application of LESSVSM in the case study presented 
in this article suggest that LESSVSM can be used in industry 
to achieve sustainable manufacturing with process improve-
ment, cost reduction, energy savings, and minimizing waste. 
With proper modification according to the type of process, 
type of product, type of defects, etc., this LESSVSM model 
can be implemented in any industry.
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7  Conclusions and Recommendations

To remain sustainable, industries must make optimal deci-
sions regarding the manufacturing costs of products. The 
present research work proposes a systematic approach 
towards making an industry sustainable by reducing waste. 
The model developed is validated using the information 
collected from a manufacturing industry for the example 
product shown in Fig. 2 and Fig. 6 consisting of four work-
stations. The authors have modified the value stream map-
ping (VSM) of Fig. 3 and energy VSM of Fig. 5, and have 
proposed a new value stream mapping: LESSVSM in Fig. 7, 
which is more versatile. EVSM embraces energy for value-
added and non-value-added activities in each workstation 
for critical assessment and evaluation. The new LESSVSM 
model can be used to map the value stream (lean tool: VSM), 
energy stream (EVSM), and entropy equations. This model 
can be used to eliminate waste in terms of non-value added 
energy consumption and entropy, which helps towards 
sustainability.

In the present work, a step by step approach for the pro-
posed sustainable model LESSVSM has been summarized. 
LESSVSM helps in the calculation of energy consumption 
and energy losses in each workstation. The results show that 
the number of rework or rejected product not only increases 
the cost of production but is also a burden to the society in 
terms of energy and waste (in case of rejection). Further, the 
results show that the energy used during phase 2 and 4 or the 
energy used in a refurbishment and rejection phase contrib-
utes to a rise in production costs. Therefore, the company 
would have to decide on the energy used in the reprocessing 
or rejection process or reduce the rate of number of rework 
or rejected products to reduce production costs. This model 
will help to increase the efficiency of the workstation (i.e. 
machine).

As discussed in the literature review section, sustain-
able VSM is an emerging research area. However, there are 
no enough studies in the literature showing how to apply 
sustainable VSM. The current study with entropy-based 
LESSVSM is an attempt to fill this gap. Because the model 
helps towards sustainability, it can be also called as Green 
Lean Six Sigma model. This work has presented a stepwise 
approach which researchers and practitioners can apply for 
sustainable manufacturing.

7.1  Recommendations for Future Study

• Extension of entropy energy model to medium and large-
scale industries.

• Worldwide researchers have woken up to the productive 
use of energy stream analysis. Green Lean Six Sigma has 
a lot to do in the future.

• Future research should concentrate on a broader use of 
the Green Lean VSM instrument in multiple case stud-
ies for further validation for SMEs from other industrial 
sectors.

• To find new directions in their sustainable business prac-
tice strategies to achieve balance of environmental and 
economic objectives.
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