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Abstract
Businesses apply many management philosophies aiming to manage processes effectively, eliminate bottlenecks and 
improve their process performance. The most important of these philosophies are the Theory of Constraints and the Six 
Sigma. These are used separately in process improvement and performance enhancement in many businesses. Recently, 
an integration model approach of two philosophies has been examined in the literature in an effort to reduce their 
weaknesses and increase their strong effects. In the literature, three different approaches are identified for the integration 
model of Theory of Constraints and Six Sigma. In this study, the integration model of Jin, Abdul-Razzak, Elkassabgi, Zhou, 
& Herrera, (2009) was applied in an industrial enterprise in order to identify and eliminate the root causes of the decline 
in sales figures. It has been revealed that the integration model can help to identify and eliminate these root causes and 
how it benefits the business. As a result of the application, an improvement in production cost by 1.56% and 3.55% and 
an increase in σ value from 1.4 to 2.3 were determined. With this model, constraints in the production process were 
determined, managed and eliminated.
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Introduction

On the basis of protecting their assets and to ensure continuity, companies should manage 
their processes effectively, eliminate bottlenecks and improve their process performance. In 
order to perform those actions, they apply many management philosophies. One of them is 
the Theory of Constraints (TOC), which Goldratt mentioned in his book “Goal” written in 
1984, and another is the Six Sigma (6σ) philosophy developed by Motorola in the 1980s. The 
popularity of these concepts continues in today’s business world and literature.

The purpose of the TOC is to increase the capacity of the whole system with the purpose 
of reaching businesses’ goals and targets now and in the future. It has been seen that studies 
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in the literature about the TOC are conceptual, the application of TOC principles to different 
theoretical problems, the comparison of TOC philosophy with different systems and TOC 
applications (Rahman, 1998). The TOC has been applied to many fields; the manufacturing 
sector (Ünal, Tanış & Küçüksavaş, 2005; Demircioğlu & Akkaya, 2016; Wolniak, Skotnicka-
Zasadzien, & Zasadzien, 2018; Urban & Rogowska, 2018; Rojas, Jurado, & Londono, 2018; 
Sorkun, 2018; Urban, 2019; Garza, et al., 2019; Akçimen & Antmen, 2019; Aiastui, Perez 
de Eulate, & Guisasola, 2020; Al-Fasfus, Hamza, & Elkotayni, 2020; Karakoç & Şık, 2021; 
Mahdi, Abboud & Hussain, 2021), the service sector (Taştan & Demircioğlu, 2015; Akbulut 
& Ertan, 2015; Ayanoğlu & Şakar, 2015; Yükçü & Yüksel, 2015; Escobar, Vega, & Zamora, 
2016; Grida & Zeid, 2019), supply chains (Harish, 2019; Kelly & Germain, 2020; Huang, 
Lu & Dang, 2021), project management (Mishra, 2020; Sarkar, Jha & Patel, 2021), product 
mix decisions (Ünal et al., 2005; Kaygusuz, 2005; Mehdizadeh & Jalili, 2018) and human 
resources management (Tekin & Şahin, 2014; Alghaithi & Sartawi, 2020). 

6σ is a systematic approach that aims to increase business profitability, performance, pro-
duction and customer satisfaction, as well as to reduce the operational costs of the business. 
The studies about 6σ are classified within the framework of descriptive, experimental, con-
ceptual and literature review (Nonthaleerak & Hendry, 2006; Ninerola, Rebull & Lara, 2021). 
The method is described in the literature on the manufacturing sector (Koch, Yang, & Gu, 
2004; Erdiller & Orbak, 2005; Hsu, Pearn, & Wu, 2008; Boangmanalu, Abigail, Sembiring, 
& Tampubolon, 2020; Sithole & Nyembwe, 2020; Rebull, et al., 2020) and service sector 
(Dakhil, 2019; Stanivuk, et al., 2020;  Abid, et al., 2020;  Ali, 2020) applications; in the con-
text of its relationship with Total Quality Management (TQM) (Yang, 2004; Çalışkan, 2006;  
Bircan & Köse, 2012; Elmacı, Uslu, & Tutkavul, 2013) and lean (Edgeman & Bigio, 2004; 
Turan & Turan, 2019; Ikumapayi, et al., 2020; Gholami, et al., 2021; Costa, et al., 2021); it is 
also seen that it is the subject in conceptual and descriptive frameworks (Pyzdek, 2000; Rasis, 
Gitlow, & Popovic, 2002; Rowlands, 2003; Coronado & Antony, 2004; Antony, 2004; Ülgen, 
2014; Uluskan, 2017). According to Kwalk & Anbari (2006) 6σ includes the combination of 
five methods; TQM or continuous quality improvement, customer focus, multiple analysis 
methods, financial performance and project management (Lee & Chang, 2012, p.453). 

Both methods have similar and also different aspects (Table 1). The TOC deals with the 
methods, procedures and paradigms that are interfering with the processes, rather than con-
centrating on the technical constraints which 6σ is better at detecting in the processes (Lee & 
Chang, 2012, p.454). While 6σ deals with technical issues with quantitative tools, the TOC 
tries to find solutions with more qualitative analysis. While 6σ is located in the chain between 
supplier and customer in the system, the TOC is mostly located between the whole system 
and the weakest link which has the most limited capacity in the system. While the value 
approach of 6σ is meeting the demands and expectations of the customer, the TOC’s value 
approach is mostly based on the use of the constraints in the system with the aim of being be-
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neficial at the highest level. By taking into account both theories’ fundamental assumptions, 
implementation steps, effects on the organization and shortcomings, Nave (2002) emphasizes 
that if the organization focuses on minimazing fluctuation and standardizing process outputs, 
it should concentrate on 6σ; if it focuses on constraints and increasing the level of output, it 
should concentrate on TOC.

Table 1
Comparisons of TOC and 6σ

6σ TOC
Aim Minimizing fluctuations Managing constraints

Implementation 
Plan

 1.Define
2.Measure
3.Analyze
4.Improve
5.Control

1.Identify the constraint
2.Exploit the contstraint

3.Subordinate to the constraint
4.Elevate the constraint

5.Back to step 1
Focus point Problem oriented Constraint oriented

Assumptions

There is a problem.
Numerical valuations are available. If fluctu-
ations are minimized, the output level would 

increase. 

Emphasis on production speed and throughput. 
Existing systems are applied. All processes are 

independent from each other.

First Impact Output quantity standardize Quick output

Secondary 
Impact

Lower improvidence.
Quick output.

Lower level of stock.
Performance measurement for managers.

Improved quality.

Lower improvidence.
Lower level of stock.

Output cost accounting.
Performance measurement system.

Improved quality.

Reviews
The relationship of systems with each other is 

ignored.
Processes develop independently.

Minimum employee input and contribution.
Data analysis has not been evaluated.

Ref: (Nave, 2002, p.77)

Conceptual Framework

The Theory of Constraints and Six Sigma Integration Model 
Although the TOC and 6σ are different philosophies, many businesses can use both of them as 

their method of finding solutions. Some managers are aiming to speed up the workflow and mini-
mize fluctuations that can be seen in output by combining those two philosophies. In the literature 
three different integration models have been identified.

The Jin et al. (2009) Integration Model: The Fundament of this model is; while 6σ creates 
in-depth solutions for complex problems the TOC identifies bottlenecks in the system and tries to 
eliminate them. This method is recommended for businesses which do not have enough budget to 
apply the 6σ method in cases where removing the constraint determined in the next processes will 
not provide a meaningful improvement. The best solution is the application of the 6σ at the point 
where the capacity shrinks and bottleneck occurs in a facility. In this model, the implementation 
plans of both philosophies are applied separately and then combined using these steps (Figure 1). 
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Identify the constraint; here is the first step where we reach the basic problem by using 
Thinking Process (TP) tools and analyzing its impact on the organization. Workflow charts 
and value flow maps are used to determine system constraints.  
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Figure 1. Jin et al. Integration Model
Ref: (Jin, et al., 2009, s.87)

Define; this is the starting point of 6σ. Due to the limited budget, only the most obvious 
Critical Quality Characteristics (CTQ) are taken into account. CTQ’s are parameters that de-
fine internal and external customers’ demands and preferences. 

Measure; this is the step where to define the chosen CTQ’s after constraints. Defined cri-
teria should be understandable by all business personnel. Histogram, Pareto Analysis, Quality 
Control Charts are the most common statistical tools in this step.

Analyze; this step covers all activities to find the root cause of CTQ’s. The importance of this 
step is to find a solution to the problem to be developed in the next steps. Workflow charts, fish-
bone diagram, failure mode and effect analysis (FMEA) and regression analysis can be used.   

Exploit the constraint; at this stage we go back to the constraint and try to maximize the 
usage of it. Due to having different type of contsraints, different tools can be used in this stage.

Subordinate to the constraint; in here, all processes are designed according to the cons-
traint. It is attempted to reduce the workload in front of the bottlenecks. Value flowcharts or 
drum-buffer-rope methods can be used.
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Verify data; with the object of achieving improvement, we should verify data. We should 
verify whether there have been any changes in the CTQs in the previous stages when the 
constraint was managed and the system was designed according to the constraint.  

Improvement; at this stage, it is attempted to make the most appropriate improvement by 
using a Design of Experiment (DOE) application. DOE tries to reveal relationships between 
inputs and outputs in production processes by using statistical tools and mathematical models. 

Elevate the constraint; aiming to increase workforce or to make processes more effective, 
necessary investments are done.   

Control, Back to Stage 1; this step is necessary for continuous improvement. To observe 
the progress, team members should constantly monitor results. When a new constraint is de-
tected, the model is restarted.

Ehie and Sheu (2005) Integration Model: According to Ehie and Sheu (2005), there are 
three advantages of integrating the TOC and the 6σ;

- Constraints are analyzed, measured and controlled by using statistical methods. With 
this approach, problems and decisions are understood by the whole organization.

- The fact that the bottleneck is the first point to be analyzed will result in a greater financial gain.

- 6σ gets support from the TOC in order to be adopted to the whole system.

From the point of view of this integration model; the TOC serves as a framework for 
continuous improvement while the 6σ helps to implement changes by providing specific sta-
tistical tools and engineering techniques.

Lee and Chang (2012) Integration Model: By examining the TOC, the 6σ and root cau-
se analysis (RCA) comparatively, Lee and Chang (2012) investigated the specified strengths 
and weaknesses of these methods can complement each other.

In this model, the TOC defines constraints and outputs by acting as a framework and with 
6σ, specific processes are defined by using statistical tools and techniques for development. 
With RCA, in an attempt to find root causes of the problems that occur in the processes, ne-
cessary methods were provided for the project team by brainstorming. 

Application of the TOC and 6σ Integration Model

Purpose of the Application
In the literature review, it has been determined that the TOC and 6σ are applied separately 

in many production facilities. On the other hand, there are not enough studies on the integration 
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model application. One of the purposes of this study is to be among the few sources in the lite-
rature on a similar subject and to contribute to it. The main purpose of this application is; to de-
termine the solutions following the application steps of the TOC and 6σ integration model and 
the implementation of the solution into the low performance that occurs during the production 
steps. This application was performed in one of the biggest power cable manufacturers called 
XYZ A.Ş. which was established in the 1970s and operates 3 shifts a day with 200 employees. 
It exports approximately 80% of all its production to Europe and the Middle-East.  

Definition of the Problem
The Medium voltage (MV) product group is used mainly in construction and infrast-

ructure projects. It is the product group that gives the fastest response to the growth of the 
construction sector. According to the construction turnover index of the Turkish Statistical 
Institute (TÜİK), taken from the database of between 2017 and 2019 when the export figures 
were examined1, it was found that there was a significant increase in this period. It is expected 
that an increase in sales of this MV product group in both the domestic and export markets 
between 2017 and 2019. However, MV cable sales of the company were 45% of total sales 
in 2017, and it decreased to 35% and 20% in 2018 and 2019 respectively. Although the pro-
duction capacity for MV products was sufficient to reach the targeted sales figures, it could 
not be achieved due to the competition. XYZ A.Ş. aims to increase its sales figures in this 
group for 2020 and beyond. In line with this goal, it is aimed to determine whether there is 
any constraint in the MV production process, to analyze it, to design the process according to 
the constraint and to make the necessary improvement studies.

Integration Model Application
Among the integration models identified in the literature review, The Jin et al. (2009) TOC 

and 6σ integration model and its implementation steps will be used for the improvement. The 
reason for choosing this model is that the application steps are more detailed compared to the 
other two models and the MV production process, which is planned to be improved, consists 
of different process. The company would like to use this model because it does not have 
enough budget to apply 6σ in the situation where removing the constraint cannot provide a 
meaningful improvement. 

     Identify the Constraint 
In order to define basic problem and examine its effect on the process, TOC’s TP tolls 

were used. A project team consisting of a Sales Manager, an MV Line production Supervisor, 
a Quality Control (QC) Manager and a Factory Plant Manager was formed to determine the 
reasons for this decrease. The main reasons have been defined by the team as follows;

1	 Export Amount (kg) / Amount (USD) ; (2017) 7,734,647 kg / 38,581,829 USD, (2018) 6,314,111 kg / 34,801,573 
USD, (2019) 11,149,647 kg / 50,332,063 USD (Reference; TUIK, https://iz.tuik.gov.tr/#/showcase/)
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- Not being able to meet the expectations of customers in the sales price of the product and 
not being able to compete with the prices offered by other manufacturers,

- Failing to meet the quality expectations of the customers, 

- Inability to deliver products on time.

Between 2017 and 2019, it was determined that, a total of 62 customer complaints were 
received from external customers and none of them were related to the MV product group. In 
the same period, during the general inspection carried out by international quality organiza-
tions, none of the non-conformity was received for the same product group. Capacity occu-
pancy rates of the MV production line were; 2017 - 31.60%, 2018 - 38.90%, 2019 - 29.40%. 
In the light of these data and information, we can generalize that the main reason for the 
decrease in sales should be the failing to meet customer expectations in the sales price and 
the inability to compete with prices offered by other manufacturers.

According to the data obtained from the sales manager; the costs of MV products consist 
of a raw material cost (94-95%), a labor cost and electricity expenses (4-5%) and general 
expenses (1%). Therefore, it has been decided to define high total production expenses inc-
luding raw materials and production process as a constraint. Aiming to compete with product 
sales prices, necessary improvements should be made to reduce these costs.

To examine this constraint and to reach to the root causes of these effects, one of the TP 
tools Current Reality Tree (CRT) was used. After meeting with the MV production line su-
pervisor, employees and the QC Manager, low production speed, high raw material costs, the 
long length of the pre-production preparation period and a high scrap amount per unit, have 
been identified as effects that increase the production cost. A CRT was formed by analyzing 
the effect-cause-effect relationship of those effects (Figure 2). The root causes were identified 
as follows;

- The MV production line is not suitable for alternative production technologies.

- There is no Gravimetric Dosing (GD) technology.

- The end product variety is high.

Since MV products are used in different environmental conditions, different projects and 
applications, many different types of cable have to be produced. Hence, we can say that the 
high end product variety of MV product groups are natural to it. When CRT is examined, it is 
seen that since the amount of raw material used cannot be determined it takes time to adjust 
the insulation thickness which increases the production preparation time and decreases the 
production speed. Considering the constraint concept, the adjustment of insulation thickness 
process has been defined as a bottleneck. Since the raw material amount can be adjusted 
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easily with GD technology, this bottleneck will be improved. Again, with the same GD tech-
nology, different types of products can be used. Thanks to this technology, raw materials can 
be controlled at every stage of production, and production costs can be reduced by using alter-
native raw materials. As a conclusion, not having GD technology is considered a constraint.

Figure 2. Current Reality Tree

   Define

In this stage, where the starting point of 6σ, CTQ’s will be determined and the most criti-
cal ones will be selected. A SIPOC (Supplier-Input-Process-Output-Customer) map was used 
to make a more detailed description of CTQs (Table 2). With the help of the SIPOC map, 
customers who are involved in every step of the processes will be listed and critical CTQs 
can be determined. For this, “voice of the customer” (VOC) analysis will be used (Table 3). 
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Table 2
SIPOC Map
SUPPLIER INPUT PROCESS OUTPUT CUSTOMER

Quality Control (QC) QC approved con-
ductor

Starting point of 
Insulation Conductor MV operator

Semi Conductive Gra-
nule Input

Semi Conductive 
Granule

Insulation Process Insulated core QC, Screening Ope-
ratorInsulation Material 

Supplier XLPE material

MV operator Insulated Core QC QC approved insula-
ted core Screening Operator

QC QC approved insula-
ted core

Starting point of 
Screening

Insulated core ready 
for screening Screening Operator

Copper tape supplier Insulated core ready 
for screening

Screening Screened core Jacketing line ope-
rator

Copper wire plant
Copper tape
Copper wire

Screening operator Screened core Starting point of 
Jacketing

Screened core ready 
for jacketing

Jacketing line ope-
rator

PE, HDPE supplier PE, HDPE Granule
Jacketing Process Cable QC, Packing/Delivery 

operatorPVC plant PVC Granule

Jacketing line operator Cable QC QC Approved Cable Packing/Delivery 
Operator

Packing/Delivery Ope-
rator QC Approved Cable Delivery Packed Cable External Customer

With the intention of doing a VOC analysis, one-on-one interviews were made with cus-
tomers defined on the SIPOC map. Their expectations and demands regarding the product or 
product features were listed. Hence, we are focusing on the insulation process of MV produc-
tion, we listed down related customers and their CTQs related to this process only.

Measurement and Analysis 
So as to determine the reasons for the decrease in sales, MV proposals that did not turn 

into sales orders between 2017 and 2019 were analyzed. It was determined that 606 requests 
did not turn into orders in that time. The dominant cause is to be determined by Pareto Analy-
sis. All correspondence between the sales representatives and customers were checked. The 
reasons were; the price offered was too high (57%), the order quantity was not sufficient for 
the production (25%), the production line was not sufficient for the order (9%), other items in 
the project (order) could not be produced (6%), could not meet the delivery time requirements 
(3%) (Figure 3). As seen in the analysis, the reasons why offers do not turn into orders are 
high prices and insufficient quantity.
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Table 3
VOCs and related CTQs
Customer VOC CTQ

QC

-Conductor specifications should be consistent 
with international standards

-Conductor resistance and weight values sho-
uld be consistent with QC charts and produc-
tion parameters

-Insulation thickness and mechanical proper-
ties should be consistent with international 
standards

-Insulation thickness and mechanical properti-
es should comply with standards

MV Line operator

-Conductor should be suitable for insulation -Surface of conductor should be smooth and 
round

-Insulation and semi conductive granules sho-
uld be suitable with line  

-All those granules should be suitable to run the 
line at maximum capacity and speed. And they 
should be cleaned from the extrusion lines after 
the production easily

-Single type and brand material should not be 
used

-To apply alternative production techniques, 
different type of raw materials which can be 
easily cleaned should be available

- Quantity of raw material that used at the be-
ginning stage of the production should be ea-
sily measured 

-Since the MV line is totally a closed line, in-
sulation thickness could not be measured. With 
GD system, thickness could be easily measured 
and adjusted.

Screening Operator -Insulated core should be suitable for screening - Surface of the insulated core should be smo-
oth and round

Customers 
that give MV orders 
(External Customer)

-Best price (lowest one) should be offered
-Quality of product should be consistent with 
standards and parameters
-Diameter of cable should be suitable for desig-
ned connectors and plugs.
-Orders should be delivered on time  

-Offered price must be the same or lower than 
other prices. It must be delivered on time. Cab-
le should meet all quality norms.

Figure 3. Pareto Analysis
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At this stage, it was attempted to determine the root cause of the high prices by the project 
team by using a cause – effect diagram (Figure 4). Raw material, labour and energy costs 
were determined as sub-elements of the product cost. The usage of a single type of material 
constitutes an obstacle in achieving the targets of an increasing production speed or decrea-
sing the scrap amount and production cost of the enterprise. The reason that was defined in 
the labour cost was the fact that the inability to control the raw material amount during the 
production, has a direct effect on production cost.

Figure 4. Cause – effect diagram

Exploit and Subordinate to the Constraint
Defined constraint is a physical constraint. By using a GD system, the thickness of cross-

linked polyethylene which forms the insulating layer of cable, will be accurately and consis-
tently controlled during the production. In this way, we prevent excessive usage of material 
and unnecessary cost increase.

At this stage we examined the cost increase caused by the inability to control the material. 
We selected copper conductor, 30 kV cable (Cu30kV) which constitutes 33% of the entire 
MV business of the company in 2019. The cost of raw materials were defined with the refe-
rence value of international standards related to this cable and the cost of raw materials as per 
recorded in the accounting data base (Table 4). 
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Table 4
Raw Material Quantities and Costs determined in cable design /Cu30kV

Raw Material Thickness (mm) Quantity (kg/km) Unit Cost (USD/
kg)

Total Cost (USD/
km)

Ratio in Total 
Cost (%)

Copper 2,650 6.25 16,562.5 82.5
Semi Cond. 1.05 120 2.10 252 1.3
XLPE 8.00 699 1.95 1,363.1 6.8
Semi Cond. Tape 14 5.97 83.6 0.4
Copper Screen 225 6.35 1,428.8 7.1
Non-Cond. Tape 11 5.57 61.3 0.3
Jacketing 335 0.95 318.3 1.6
TOTAL 4,054  20,070

A flowchart of 8 km Cu30kV cable production was collected from an ERP programme 
that the company use (Table 5). In this chart, the line speed and quantity of the production 
were detailed. After this production, a sample was taken from the production and insulation 
layers and they were measured. According to this measurement, the usage of raw materials 
was calculated (Table 6).

Tablo 5
Flowchart of the Production (Cu30kV 8x1, 000 m)

Process Date Hour Line Speed
(m/min) Quantity (meters)

Starting point of MV production 
(Adjustment of thickness) 11.11.2019

8:35
3 198 

Adjustment completed 9:41
Full Speed Production 11.11.2019 09:42 - 5:59 3.9 1,470
Full Speed Production 11.11.2019 16:00 - 3:59 3.9 1,868
Full Speed Production 12.11.2019 00:00 - 7:59 4.35 2,084
Full Speed Production 12.11.2019 08:00 - 5:59 4.35 2,084
Full Speed Production 12.11.2019 16:00 - 7:40 3.77 376

During routine controls on each MV production process, it was determined that all pro-
duction parameters were consistent with design parameters. However, due to the reason of 
the semiconductive and insulation layer being thicker than the design parameter, the cable 
diameter was increased. In this case the usage of other raw materials was increased.

Table 6 
Consumption of Raw Materials /8 km (Cu30kV)
Raw Material Thickness (mm) Consumption (kg/km)
Copper 21,413
Semi Cond. 1.14 1,021
XLPE 9.08 6,656
Semi Cond. Tape 117
Copper Screen 1,821
Non-Cond. Tape 95
Jacketing 2,843
TOTAL 33,966
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The quantity of raw materials between actual value and quantity that should be used ac-
cording to design parameters were compared (Table 7). According to this comparison there is 
a 3.6% weight difference between the actual value and the design value. With the same unit 
costs for each raw material, the total cost of Cu30kV product were calculated and compared 
with the design cost. The Production cost was determined to be 20,351.48 USD/km which is 
1.4% more expensive than the design cost calculated previously (20,070 USD/km). 

Considering the 4% profit margin for the MV product group foreseen by the company, a 
1.4% improvement in raw material costs will provide a good advantage. In light of the infor-
mation obtained from production workflow chart for 8 km (Table 5), the average line speed 
for the total production, including the adjustment stage for the thickness, was calculated as 
4.10 m/min.

Table 7
Weight Differences of Raw Materials between Design and Production (Cu30kV)
Raw Material Design (Quantity kg/km) Production (Quantity kg/km) D / P %
Copper 2,650 2,650 0
Semi Cond. 120 126.36 5.3
XLPE 699 823.76 17.8
Semi Cond. Tape 14 14.48 3.4
Copper Screen 225 225.37 0.1
Non-Cond. Tape 11 11.75 6.8
Jacketing 335 351.85 5
TOTAL 4,054 4,203.57 3.6

According to the information obtained from the production managers, in cases where 
there is additional time spend for adjustment, Cu30kV product can be produced at 4.35 m/
min. With this information, by keeping the production account constant the actual and targe-
ted man-hour information was calculated. In addition, the labour productivity rate was also 
calculated (Kahya & Karaböcek, 2020, p.3) (Table 8).

Table 8
Actual – Targeted man-hour information (Cu30kV)

Q. of Production 
(m)- A

Avr. Speed 
(m/min)- B Time(man.hour) A/B Labour Productivity Rate (LPR)

Cu30kV (Production) 8,080 4.10 32.85 8,080/32.85= 245.96
Cu30kV (Target) 8,080 4.35 30.95 8,080/30.95= 261.07

261.07/245.96 x 100= 6.14%

A 6.14% increase in productivity will reduce the labour and energy costs of the product. 
As the cost distribution information determined for the MV cables, and those improvements 
on raw material, labour and energy costs 1.4% and 6.14% respectively, gains from the expen-
ses would reach 1.6% (Table 9).
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Table 9 
Gain from expenses (Cu30kV)

Raw Material Cost Labour-Energy Cost General Expenses Total  Cost
Percentage in Total Cost (%) 94 5 1
Unit Cost (USD/km) 20,.351.48 1,082.53 216.50 21,650.51
Improvement Ratio (%) 1.4 6.14
New Unit Cost (USD/km) 20,066.56 1,016.06 216.50 21,299.12
Average Improvement (%) 1.6

With the use of a GD system, alternative raw materials also can be used instead of XLPE. 
You can use base material (L1) and two additives (XA1 and XA2) for insulating material. 
The GD system supplier recommended new recipe for the new application. With this new 
formula, the cost of Cu30kV product was calculated again (Table 10). 

In order to calculate new total cost with improved labour and energy cost which were cal-
culated before, we use the new raw material cost (19,654 USD/km) as a base value (Table 11).

Table 10
Updated recipe and Raw Material Cost (Cu30kV)

Raw Material Thickness (mm) Quantity (kg/km) Unit Cost (USD/
kg)

Total Cost (USD/
km)

Ratio in Total 
Cost (%)

Copper 2,650 6.25 16,562.5 84.27
Semi Cond. 1.05 120 2.10 252 1.2
L1

8.00

685 1.15 787.75 4.0
XA1 2 30.8 61.6 0.3
XA2 12 8.20 98.4 0.5
Semi Cond. Tape 14 5.97 83.6 0.4
Copper Screen 225 6.35 1,428.8 7.3
Non-Cond. Tape 11 5.57 61.3 0.3
Jacketing 335 0.95 318.3 1.7
TOTAL 4,054 19,654 

As a result, either with the use of existing raw materials and recipes to completely control 
the usage of raw material and production speed (thus achieving 1.6%), or with the use of new 
recipes and raw materials (thus achieving 3.55%) we can reduce our production cost. Hence, 
the usage of the new recipe provides a better result, it was preferred to commission this new 
system with the use of new raw materials.

Tablo 11
Updated cost (Cu30kV)

Raw Material Labour-Energy General Expenses Total 
Percentage in Total Cost (%) 94 5 1
Unit Cost (USD/km) 20,351.48 1,082.53 216.50 21,650.51
Improvement Ratio (%) 19,654 1,045.43 209.08 20,908.51
New Unit Cost (USD/km) 3.55
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Verify Data
With the purpose of examining the effectiveness of the new system, affected CTQs and 

VOC’s should be listed again (Table 12).

Table 12
CTQs after improvement
CUSTOMER VOC CTQ Improvement
QC -Insulation thickness and mec-

hanical properties should be 
consistent with international 

standards

-Insulation thickness and 
mechanical properties should 

comply with standards

- Insulation thickness can be 
controlled in every layer with a 

GD system 

MV Line  
Operator - Insulation and semi conducti-

ve granules should be suitable 
with line  

- All those granules should be 
suitable to run the line at maxi-
mum capacity and speed, and 

they should be cleaned from the 
extrusion lines after the produc-

tion easily

- New raw materials which 
were adopted with a GD system 

were cost affective and could 
be easily cleaned and removed 

from the extrusions
- Single type and brand materi-

al should not be used

- To apply alternative produc-
tion techniques, different type 

of raw materials which can 
be easily cleaned should be 

available 

-- Quantity of raw material that 
was used at the beginning stage 

of the production should be 
easily measured

- Since the MV line is totally a 
closed line, the insulation thick-

ness could not be measured. 
With a GD system, thickness 
could be easily measured and 

adjusted.

-With a GD system, the amount 
of raw materials determined 
in the design can be loaded 

exactly, preventing the use of 
more materials. 

Customers that 
give MV orders 
(External  
Customer)

-Best price (the lowest one) 
should be offered

-Quality of product should be 
consistent with standards and 

parameters
-Diameter of cable should be 
suitable for designed connec-

tors and plugs.
-Orders should be delivered 

on time  

-The Offered price must be the 
same or lower than other prices. 

It must be delivered on time. 
Cable should meet all quality 

norms.

-We can reach a 3.55% imp-
rovement on production cost. 
Thus we can reach prices that 
meet customers’ expectations.
-As the new production speed 

is faster, orders will be comple-
ted on time.

Improve and Elevate the Constraint
The GD supplier has made trials on the existing line to demonstrate the reliability and me-

asurement accuracy of the system. The purpose of these trials are to determine the accuracy of 
material consumption and how the system interferes with the production line when there is a 
problem in material flow. At this stage Design of Experiment (DOE) was applied to examine 
the effects on output (Demir, 2004, p.7).

Raw materials L1, XA1 and XA2, are measured with GD and affect the process. In order 
to define numbers of a sufficient trial, factorial design (FD) will be used. Since raw materials 
whose effects we will examine are lower or higher than the basic recipe value, we can say that 
each factor (raw material) has two levels. In that case we can use 2k FD. Here, “k” indicates 
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the number of factor, “2” indicates the number of levels. If factors are lower level than the 
prescription value, it will be shown as “– “, if it is high, it will be shown as “+”. Since the 
number of experiments is 2 and for factors 3, the number of trial is calculated as 23 = 8.

In trials, the performance of the GD system was evaluated with; how long it takes to give 
a response for material flow increase of decrease by the system (the expectation is lower 
than 3 seconds), the line speed in the increase or decrease of the materials, the quality of 
the product and finally the cost of the product. For each experiment, 5 different, in total 40 
trials were made separately, and the levels of raw materials used were determined by taking 
the arithmetic average of each trial result. The most suitable combination is, MV line speed 
(+), quality (+), cost (-) and in this combination, GD system responds to material changes 
less than 3 seconds. Above those 8 experiments, the 7th experiment was found to be the most 
appropriate one (Table 13).

Table 13
Effects of Factors in DOE

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Trial 7 Trial 8

Raw  
Materials

L1 + + + + - - - -
XA1 + - + - + - + -
XA2 + + - - + + - -

Assesment

GD respond (sn) 2 2 2 1 2 2 1 1
Line Speed + - + - + - + -

Quality + - + - + - + -
Cost + + + - + + - -

The total investment cost of the GD system is 111,920 USD. The profitability, continu-
ity and reliability of investments should be evaluated by using economic analysis methods. 
The main analysis methods are the profitability index method, payback period method, net 
present value method and internal rate of return method (Saray, 2019, p. 36-39). Due to fra-
gile economic conditions in Turkey, the company should choose the payback period method 
(PPM) which is a numerical period that shows how long it takes to recover the value spent for 
investment (Fizibilite info, 2020). 

The estimated sales volume of the MV product group for 2020 has been determined as 
13 million USD. If there is not any investment, considering the 4% profit margin, the cost 
of sales (=total sales / (1+profit margin)) was determined as 12.5 million USD. According 
to the cost distribution that specified above, the raw material cost would be (94%) 11.75 
million USD, labor and the energy cost would be (5%) 0.625 million USD, general expenses 
would be (1%) 0.125 million USD. With the implementation of an integration model, it has 
been determined that with a GD system, we could save either 1.6% with the same recipe or 
3.55% with a new recipe. Based on that information the average saving return is calculated 
as 318,656 USD.
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According to the PPM formulation (Saray, 2019, p.37) the amount of investment would be 
covered in less than a year with the earnings to be made in 2020. For this reason, the company 
has decided to invest.

Control and Identification of New Constraints
With the intention of checking the effectiveness of the GD system, several samples were 

selected from the actual production and raw material usage and the line speeds were checked. 
Cu45kV type of cable was selected. The production parameters and the cost of cables were 
analyzed (Table 14). According to examination, a 1.55% improvement has been achieved in 
the raw material cost and productivity increased by 2.56%.  

Additionally, the “σ” levels are also calculated and compared considering the Cu45kV’s 
product cost differences with design cost before and after GD system. The company aims 
to have the product cost lower or at least equal to the design cost. Before the GD system, 
between 2018 and 2019, there were in total 18 lots of production, and in 2020 between Feb-
ruary and August there were 9. The obtained product costs were listed and compared with the 
design cost (Table 15). 

To calculate “σ” levels before and after the system, we can check defects per million op-
portunities (DPMO) number (DPMO= DPOx1, 000,000) (Table 16). 

Table 14
Design and Production parameter of Cu45kV

Raw Material Thickness 
(mm)

Quantity 
(kg/km)

Unit Cost 
(USD/kg)

Total Cost  
(USD/km)

Speed  
(mt/min)

Design

Copper 3,380 6.15 20,787

3.12

Semi Cond. 1.1 150 2.12 318
XLPE 12 1,291 1.85 2,388.4

Semi Cond. Tape 17 6.54 111.2
Copper Screen 776 6.27 4,865.5

Non-Cond. Tape 14 6.04 84.6
Jacketing 540 1.27 685.8
TOTAL 6,168 29,240.5
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Raw Material Thickness 
(mm)

Quantity 
(kg/km)

Unit Cost 
(USD/kg)

Total Cost  
(USD/km)

Speed  
(mt/min)

Production

Copper 3,380 6.15 20,787

3.20

Semi Cond. 1.11 165 2.12 318
L1

12.05

1,274 1.19 1,516
XA1 4 8.6 34.4
XA2 22 17 374

Semi Cond. Tape 17 6.54 111.2
Copper Screen 777 6.27 4,872.8

Non-Cond. Tape 15 6.04 90.6
Jacketing 542 1.27 688.3
TOTAL 6,196 28,792.3

Imrovement Ratio 1.55% 2.56%

Table 15
Production costs before and after GD system (Cu45kV)

Lot Cost (USD) Lot Cost (USD) Lot Cost (USD)

Before GD

1 29,650.28 10 29,720.56

After GD

1 28,792.30*
2 29,230.33* 11 29,230.22* 2 29,242.00
3 29,927.55 12 29,980.33 3 28,695.65*
4 29,190.68* 13 29,350.68 4 28,800.25*
5 29,777.56 14 29,229.25* 5 29,257.33
6 29,200.65* 15 29,331.21 6 28,720.16*
7 30,000.58 16 29,220.65* 7 28,698.25*
8 29,150.20* 17 29,550.28 8 28,820.90*
9 29,210.80* 18 30,005.72 9 28,920.90*

Tablo 16
 “σ” Level 
σ DPMO σ DPMO σ DPMO
6 3.4 2.5 158,665 1.4 539,828
5 233 2.3 211,855 1.3 579,260
4.5 1,350 2.2 241,964 1 691,462
4 6,210 2 308,538 0.5 841,345
3.5 22,750 1.8 382,089 0.3 884,930
3 66,807 1.5 500,000 0.1 919,243
Ref: (Sağlık Yönetimi 2019, 2020)

In order to calculate DPMO, defects per product (DPU= defective product quantity / total 
production) and the number of defects per opportunity (DPO=defective product quantity / 
[total production x number of defect opportunities per unit]) must be determined respectively 
(Eren B. , 2020). The amount of defective products has been determined as products that have 
a higher cost than the design cost. A number of defect opportunities is the sum of the features 
that are characterized as a production failure (Eren B. , 2020). In this process it is “1” where 
the cost of production is higher than design cost (Table 17).
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Table 17
“σ” Level before and after GD System

DPU DPO DPMO σ level
Before GD 10 / 18= 0.555 10 / (18x1) = 0.555 0.555 x 1,000,000= 555,000 1.3 - 1.4
After GD 2 / 9= 0.222 2 / (9x1) = 0.222 0.222 x 1,000,000= 222,000 2.2 - 2.3

While “σ” value was between 1.3 and 1.4 before GD system applied, it then reached 2.2 
-2.3. As a result of this increase, we can say that after the commissioning of the system, there 
was an improvement on the process and the “σ” value was increased. In addition, during the 
discussions of management reviews held twice a year, the amount of scrap per MV produc-
tion has started to decrease since the beginning of 2020. It was 20.74 meters on average per 
production in 2018, 19.64 meters in 2019 and finally decreased to 16.48 in 2020. 

In parallel with the continuous improvement, the screening process which is the next step of 
the MV production process was reviewed. Screening is the process of applying semi conductive 
tapes, copper wires and copper tapes over the insulated conductor. According to production pa-
rameters and screening process records of Cu45kV, in every single kilometer of the production 
58,000 meter 1.36 mm diameter copper wire and 1,000 meter of copper tape has to be used. 
At the screening machine, you have to use 160 mm small plastic reels. 1.36 mm copper wires 
are transferred from 630 mm diameter steel drums to those plastic reels. It takes 290 minutes to 
transfer 1.36 mm wires to 58 plastic spools which is necessary to start production.

According to the production records of 11 x 800 meter order Cu45kV, it was determined 
that it takes 140 minutes to screen an 800 meter drum (Table 18). Since 58 plastic spools are 
emptied at the end of 140 minutes, all new 58 spools will not be ready. It takes around 150 
minutes to complete all 58 drums. In this case we can define the wire transfer process as a 
bottleneck of the screening process. KT and 6σ integration model should be reapplied to ma-
nage and eliminate this bottleneck.

Table 18
Screening process records (Cu45kV 11x800 m)
Process Date Time Line Speed Production
Screening process (Wire 
Transfer) 10.05.2020 10:40-15:30 100 m/min 58,000 m.*

Screening 10.05.2020 16:00-18:20 5.70 m/min 803 m.
Screening 10.05.2020 20:40-23:06 5.70 m/min 808 m.
Screening 11.05.2020 01:20-03:40 5.70 m/min 805 m.
*58.000 m. (Transfer of 1.36 mm copper wire to 58 plastic spool)

Conclusion

When the literature was reviewed, TOC and 6σ were used separately in process improve-
ment. On the other hand, integration models of each philosophy were limited in the literature. 
In this study, the integration model of Jin et al. (2009) was reviewed and was applied in an 
industrial company. The company has a considerable role in low and medium voltage power 
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cable manufacturing business. The selected integration model was used to identify and eli-
minate the reason for the decrease in sales figures in the MV power cable group in the last 
three years. By applying the integration model, attempts were made to answer the following 
questions. 

- What are the root causes of the decrease in sales figures of the MV product group?

- Whether the integration model of Jin et al. (2009) can help to identify and eliminate 
these root causes.

- How this elimination will benefit to the company.

In an effort to find an answer to the first question, MV production processes were detailed. 
Then, a project team consisting of managers from the factory determined that when aiming 
to offer a competitive sales price, high production costs needed to be reduced. First of all, 
CRT was used to determine root causes. Then, CTQ’s were defined with the help of SIPOC 
map and VOC analysis. At the definition and analysis step of the integration model, a Pareto 
analysis and cause-effect diagrams were used. Parameters that cause an increase in the pro-
duction cost were determined with the help of ERP program records. One of the root causes 
determined in CRT was “There is no GD system”. As a result of analysis, it has been revealed 
that commissioning a GD system will provide an improvement of 1.56% to 3.55% in the pro-
duction cost. The repayment period of the GD system investment also takes less than a year. 
It was also proved that the GD system was providing an improvement in production costs 
and an increase productivity from different production records. In addition, this system also 
had a positive effect in increasing the σ value of the Cu45kV production cost. It was raised 
from 1.3-1.4 σ to 2.2-2.3 σ after the installation of the GD system. At the end, new constraints 
were defined in the screening process which is the next step of the MV production process 
and implementation of Jin et al. (2009) integration model was completed.

Although a desired increase was not experienced in the sales figure of the MV product 
group due to the negative consequences of the Covid-19 pandemic experienced all over the 
world, profitability was increased compared to the previous years.

With this study, the TOC and 6σ integration model of which Jin et al. (2009) developed, 
was applied to the highly competitive and conservative energy cable manufacturing sector. 
This model requires the usage of detailed data and information. In this sector all enterprises 
have their own secrets and details. Due to that, the company requested that the name and 
some technical information be hidden during this study. Although the application of this mo-
del has provided a significant improvement for the company, it is thought that the gains are 
more than the specified numerical values. This model can also be applied to different process, 
such as the low voltage production or packing and delivery that have more general process 
parameters and might be the same for the same industries.
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As a conclusion, the TOC and 6σ integration model can be applied to all businesses that 
want to review their processes and control their production costs and operate in the produc-
tion or service sector. Thanks to this model, enterprises can make radical changes to their 
processes and increase their profitability levels above the sector averages that they are in.  
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