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ABSTRACT

The primary objective in the production of parts is to optimize the manufacturing process. As the industry
recognizes the roughness of the cut product as one of the key criteria, it becomes critical to select the
correct laser settings with minimum trial, error and at the lowest possible cost while using reliable
techniques to achieve the desired surface finish. Due to the nonlinear nature of laser cutting, statistical
analysis is necessary to obtain a satisfactory surface finish. In this study, experimental data sourced from
literature were subjected to analytical processes. In the experimental design, L25 orthogonal array was
used. The optimization process for the laser cutting parameters (laser power, cutting speed, and assist
gas pressure) was implemented using regression analysis and a differential evolution algorithm. The
regression model, with an R? value of 83.21%, accurately predicted roughness based on these
parameters. The model's effectiveness was further supported by the high correlation (R? = 86.6%)
between the experimental and predicted results. Using the differential evolution optimization method,
the minimum surface roughness was calculated as 0.442 pm. This study provides a method for identifying
optimal laser settings to achieve the desired surface roughness based on the obtained results.

Keywords: Laser Cutting, Differential Evolution, Roughness, Regression Analysis, Stochastic Optimization

I.  INTRODUCTION

Identifying optimal criteria is essential prior to employing optimization techniques, such as
Differential Evolution (DE) and other evolutionary algorithms, in product development. To determine the
effective parameters utilized during production, optimization techniques have been developed in the
manufacturing sector (Nas & Ozbek, 2020). Differential Evolution is an optimization algorithm known for
its simplicity and robustness and is widely used to solve complex optimization problems (Kocak et al,,
2024; Ozdemir et al., 2017; SHAH & Karabulut, 2022). DE, developed by (Storn & Price, 1997), is a
population-based method in the evolutionary algorithms (EA) family (Ahmad et al., 2022). Unlike other
traditional methods, DE generates new generations by recombining solutions with scaled difference
vectors, and if the new solution outperforms the existing solution, the existing solution is replaced by this
new generation (Price et al., 2006). The algorithm relies on a few specific parameters such as the scaling
factor, crossover rate mutation and crossover are observed to play an important role in search
performance (Qin et al., 2009). In another study (Y. Wang et al,, 2024), a model for surface roughness
prediction was proposed based on the DE algorithm combined with ensemble learning, aiming to explain
the relationship between the machining parameters and surface roughness. Experiments on 3D-printed

Cite as: Ozbey, S., Tikiz, I., & Simsek Kandemir, A. (2025). Optimization of Laser Cutting Parameters for Mild Steel Using
Regression Analysis and Differential Evolution Algorithm. Diizce University Journal of Technical Sciences, 3(1), 1-13.
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components made of 316L stainless steel demonstrated that the proposed algorithm is more effective
than other algorithms, with an average absolute percentage error approximately 42% lower than that of
other algorithms. The DE algorithm is known for its straightforwardness and reliability in addressing
non-linear and multi-modal optimization challenges. Unlike other algorithms such as Genetic Algorithms
(GA) or Particle Swarm Optimization (PSO), DE is less sensitive to parameter settings and often provides
better convergence in fewer iterations, making it more efficient for laser cutting parameter optimization.

Laser cutting is an important application of lasers in industry, especially for the processing of
materials that are difficult to cut. In contrast to traditional machining methods, laser cutting is
characterized by minimal material removal (Xiao et al.,, 2024), localized precise heat application to the
workpiece (Madhava, 2024), minimal distortion (Samantaray et al., 2024), and the absence of tool wear
(Begic-Hajdarevic et al., 2016). This technique uses a laser beam to supply thermal energy, which is then
transformed into heat. Because the laser beam is electromagnetic radiation, it does not require
mechanical cutting force, tool wear, or vibration, and can be focused on the material surface to an
extremely small point. Thus, laser beam cutting can be used to cut soft or hard materials (Genna et al,,
2020). In laser cutting, a localized increase in the surface temperature occurs due to the interaction of the
laser beam with the electrons of the material, which absorb some of the energy. Melting, vaporization, or
other chemical changes in the material may result from this increase. The wavelength and power density
of the laser, as well as the chemical and physical properties of the material, such as thermal conductivity
and absorption capacity, influence these phenomena, which in turn determine the laser-material
interaction (Shugaev et al., 2020; Tamrin et al., 2021).

Surface roughness is a technical requirement for mechanical products and is used to measure product
quality (Caydas & Hascalik, 2008; Kasman, 2023; Suhail et al., 2010). One of the most important aspects
of the functional performance of a part is ensuring the desired surface quality (Magdum et al,, 2022;
Zdravkovi¢ et al,, 2020). Production costs are significantly impacted by product surface roughness, which
is a measure of product quality (Anuja Beatrice et al., 2014; Suhail et al., 2010). Higher manufacturing
costs correlate with lower desired surface roughness (Ratnam, 2017). Prior to the production process,
the selection of the appropriate cutting parameters is necessary to achieve the expected surface
roughness (Aslan et al., 2007; Sharma et al,, 2012; Tseng et al., 2016) Although it is usually desirable to
reduce surface roughness in industry, the opposite situation may be desired in some studies.
Ghalandarzadeh et al. (2023) found that zirconia samples treated with different laser power densities
exhibited higher surface roughness compared to untreated samples. This increase in surface roughness
corresponded to an increase in hydrophobicity, indicating a potential relationship between surface
texture and wettability.

Laser surface treatment is a highly nonlinear process (Ozbey & Tikiz, 2024; Tamanna et al., 2019).
Optimization of laser parameters and analysis of the changes that occur on the surface of the laser-
machined material are of great importance for the manufacturing industry (2022; Urgiin et al.,, 2024).
Accurate adjustment of these parameters plays a critical role in bringing the material properties to the
desired level and increasing the efficiency of the production processes (Rouf et al,, 2022). In literature,
laser material interaction has been studied experimentally and analytically from different perspectives
(Um et al, 2022; G. Wang et al, 2021). The various forms of selective laser-material interaction
approaches and their properties utilized in biomedical devices and materials were presented by Um et al
(2022). G. Wang et al. (2021) utilized laser direct deposition, an additive manufacturing technique, to
produce W-Cu composite material. Experimental and simulation analyses were conducted to investigate
laser-powder interaction and particle transport phenomena. The microstructure of mild steel samples
was altered through the use of a diode laser with a maximum power output of 3.3 kW, combined with
electrochemical processes in another study (Speidel et al., 2016). The findings showed that the exposed
surface textures and the chemistry of the surfaces can be modified by combining laser pretreatment with
EJM. In this case, the machined surface roughness was shown to increase from approximately 0.45 pm
for untreated surfaces to roughly 18 um for surfaces subjected to intensive laser pretreatment. In another
study (Salleh et al.,, 2020), mild steel was subjected to surface hardening with a fiber laser with a
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wavelength of 1060 nm. It was observed that higher laser power increased the surface hardness, but
higher scanning speeds decreased the surface hardness. Laser material interaction can be studied with
various optimization techniques. (Fan et al.,, 2023) used Taguchi Methods and Response Surface Method
to improve surface roughness in laser-assisted rapid tool servo (LAM-FTS) machining of glass-ceramic
materials. The results showed that the most effective parameters were laser power, spindle speed, feed
rate and piezoelectric frequency, respectively. In other study (G. Wang et al., 2024), the optimal cleaning
parameters were determined using the response surface method and the second-generation non-
dominated sequencing genetic algorithm (NSGA-II) to improve the surface quality during laser removal
of rust layers on Q390 steel. In the study, a mathematical model was established between input variables
(laser power, cleaning speed, scanning speed and repetition frequency) and target values (surface oxygen
content, rust layer removal rate and surface roughness). As a result of the study, surface corrosion was
effectively removed, a distinct metal brightness was achieved, and a pre-weld surface treatment standard
was achieved.

In this study, regression analysis and stochastic optimization were carried out for the laser cutting of
mild steel. Experimental data were obtained from the literature and analytical processes were examined
in detail. The laser parameters (laser power, cutting speed and assist gas pressure) were specified as
inputs in 5 levels, and the response was considered roughness. The measurement analysis results were
examined using Minitab 19 software for a 0.05 significance level (a =0.05) with an L25 Orthogonal Array.
The regression equation was determined, and the surface roughness was optimized using the differential
evolution algorithm. The originality of this study lies in the combination of regression analysis and DE
algorithm to optimize the surface roughness during laser cutting. This combination offers an innovative
and effective approach to optimize critical parameters such as surface roughness in laser cutting
processes. While statistical analyses reveal the relationship between cutting parameters and surface
roughness by modeling the effects of independent variables, the DE algorithm optimizes these
parameters to improve both accuracy and efficiency in manufacturing processes. Unlike existing methods
in literature, this novel approach allows for a more effective handling of nonlinear manufacturing
processes.

Il. MATERIAL METHODS
In this study, experimental data were obtained from (Madi¢ & Radovanovi¢, 2013). Madi¢ and
Radovanovi¢ used a 2.2 kW CO: laser for the laser cutting of commercial mild steel sheets with a thickness
of 2 mm. The chemical compositions, (Samatham et al,, 2017) mechanical and physical properties (Khan
etal, 2013; Villavicencio & Guedes Soares, 2011) of mild steel are given in Table 1.

Table 1. Chemical composition (wt.%) (Samatham et al., 2017), physical and mechanical properties of mild steel (Khan et al,,
2013; Villavicencio & Guedes Soares, 2011).

Chemical composition (wt.%)

Sample Fe Si Mn P C

Mild Steel 98.7 0.2 0.54 0.16 0.17

Mechanical properties

Yield strength Tensile Hardness Young’s modulus Poisson’s ratio
strength
275 MPa 475 MPa 143 HB 206 GPa 0.3
Physical properties
Density Thermal conductivity Spec1f¥c heat Melting Point
capacity
7850 kg/m3 51.9W/m.K 0.472]/g°C 1523 °C
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The cutting process was performed in Gaussian distribution beam mode using 99.95% pure oxygen
as the protective gas. With a 127 mm focal length focusing lens, the laser beam was focused on the sample
surfaces. A conical nozzle (HK10) with a 1 mm diameter, a consistent stand-off distance of 0.7 mm was
used to maintain between the nozzle and the workpiece. The parameters, including the focusing lens
specifications, nozzle diameter, focus position, stand-off distance and sheet thickness, were held constant
throughout the experiment (Madi¢ & Radovanovi¢, 2013). In their study, Madi¢ and Radovanovi¢ (Madi¢
& Radovanovi¢, 2013) investigated the roughness of mild steel by varying laser parameters such as the
laser power, cutting speed , and assist gas pressure. The specific process variables and their levels are
listed in Table 2.

Table 2. Process parameters and experimental design levels (Madi¢ & Radovanovi¢, 2013).

Levels
Variables 1 2 3 4 5
Cutting speed, v (mm/min) 3000 4000 5000 6000 7000
Laser power, P (W) 700 900 1100 1300 1500
Assist gas pressure, p (bar) 3 4 5 6 7

This study employed five levels and three main laser parameters, namely, cutting speed, laser power,
and assist gas pressure, to optimize the cutting process. The experimental design was created using an
L25 orthogonal array, and MINITAB (Version 19) was employed as the statistical tool for its development.
The experimental results and input parameters are given in Table 3.

Table 3. Experimental results (Madi¢ & Radovanovi¢, 2013).

Exp. No Cutting speed Laser Power Assist gas Pressure Surface Roughness
(mm/min) (W) (bar) (um)

1 3000 700 3 1.487
2 3000 900 4 1.29

3 3000 1100 5 2.073
4 3000 1300 6 2.477
5 3000 1500 7 2.937
6 4000 700 4 1.78

7 4000 900 5 1.707
8 4000 1100 6 2.337
9 4000 1300 7 3.307
10 4000 1500 3 1.19

1 5000 700 5 2.013
12 5000 900 6 2.017
13 5000 1100 7 2.603
14 5000 1300 3 1.173
15 5000 1500 4 1.38

16 6000 700 6 1.66

17 6000 900 7 1.71

18 6000 1100 3 0.963
19 6000 1300 4 1.007
20 6000 1500 5 1.143
21 7000 700 7 1.587
22 7000 900 3 0.832
23 7000 1100 4 0.903
24 7000 1300 5 0.88

25 7000 1500 6 1.073
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Differential evolution is a powerful stochastic real parameter optimizing algorithm (Islam et al.,
2012). DE is sensitive to the choice of mutation strategy and the settings of control parameters such as
crossover rate, scale factor and population size (Mallipeddi & Suganthan, 2010; Saad et al., 2024) .
Because of these features, DE generates better optimal solutions for optimization issues involving
experimental work and time constraints (Ahmed et al, 2020). The mathematical modeling of the
Differential Evolution (DE) algorithm was done using Wolfram Mathematica. The steps used in the
program are given below (Ceylan et al., 2023; Dash et al., 2023; Rubal & Kumar, 2018):

1. Define a population consisting of h points {as,az,...,ar}, ensuring that h exceeds the total number of
design variables.

2. Generate the population points randomly.

3. Utilize the real scaling factor rsf, defined as arf = awtrsf(a,—a,), to generate new iteration points
based on the existing population.

4. Update a by modifying its j-th coordinate from arsr according to the probability P. In this stage, the
"CrossProbability" parameter within Mathematica is set within the range [0,1]. If the constraint
flai)>f{anew) is satisfied, the original point is retained instead of the newly generated point.

5. Evaluate the convergence by comparing the difference between the two most recently generated
points. If this difference is below the specified tolerance, the algorithm halts. This hybrid approach
can address problems involving integer variables or cases where the objective function is non-
numeric.

The steps of the Differential Evolution Algorithm are presented in Figure 1.

Initialize the DE population

[ Calculate the fitness of all population ]

|

h 4

Mutation
Crossover

Selection

Is termination

criteria met ?

Figure 1. Steps for Differential Evolution Algorithm (Rubal & Kumar, 2018).

I11. RESULTS AND DISCUSSION

In this study, it is aimed to determine the laser parameters that would improve the surface properties
of mild steel using statistical methods. To achieve the highest surface quality, surface roughness should
be minimized. In the first part of this study, the response (roughness) values were assessed using the
normality test. Probability charts are vital for examining whether a dataset matches a particular
theoretical distribution. These plots compare the actual dataset with a theoretical distribution to test the
hypothesis that a statistical sample derives from a specified distribution (Ferré, 2009). As shown in
Figure 2, the P-value is greater than 0.05; therefore, the response values are normally distributed and
follow almost a straight line; thus, surface roughness data can be used in statistical analysis.
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Figure 2. Probability plot of roughness.

Table 4 presents the correlation matrix. There is an inverse, moderate and statistically significant
relationship between cutting speed and surface roughness, a strong and statistically significant
relationship between assist gas pressure and surface roughness as in reference (Zeilmann & Conrado,
2022), and a weak and statistically insignificant relationship between laser power and surface roughness.
In addition, as in reference (Erkan, 2023), while surface roughness decreases with increasing cutting
speed, surface roughness increases with increasing assist gas pressure.

Table 4. Correlation matrix ((*. Correlation is significant at the 0.05 level (2-tailed)) and ( **. Correlation is significant at the 0.01
level (2-tailed))).

Assist Gas Surface
Cutting Speed Laser Power Pressure Roughness
Cutting Speed Pearson Correlation 1 0 0 -0.398*
N 25 25 25 25
Laser Power Pearson Correlation 0 1 0 0.093
Sig. (2-tailed) 1 1 0.657
N 25 25 25 25
Assist Gas Pearson Correlation 0 0 1 0.526%*
Pressure Sig. (2-tailed) 1.000 1.000 0.007
N 25 25 25 25
Surface Pearson Correlation -0.398* 0.093 0.526%* 1
Roughness . .
Sig. (2-tailed) 0.049 0.657 0.007
N 25 25 25 25

The multicollinearity between independent variables was checked. The variance inflation factor (VIF)
< 10 and the condition index (CI) < 30 indicate that there is no multicollinearity problem among the
independent variables.

Statistical regression analysis was performed to characterize the interaction between one or more
independent variables and dependent variables. The objective of regression analysis is to determine how
independent factors affect the dependent variable (Arnab, 2017; Freund et al., 2010; Thomasian, 2022).
The regression equation (R?= 83.21%) for the laser cutting process was determined in Equation 1 using
Minitab 19.



Diizce University Journal of Technical Sciences, 3(1), 2025, 1-13.

Surface Roughness (um)=1.458 - 0.000276 Cutting speed (mm/min)- 0.000032 Laser power
(W) + 0.3240 Assist gas pressure (bar) (1

Contour and surface plots for surface roughness are given in Figures 3 and 4 respectively. The analysis
shows that the laser parameters have a significant effect directly on the roughness and in interaction with
each other. In contour plots, laser power and cutting speed have been observed to reduce roughness
beyond a certain threshold value. Similarly, the roughness exhibits different trends with increasing
pressure. In the surface plots, the relationship between these parameters is revealed in more detail and
low roughness regions are identified.

Contour Plots of Roughness

laser power*cutting speed

roughness

Hold Values
cutting speed 5
laser power 1100
pressure 5

ressure*laser power

800 1000 1200 1400

Figure 3. Contour plots of roughness.
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Figure 4. Surface plots of roughness.

After regression analysis, the estimated roughness was determined and compared with the
experimental results. experimental and estimated results obtained by the second-order regression
analysis are compared in Figure 5. The figure demonstrates a strong correlation between actual test
results and predicted outcomes. The calculated coefficient of determination (R?) values, reaching 86.6 %,
for the equations used to determine the surface roughness, signify a high degree of accuracy.

Consequently, the second-order regression model was effective for estimating surface roughness within
the 95% CI.

4
Surface Roughness = 0.8126 - 0.1307 Predict Surface Roughness .-
+ 0.3413 Predict Surface Roughness *2 //’ s
P

Surface Roughness (um)
L)

Regression

________ -——  To5%l

Ly B 95% Pl
- _—-"”‘

P e s 0.246411

__________ R-Sq 87.7%

———— R-5q(adj) 86.6%

0.5 1.0 15 20 25 3.0
Predict Surface Roughness (um)

Figure 5. The quadratic regression model compared with the experimental roughness results.
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In order to understand the effect of the laser parameters on the surface roughness, a Pareto chart is
provided in Figure 6. In the Pareto chart, the standardized effect represents the magnitude and
significance of the effect of each factor on the response variable (Hashem et al., 2018; Makableh et al.,
2021). The red dashed line in the figure represents a boundary with a value of 2.080, which indicates the
level of statistical significance (95% confidence interval). The laser parameter that has the most influence
on the surface roughness is assist gas pressure and the second most influential parameter is the cutting
speed. The laser power is statistically below the analytical limit of 22.080, i.e. the laser power does not
have a statistically significant effect on the surface roughness. Possible reasons for the lack of effect of
laser power on surface roughness could be the power range used or the type of laser used in the study. It
can be concluded from these results that future studies should focus on laser parameters such as gas
pressure and laser cutting speed of mild steel.

Term 2.080

1
i
1

B i Predictor Mame
1 A Cutting speed {mm/min)
i B Laser power (W)
! C Assist gas pressure (bar)
!

0 1 2 3 4 5 6 7 8

Standardized Effect
Figure 6. Pareto Chart of the Standardized Effects for Surface Roughness (o = 0.05).

Differential evolution is a stochastic, population-based heuristic search approach for continuous
domains, which is a subfield of evolutionary programing. Differential evolution is a straightforward, user-
friendly, fast, and reliable heuristic technique (Karci, 2017). Table 5 shows the optimization results
obtained using the differential evolution algorithm, which minimizes the surface roughness during laser
cutting. The results show that the optimal parameter settings to achieve a minimum roughness value of
0.442 pm are a cutting speed of 7000 mm/min, laser power of 1500 W, and gas pressure of 3 bar.

Table 5. Optimization results of the differential evolution algorithm for roughness (a: Cutting speed (mm/min), b: Laser power
(W), and c: Assist gas pressure (bar)).

Objective Function Constrains Min Roughness (um) Suggested Design
3000< a <7000 a=7000
1.458-0.000276 a -
0.000032 b + 0.3240 ¢ 700< b <1500 0.442 b=1500
3<c<7 c=3

Figure 7 shows how the differential evolution algorithm optimizes the objective function value during
the iteration process. In the first iteration, there is a rapid decrease in the value of the objective function,
and the solution stabilizes at about the 40th iteration. This indicates that the algorithm has reached an
optimal solution. Differential Evolution is an efficient solution method for engineering design,
hyperparameter optimization and similar problems.
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Figure 7. Convergence graphic for differential evaluation algorithm.

In this study, it was observed that increasing laser power led to a significant increase in surface
roughness. However, when laser power decreased, surface roughness showed a tendency to decrease as
well. This is consistent with previous studies (Kim et al., 2022), where lower laser power resulted in
minimal changes in surface roughness. In industrial applications, these findings can enhance the
efficiency of laser cutting machines. For example, the combination of low laser power and high cutting
speed can save time in rapid prototyping and mass production.

IV. CONCLUSIONS

The aim of this study was to determine the optimum cutting settings for achieving superior surface
finish in laser cutting processes. First, normality tests confirmed that the surface roughness data followed
a normal distribution, indicating their suitability for statistical analysis. Regression analysis showed a
strong relationship between surface roughness and independent variables (cutting speed, laser power
and auxiliary gas pressure), resulting in a regression equation with an R? value of 83.21%. The
predictions of the model are in close agreement with the experimental results and demonstrate high
accuracy, as evidenced by the R? value of 86.6%. Optimization by means of the DE algorithm determined
the optimal parameters for the minimum surface roughness as 7000 mm/min cutting speed, 1500 W
laser power, and a 3-bar auxiliary gas pressure, resulting in a minimum roughness of 0.442 um. The
results of this study are highly relevant for industries that utilize the laser cutting process for precision
manufacturing, such as automotive, aerospace and metal fabrication. The combined use of regression
analysis and differential algorithms can be applied to nonlinear manufacturing processes, offering a
reliable and cost-effective parameter optimization approach. Overall, this study could contribute to
reducing production costs and improving product quality in industrial settings. By optimizing laser
cutting parameters, particularly for high-volume production, it is possible to achieve faster processing
times, reduce energy consumption, and minimize material waste.
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ABSTRACT

Nuclear power plants, popularized by the promise of decreasing dependency on foreign resources and
providing supply security, meet 10% of the world’s energy needs as of 2023. Having had this desire for a
long time, Turkey wants to have a nuclear-installed power of 10,000 MW according to its energy
production targets. In this context, Turkey seems close to realizing this de sire of more than halfa century
with its Akkuyu and Sinop Nuclear Power Plants. Yet, Turkey follows a different path compared to
countries with a nuclear past and took its first concrete steps with an intergovernmental agreement
signed with Russia. In this study, the main motivation pushing Turkey to this path, the country’s technical
capacity, and its strategy are evaluated. Besides that, the current and possible prospective hazards are
indicated. In addition, the contribution of these plants to meet the electricity demand as well as reducing
dependency on external resources and the current account deficit have been examined. Turkey's nuclear
energy initiative’s environmental, economic, and political dimensions have also been addressed, and its
long-term strategic impacts have been analyzed. The study also details the potential impact of nuclear
energy investments on Turkey’s energy supply security. The study, which also includes a SWOT analysis,
predicts that Turkey's intergovernmental agreement-based initiative will serve as an important
reference for other future initiatives.

Keywords: Akkuyu Nuclear Power Plant, Energy Policy, Nuclear Energy, Nuclear Energy in Turkey, Sinop
Nuclear Power Plant.

I. INTRODUCTION

Due to increasing population and technological advancements, energy demand continues to rise in
developing countries. The intermittent nature of existing renewable energy sources such as solar and
wind energy (Elibol & Dikmen, 2023), the high costs required for large-scale power generation, and the
low availability to meet instantaneous demand appear to be disadvantages for these sources (Basit et al,,
2020; Maradin, 2021). Therefore, hydrocarbon-based fossil fuels have always had a larger share in
meeting the increasing demand than other primary energy sources. This leads to problems such as
environmental pollution, high emissions and global warming. Herein, nuclear energy has a significant role
on the table with its ability to help decarbonize the electricity supply. Nuclear power plants play a
significant role in securing global pathway to net zero. The journey of atomic nuclei, which started with
the first power plant opened in Russia in 1954, extends to the present day. Nuclear power plants, which
are not only a scientific development but also closely related to world politics, met 10% of the world's

Cite as: Mercan, M.C., & Aygiin, A.I. (2025). Turkey’s Nuclear Energy Ambitions: Past Efforts, Present Strategies, and Future
Directions. Diizce University Journal of Technical Sciences, 3(1), 14-29.
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electricity demand in 2023 and became the second largest source of low-emission (i.e. non-fossil)
electricity after hydropower (Schneider & Froggatt, 2020).

The aim of this study is to reveal the reason for Turkey's desire to build a nuclear power plant,
country's infrastructure and the chosen path to build it. Despite the global emphasis on nuclear energy,
limited research has been conducted on the specific strategies and challenges faced by Turkey in its
pursuit of nuclear energy. This study aims to fill this gap by providing a comprehensive evaluation of
Turkey’s nuclear energy strategy, its technical capacity, and potential risks. It will also be examined the
country's failed attempts and the pros and cons of its new strategy. In this study, Turkey's energy outlook
will be discussed in Section 2 and the history of nuclear energy in the world will be discussed in Section
3. Following this, in Section 4, the history of Turkey's attempts to establish nuclear power plants, the
country's motivation, capacity and strategy in this field will be examined. In the same section, the impact
of this investment on the cost of electricity and SWOT analysis of nuclear energy in Turkey will be
discussed. In Section 5, the impacts of Turkey's approach will be discussed.

Il. TURKEY'S ENERGY OUTLOOK

While Turkey exhibited an average economic growth trend of 4.8% between 2014 and 2023, the
average increase in electricity consumption remained around 2.9% (SHURA, 2023). Although the relation
between growth rate and electricity consumption is not always directly proportional, it is often an
important indicator. In 2024, Turkey generated around 349 GWh of electricity. Of this amount, 35.2%
was obtained from coal, 21.5% from hydroelectric power plants, 18.9% from natural gas, 10.5% from
wind energy, 7.5% from solar energy, and the rest from other sources as it is seen in Figure 1 (Tiirkiye
Ministry of Energy, 2025). As can be seen from the current situation, Turkey is a foreign-dependent
country for energy, and dependence on imported fossil fuels poses a risk in terms of energy supply.

Other Sources

3,2%

Geothermal 3,2%

Solar 7,5%

Wind 10,5%

Natural Gas 18,9%

Hydroelectricity 21,5%

Coal

35,2%

0

®

5% 10% 15% 20% 25% 30% 35% 40%

Figure 1. Distribution of Turkey’s Production of Electricity in 2024 Based on Resources (Tiirkiye Ministry of Energy, 2025).

In 2022, Tirkiye's reliance on imported fuels for generating electricity rose from 41% to 43%. This
trend has persisted for the past four years, with no signs of improvement. The increase in import
dependency can be attributed to the growing use of fossil fuels in electricity generation (Glimis, 2024).
Being a poor country in terms of fossil fuels such as oil, natural gas, and coal with high thermal value, the
natural gas reserves discovery in the Black Sea offshore in 2020 is promising for Turkey (BBC News
Turkish, 2023). According to the national targets, Turkey aims to supply 30% of the total electricity
production from renewable energy sources and to commission a nuclear power plant with an installed
capacity of 10,000 MW (Melikoglu, 2016).
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I11. NUCLEAR ENERGY OUTLOOK

A. Technology

Nuclear energy is the enormous amount of energy released from the disintegration (fission) of heavy
atomic nuclei due to neutron capture and the merging (fusion) of light atomic nuclei at very high
temperatures (WNA, 2024). This emerging energy is utilized in producing electricity through thermal
processes in a nuclear power plant. Currently, nuclear power plants operate using a fission reaction
mechanism. During nuclear fission, a neutron collides with a uranium atom used as fuel, causing the atom
to split and releasing a significant amount of heat and radiation energy. The energy released during
nuclear fission can be calculated using Einstein's mass-energy equivalence principle, given by the
Equation 1:

E=Am-c? (@))]

where:
o Eisthe energy released (in joules),
e Amis the change in mass (in kilograms), and
e cisthe speed of light in a vacuum ( 3x108 meters per second).
When a uranium-235 nucleus undergoes fission, a small amount of mass is lost, which is then
converted into a large amount of energy. If the mass defect (Am) is approximately 0.1% of the original
mass, the released energy can be substantial as stated in Eq. 2.

Am = 0.001 X my_, 55

2
E = 0.001 X mu_2_35 X (3 X 108)2 ( )

where my; ,35 is the mass of a uranium-235 nucleus (approximately 3.9 X 1072° kg). Substituting the
values, on Eq. 3 we get:

E ~0.001 x3.9x 1072 x 9 x 10°
E =~ 3.5 X 10711 joules per fission reaction

(3)

This heat energy is converted into steam from water and sent to a turbine, which then generates
electricity through a generator to reach the end user. Nuclear energy is used not only in electricity
generation, but also in diagnosis and treatment in the health sector, defense industry, archaeological
remains, and space studies. The energy density of uranium, the nuclear fuel, is very high compared to
other traditional energy sources such as coal and oil (Euronuclear, 2024). Moreover, since they operate
safely, their environmental damage is low. It also has low greenhouse gas emissions compared to fossil
fuels, which have a high carbon footprint.

B. History

Established with the promise of cheap energy, nuclear power plants increased their popularity after
the oil crisis in the 1970s with their promise of reducing dependence on external resources and ensuring
supply security (IEA, 2023). Nuclear power is currently the second-largest form of low-emission energy
globally, following hydropower and surpassing wind or solar PV. In developed countries, it is the primary
source of low-emission electricity. Despite a period of slow growth after the Fukushima Daiichi Nuclear
Power Station incident, changing policies are now opening up opportunities for a resurgence in nuclear
power (IEA, 2022). Atthe end of 2023, 440 nuclear power reactors were operating in 32 countries around
the world with a total capacity of 390 GW. These reactors meet 10% of the world’s energy needs, avoiding
1.5 gigatonnes (Gt) of global emissions and 180 billion cubic meters (bcm) of global gas demand per year
(Schneider & Froggatt, 2020). As of July 2024, 60 power reactors are in the process of construction in the
world (WNA, 2024). Although the amount of electricity generated by nuclear power plants experienced
a decline from 2010 to 2012, it has been in an upward trend after this period as is seen in Figure 2 (WNA,
2024). According to STEPS, nuclear power capacity is projected to increase from 417 GW in 2022 to 620
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GW in 2050, with most growth occurring in China and other emerging market and developing economies.
Meanwhile, advanced economies are focusing on extending the lifetime of existing facilities and

considering new projects to offset retirements.

Figure 2. World’s Nuclear Power Plant Energy Generation Trend (WNA, 2024).
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The decision to install nuclear power plants is not usually made based on requests by the public, but
rather by the decision of states. Generally, countries that make this decision are labor-intensive countries
like Russia, China, and India. It is observed that developed countries that have completed their heavy
industry phase and stabilized their economies tend to remain distant from nuclear power plants. The
reason for this may be that the share of nuclear power plants in total electricity production reaches the
saturation point, the low population growth rate, and the shrinkage in industrial growth rates (Temurg¢in
& Aliagaoglu, 2003).

Currently, countries can be divided into four groups based on their approach to nuclear power plants
(Melikoglu, 2016):

e Countries in the Middle East, North Africa, and South America prioritize economic development.

e Countries such as Russia, Canada, India, and the United States have increased security measures.

e Countries like Japan, Spain, and Portugal currently have a stable approach and are slowing down
their nuclear development.

e Countries like Germany and Sweden have announced that they will slow down and eventually
end their nuclear efforts.

China can be considered an exception to this classification, with 150 nuclear reactors planned to be
built by 2035 (Ezell, 2024). In 2022, thirteen nations generated a minimum of 25% of their electricity
from nuclear power. Among them, France derives approximately 70% of its electricity from nuclear
energy, while Ukraine, Slovakia, Belgium, and Hungary rely on nuclear power for about half of their
electricity. Turkey is among the countries that prioritize economic development in the first group.

However, this picture started to change as of 2022. According to the European Union Agency for the
Cooperation of Energy Regulators (ACER), retail electricity prices were on average 30% higher on an
annual basis in February 2022 (ACER, 2022). Energy security concerns and the recent spike in energy
prices, especially following Russia’s invasion of Ukraine, have caused governments to rethink their energy
security strategies and emphasized the value of a diverse mix of non-fossil and domestic energy sources.
Currently, 60 reactors are under construction with a total capacity of 61 GW. Of these, 26.3 GW are being
built in China, 5.4 GW in India, 4.4 GW in Turkey, 4.4 GW in Egypt, 3.8 GW in Russia, 3.3 GW in the UK,
and 14 GW in the remaining countries combined (/AEA, 2024). In addition, the United Kingdom, France,
China, Poland, and India have recently announced energy strategies that give nuclear power important
roles. Belgium and Korea have recently withdrawn plans to phase out existing nuclear power plants
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(Schneider & Froggatt, 2020). The status of nuclear power plants in the world as of 2023 can be seen in
Table 1.

Table 1. The Status of Nuclear Power Plants in the World as of 2023 (Schneider & Froggatt, 2020).

Shut Down Reactors
Reactors Whose Construction Started This Year 7
Reactors Under Construction 60
Total Reactor Number 440
Total Installed Power 390 GWe

In addition to the construction of new reactors, life extension of existing reactors seems to be an
important step for governments in recent times. Most of the existing reactors are now at the aging stage.
Life extension of existing nuclear power plants seems to be one of the most important steps toward the
net-zero target in 2050. Currently, reactors over 30 years old account for 63% of the total capacity. At
this point, it is an important indicator that the US has given 20-year life extensions to its 88 reactors with
40-year operating licenses, France and Belgium offer 10-year life extensions, Hungary, Finland, Czechia,
and the United Kingdom offer 20-year life extensions to reactors (Schneider & Froggatt, 2020). Similar to
the 1973 oil crisis, the current energy crisis could lead to a similar resurgence of nuclear energy. The
policy environment is changing, creating opportunities for the return of nuclear power.

In recent years, the costs of establishing a nuclear power plant have risen with increased safety
measures and accidents. Additional costs due to safety, financial liabilities in crediting, and nuclear
wastes are the main reasons for this increment.

The safety assessment of nuclear accidents and situations caused by nuclear energy is made according
to the International Nuclear and Radiological Event Scale (INES). The first three levels are considered as
“incident” and the last four are considered as “accident” on the scale, which includes levels from 1 to 7.
While the nuclear accidents that took place in Chernobyl in 1986 and Fukushima in 2011 were classified
as the 7th level, which is the highest level, the Three Mile Island accident that occurred in the USA in 1979
was rated as the 5th level. According to the INES scale, there have been 16 incidents that are level 4 and
higher, which are considered accidents, between 1952 and 2020 (Wikipedia, 2020). There have been
hundreds of events in the lower levels, four of which took place in 2020 (IAEA, 2024).

When an accident occurs in a nuclear power plant it is accepted that the material and moral damage
will be much more than the benefit that the power plant has provided to society until then. Moreover, it
is necessary to distinguish between the risk and the size of accidents in nuclear power plants (Giirbiiz,
2011). Although there is a lower risk of a major accident occurring, the impact and damage will be
national rather than local. Radioactive material released after such accidents has long-term effects such
as leukemia, infertility, cancer, and hereditary diseases. In addition, since the 1950s, when nuclear power
plants were first established, radioactive substances have been observed in the teeth and bones of
children, and there has been an increase in breast cancer in women (Kaya, 2012).

One of the most important parameters used when comparing energy production facilities is the
chemicals they release into the environment and their effects on the environment in general. As it is
known, polluting gases such as sulfur dioxide (S02), nitrogen oxide (NOx), and carbon monoxide (CO) are
released during electricity generation from fossil fuels. These gases trigger global warming by causing
the greenhouse effect (Kaya, 2012). Nuclear power plants produce minimal greenhouse gas emissions
during operation. According to the International Atomic Energy Agency (IAEA), the lifecycle emissions of
nuclear energy, including mining, fuel processing, and waste management, are comparable to those of
wind and solar power (IAEA, 2020). Additionally, according to World Nuclear Association’s (WNA) study,
greenhouse gas emissions that occur in nuclear power plants is lower than renewable energy-based
emissions (Kok & Benli, 2017).

The production of nuclear weapons is another issue to be considered when nuclear energy is in focus.
These weapons are used three days apart for the first and last time in the human history. On August 6,
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1945, the world’s first deployed atomic bomb was dropped over the Japanese city of Hiroshima and three
days later this time over the city of Nagasaki. In addition, more than 200 thousand people lost their lives
in these cities, and the effects of cancer, hereditary diseases, and disabilities continue.

IV. TURKEY'S NUCLEAR ENERGY OUTLOOK

A. History

Turkey's history with nuclear energy dates back to 1956 when the country signed an information-
sharing agreement with NATO in the nuclear field. That same year, the Atomic Energy Commission (AEK)
was established to oversee studies on atomic energy. In 1957, Turkey joined the International Atomic
Energy Agency (IAEA), a United Nations organization. And the first nuclear research center was built in
Cekmece, Istanbul in 1962. Although a feasibility study for a nuclear power plant was launched in 1972
and the Akkuyu location was chosen, the project was not realized. Turkey made several attempts to
launch tenders for nuclear power plants in 1976, 1983, 1993, and 1997. However, these attempts were
cancelled following the 1979 Three Mile Island and 1986 Chernobyl accidents. After experiencing an
energy shortage in 2000, Turkey reconsidered the idea of establishing a nuclear power plant.

When nuclear energy comes to the table for a country, it can be evaluated in three main sections. These
are the reason why nuclear energy is demanded, namely the motivation, the financial, technological, and
institutional infrastructure of the requesting country, namely the capacity, and which approach the
requesting country adopts for this initiative, namely the strategy (Jewell & Ates, 2015).

AA.1 Motivation

Many countries identify security of energy supply, meeting increasing electricity demand due to
industrialization, reducing dependence on imported energy sources, combating global warming and
preventing nuclear proliferation as the main motivating factors for investment in nuclear energy. In the
case of Turkey, the main factors are security of supply, increasing electricity demand, reducing the
current account deficit and employment. Turkey is heavily dependent on foreign energy sources as it has
limited fossil energy resources other than lignite (Temurg¢in & Aliagaoglu, 2003). Moreover, dependence
on natural gas in energy production increases external dependence and poses a threat to security of
supply. However, electricity generated from renewable energy sources cannot provide a stable
generation performance due to its intermittent nature, making it a complementary energy source.

According to a study carried out by the Ministry of Energy and Natural Resources, the annual
electricity demand was expected to increase by 6.3% in low demand prediction for the 2009-2018 period
(TEIAS, 2009). However, this increase took place at 3.9% between these years, which means there was
an increase in demand that was even below the low prediction. Ministry of Energy and Natural Resources
does not have a study after this date, however, in another study (Bayrak, 2020) the annual average
increase was predicted as 4.32%. If none of the licensed and pre-licensed projects are carried out, in 2025,
it is estimated that the installed power reserve will be 35.9%, the project production reserve will be
20.3%, and the reliable generation reserve, which indicates the situation where all resources have the
worst conditions, will be 2.8%. This demonstrates that if there is no addition to the current power plants,
there will be no supply issues with the current capacity until the end of the year 2025. If that is the case,
meeting the increasing demand is questionable. One also needs to take into consideration that the nuclear
fuel for power plants cannot possibly be produced and processed in Turkey, which means that it is going
to be imported. In addition, considering the amount of electricity to be paid in foreign currency for which
a purchase guarantee is given, the issue of reducing foreign dependency and current account deficit
should be reconsidered. It is clear that with the energy to be produced from this power plant, the need
for imported natural gas and coal will decrease, but it should not be ignored that the compensation for
this will not be done by the use of the country’s resources, but by an energy production dependent on
foreign resources. In the case of Akkuyu NPP, since this facility is the first nuclear power plant with the
build-own-operate model in the world and the domestic industry contribution will be very low due to the
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nature of this investment model, it seems that the main priority of this project is to meet the country’s
energy needs (TUBA, 2019).

When evaluated in terms of employment, in a VVER type power plant with 2000 MW power, it is
expected for approximately 3500 staff to work in the power plant. It can be estimated that up to twice the
number of staff will be employed in the power plant with a power of 4800 MWe to be established in
Akkuyu (TASAM, 2012).

AA.2  Capacity

The capacity section includes criteria such as the country's financial capability, appropriate
legislation, academic infrastructure and qualified manpower. Turkey has a unique approach to capacity
as it has agreed with the Russian government to build the Akkuyu nuclear power plant on a build-own-
operate model, with the high investment cost covered by the Russian company. In addition, 300 Turkish
students have so far studied in Russia at undergraduate level as part of the agreement (Defensehere,
2023). This arrangement allows Turkey to subcontract in areas it is currently unable to fulfill. While
Turkey has previous experience with nuclear energy, it is unclear whether its academic infrastructure is
ready and compliant with existing standards. While Turkish legislation is in line with international
standards, it lacks detailed provisions on waste and spent fuel disposal, which in the case of the Akkuyu
plant is the responsibility of the Russian company.

AA.3  Strategy

The third section, Strategy, discusses the country's approach to nuclear energy. It covers topics such
as using domestic resources, importing technology from foreign countries, and evaluating public opinion
on nuclear energy. Turkey emphasizes the "national energy" title in their approach to nuclear energy, but
in the case of the Akkuyu instance, the nuclear power plant will be owned by a Russian company and the
fuel and main human resource will be provided by Russia. This is an unprecedented approach in the
history of nuclear energy, as it's the first time a country has allowed another country to build a nuclear
power plant on its soil (Jewell & Ates, 2015). This approach reflects Turkey's past failures in attempting
to develop nuclear energy. According to World Bank data, Turkey has been one of the 35 most politically
unstable countries in the world on average between 1996 and 2019 (Worldbank, 2019). In such an
environment, and despite economic development, there has been a lack of demand for nuclear energy,
which has propelled the country towards this approach. Furthermore, the state's decision on nuclear
energy in Turkey holds more weight than the public's view of nuclear energy. To properly address this
topic, it is important to first examine the social acceptance of nuclear energy. There are three main
elements related to the acceptance of nuclear energy in societies: the safe operating condition of the
facilities, the management of nuclear waste, and nuclear armament (Jewell & Ates, 2015).

In Turkey, there has been an “event” in which Cobalt 60 capsules were sold to junk dealers, which was
evaluated as 3rd level on the INES scale (Ovali, 2021). This event, which took place when there was no
nuclear power plantin Turkey, as well as the fact that there is a high number of worker deaths and worker
accident rates should be considered in terms of the culture of radiation safety. In addition, under Article
52 of the Radioactive Waste Management Regulation, the person authorized to operate the facility bears
the responsibility for the storage and disposal of spent fuel and radioactive waste generated in nuclear
facilities. In this context, the Russian company that is going to operate Akkuyu NPP is responsible for
decommissioning the plant and managing the waste and fuel. Nuclear facility operators will store the low
and intermediate-level waste within the facility and establish another facility for storing spent fuel. For
the Sinop NPP project, under the agreement made with the Japanese government, the Republic of Turkey
is responsible for managing radioactive waste and fuel. In addition, as stated before, Turkey, which made
its stance on nuclear armament clear with the Treaty on the Non-Proliferation of Nuclear Weapons which
it signed in 1980, has stated that it will not produce nuclear weapons and will only use this technology
for peaceful purposes. As is known, nuclear power does not directly activate nuclear weapons programs.
Also, having a nuclear energy program is not a requirement to have a weapons program. Yet, it should
not be forgotten that having nuclear power can be an important factor in terms of military deterrence.
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Because a country’s nuclear energy experience (human resources, energy independence, etc.) can be
considered a move that will strengthen its hand in international politics.

Despite initial skepticism, there has been a positive shift in Turkey's approach towards nuclear
energy. However, this perspective began to change after a series of accidents. The Chernobyl disaster,
which took place in close proximity to Turkey, had a radioactive impact on tea and hazelnut production
in the Black Sea region (CNN Tiirk, 2018). This raised concerns about the safety of these crops and
prompted questions about the overall safety culture. Even though the topic has been on the agenda many
times, the public’s opinion on this subject has not become clear. Although subjects such as energy supply
security, reducing the current account deficitand employment are important factors in creating a positive
public opinion; accident risk, nuclear waste, and communal experiences cause social uncertainty in this
regard.

At this point, one can open a parenthesis to question which technology society will use and how.
Because the technology society will use should be evaluated morally, not economically. If a technology
promises serious economic prosperity to the country and society, yet if it poses a threat to the future of
that society, then the economic parameters are insignificant. Especially if it is a technology that will affect
not only the current period but also the future periods (as in the case of nuclear technology) then this
selection should be examined very well. The Stockholm Declaration published in 1972 touches on this
subject by stating “People have the fundamental right to favorable living conditions, equality and freedom
in an environment of a quality conducive to a dignified and decent life” (Kaya, 2012). Arising from this
responsibility, the necessity of an Environmental Impact Assessment (EIA) report for activities that may
cause environmental problems has come to the agenda of the whole world and has become mandatory in
Turkey in 1983. However, it should not be forgotten that reservations such as harm to human health and
environmental impact put not only the countries investing in this energy but also all regions where
nuclear facilities are located at risk.

For Turkey, it is necessary to compose a National Nuclear Energy Program and determine the related
strategies. This is of critical importance in terms of inspection and regulation. In this regard, an in-depth
safety philosophy should be a roadmap for a safe nuclear power plant installation. In-depth safety
philosophy consists of legislation, inspection, and accident procedures in the design, and it includes
systems from the fuel pallets in the innermost part of the reactor to the safety shells constructed as layers
(TUBA, 2019).

The developments in the safety field are usually shaped by experiences following nuclear accidents.
During the Fukushima NPP accident, it was not completely clear which institution had the responsibility
regarding nuclear safety. In this regard, by carefully examining this incompatibility in the pre-accident
legislation of Japan, it should be clearly stated in the legislation which institutions to these authorities
and responsibilities belong to. Turkey is adding the international safety principles determined after the
Fukushima accident to its legislation. Moreover, the institution or organization responsible for the
implementation of licensing and regulatory activities should be independent of the political authority.
During the Fukushima NPP accident, the nuclear operations regulatory agency was subordinate to the
country’s energy supply authority. Similarly, the institution that will supervise the power plant in Turkey
is the state institution, the Turkish Atomic Energy Authority. It is a contradiction that a government
agency affiliated with the Ministry of Energy and Natural Resources undertakes the independent
supervision of a project to be made with an interstate agreement.

B. Reserves of Turkey Nuclear Power Plants

Turkey’s uranium reserves are about 12 thousand tonnes (Uranium and Thorium in the World and in
Turkey, 2017). Therefore, fuel for nuclear plants, enriched uranium, and operating technology used in
these nuclear power plants should be imported. In addition to uranium, studies are being carried out to
use thorium as nuclear fuel. Turkey’s thorium reserves are around 370 thousand tonnes, which
corresponds to around 6% of the world’s reserves (MTA, 2017). Besides the fuel alternatives uranium
and thorium, boron mine can play a significant role in controlling the reaction rate within the reactor as
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itis good at neutron capture. Moreover, boron-doped materials can be used in the cooling function of the
reactors (IAEA, 1996). Turkey has 73% of the world’s boron reserves (Etimaden, 2019).

In the case of nuclear technology, uranium enrichment studies take an important place in the context
of international politics. In a sense, Turkey’s failure in nuclear power plants in its previous five initiatives
cannot be fully understood without considering the political pressures of western states. However, in the
last 15 years, the reactions against establishing nuclear power plants and the related embargoes have left
their place for uranium enrichment studies (MUSIAD, 2021). In this conjuncture of events, where the
same situation applies to not only Turkey but also Iran, criticism against nuclear facility establishment
projects focuses on the topic of uranium enrichment studies. This can also be understood as a desire to
remain dependent on these countries for fuel rods.

C. Akkuyu Nuclear Power Plant

Even though Turkey’s ambitions in this area became more defined, it was unsuccessful in its first
nuclear power plant tender in 1968-1969 due to economic and political problems. In the early 1970s, a
feasibility study was carried out regarding the places where nuclear power plants could be established
and Mersin-Akkuyu, Sinop-Inceburun, and Kirklareli-Igneada regions came to the fore. The second
attempt in 1975-1976 failed due to the external embargoes following Cyprus Peace Operation in 1974.
Turkey has put its stance on nuclear armament, which had developed in parallel with the nuclear energy
discussions, with the Nuclear Non-Proliferation Treaty (NPT) it signed in 1980, stating that it will not
produce nuclear weapons and will only use this technology for peaceful purposes. Although the steps
accelerated with the establishment of the Turkish Atomic Energy Authority (TAEK) in 1982, the third
attempt in 1982-1985 ended with uncertainties in legal regulation. After the Chernobyl disaster in 1986,
Turkey suspended its nuclear power plant plans for a while, and lastly, Turkey’s attempt in 1998-2000
was unsuccessful due to the violation of tender specifications and allegations of bribery (Ozalp, 2017).
Nuclear power plant installation attempts, which fluctuated throughout the following years, became an
important item on the agenda once again with Turkey Electricity Trade and Contracting Inc.’s (TETAS)
tender for the electricity purchase in connection with the power plant installation in Mersin-Akkuyu. But
the tender in this attempt was canceled because of the absence of any bids other than Rosatom, the
Russian State Nuclear Energy company. Following this event, in the sixth and last attempt; the
“Agreement on Cooperation on the Establishment and Operation of a Nuclear Power Plant in the Akkuyu
Field in the Republic of Turkey” was signed between the Republic of Turkey and the Government of the
Russian Federation, thereby ending the long-running process with an intergovernmental agreement
(Artantas, 2024). In 2013, a similar agreement was signed with Japan for the establishment of a nuclear
power plant in Sinop.

The power plant being built in Akkuyu, consisting of 4 VVER-1200 type reactors with a total power of
4800 MWe, is similar to Russia’s water-cooled type (PWR) Kalininskaya Nuclear Power Plant. It is based
on the NPP-2006 serial project and is expected to meet about 10% of Turkey’s electricity needs when
fully operational by the end of 2028 (Report News Agency, 2023). Lightly enriched uranium dioxide will
be used as fuel in the Akkuyu NPP, which will be operated by the Russian consortium, with an expected
operational lifespan of 60 years (Akkuyu NPP, 2024). The average cost of power plant is estimated to be
20 billion dollars, and the first unit is expected to come to life in 2025, with the remaining units becoming
operational sequentially until 2028 (WNA, 2024a). As of February 2025, the commissioning and testing
phase of the onshore pumping station of the first unit of the power plant started and current status of the
plant construction is as shown in Figure 3 (WNN, 2025).
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Figure 3. Start-up work under way for pumping station of the first unit of the power plant (WNN, 2025).

Akkuyu NPP, Turkey's first large-scale nuclear power plant project, is predicted to make a significant
contribution to meeting the country's electricity demand and reducing foreign dependency. The
construction of the Akkuyu NPP is expected to reduce Turkey's dependence on natural gas imports,
especially from Russia. It is also anticipated that the plant will contribute to the decrease of the current
account deficit by reducing the country’s energy import bill. However, concerns about safety,
environmental impact, and economic viability remain. The BOO model, which involves foreign ownership
and operation of the plant, has raised questions about long-term strategic control and the security
implications of relying on a foreign entity for a critical national infrastructure project.

D. Sinop Nuclear Power Plant

In addition to the Akkuyu NPP, Turkey signed another intergovernmental agreement with Japan for
the construction of the Sinop NPP in 2013 (NEI, 2013). This plant was initially planned to be built by a
consortium led by Mitsubishi Heavy Industries and Itochu Corporation, with technical cooperation from
France’s Areva. The Sinop NPP, intended to have four ATMEA1 reactors with a combined power of 4800
MWe, faced significant challenges and ultimately did not progress under the original consortium. The first
reactor was targeted to become operational by the late 2023, and all four reactors are expected to be
operational by the 2030s (Akyiiz, 2017). Unfortunately, the project, which was launched in 2013, was
halted in 2019 due to cost increases.

Recently, Turkey's Nuclear Energy Company (TUNAS) was granted "Owner" status in 2023 to lead the
Sinop project, reflecting a new direction in Turkey’s nuclear energy ambitions (NBP, 2023). But Turkey
is still negotiating with Russia and South Korea as potential partners for the Sinop NPP (Power
Technology, 2024). Environmental and legal processes are also ongoing within the scope of the project,
in which Russia seems to be at the forefront. The cost estimate for the Sinop NPP has significantly
increased, with recent reports indicating a potential investment of approximately $40 billion (Daily
Sabah, 2023). This project aims to enhance Turkey's energy security, create jobs, and foster economic
growth through the development of local industries related to nuclear power.

E. Cost of Electricity

For the sustainable development and growth of a country, energy must be supplied continuously, in
the desired quality, with a reasonable price, clean, and safely (Ozalp, 2017). One of these criteria is to
examine whether the electricity to be generated from nuclear power plants has a reasonable price.

Itis planned to produce 35 TWh of electricity per year from the Akkuyu NPP, which will be established
under the agreement with Russia, and 34 TWh of electricity per year from the Sinop NPP (Kok & Benlj,
2017). If these two power plants were currently operating, they would have met 21% of Turkey’s 327
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TWh (TEIAS, 2023) electricity demand in 2023. With the liberalization of the electricity market in Turkey,
many privatizations have occurred in this sector, and the state has turned from being a service provider
public institution to a structure that oversees the electricity market. In this context, Turkey has
guaranteed that it will purchase 50% of the electricity to be produced from the power plant to be built in
Akkuyu from the Russian company for 15 years for 12,35/kWh US dollar cents. The 2023 yearly average
of the Market Clearing Price (PTF) in the Day-Ahead Market in the Turkish Electricity Market was 9.656
USD per kWh (EPIAS, 2025). Similarly, the guarantee of purchase was given to the Japanese consortium
for 11.80 US dollar cents per kWh (Nogay, 2016). In addition, the cost of electricity is constantly
increasing due to the ongoing exchange rate fluctuations in Turkey.

As the cost of establishing nuclear power plants is high, companies that build nuclear power plants
look for a guarantee of purchase and some incentives in the countries where the plants are to be
established. A similar situation holds for Renewable Energy Resources Support Mechanism (YEKDEM),
where the Turkish state used an incentive mechanism for energy production from renewable sources and
gave a 10-year purchase guarantee. In theory, it is reasonable for Turkey to give such a guarantee to
Russia for Akkuyu NPP. However, in an assurance like this, the price per kWh must be competitive.

When nuclear energy is on the agenda, the preference for renewable energy sources over nuclear
power plants is one of the most widely opposed arguments. When a nuclear power plant and a solar
power plant with the same installed capacity are compared, nuclear power plants have 8 times more
electricity generation potential (Karaveli et al.,, 2015). Moreover, nuclear power plants would be more
advantageous compared to conventional thermal power plants in the case of a carbon tax in the future.

The economic viability of nuclear power is influenced by several factors including initial capital costs,
operational and maintenance costs, fuel costs, and decommissioning costs. To evaluate the economic
feasibility of nuclear power in Turkey, we can use the Levelized Cost of Electricity (LCOE), which
represents the per-unit cost (typically in USD per MWh) of building and operating a generating plant over
an assumed financial life and duty cycle.

The LCOE can be calculated using the Eq. 4 below:

Yo+ Me+Fp) /(1+7)"

LCOE = = /eyt

(4)

where:
e [_tisthe investment expenditures in the yeart,
e M_tis the operation and maintenance expenditures in the year t.
e F_tis the fuel expenditures in the yeart,
e E_tisthe electricity generation in the year t,
e risthe discount rate, and
e tisthe year of the study.

By comparing the LCOE of nuclear energy with that of renewable sources such as wind and solar, as
well as fossil fuels, Turkey can make informed decisions on its energy mix.

In the generation of fuel-based electricity, the ratio of the total cost of the fuel to the production cost
is 80-85% for natural gas, 45-50% for coal, and 10-15% for nuclear. For example, if fuel prices are
doubled, the cost of electricity increases by 66% in natural gas plants, 31% in coal plants, and only 9% in
nuclear power plants. This clearly shows the importance of nuclear power plants in establishing a
sustainable energy policy (Kok & Benli, 2017). Yet, the situation is slightly different in terms of the
Levelized electricity cost. The Levelized Cost of Electricity produced from nuclear power plants has
increased from $117/MWh in 2015 to $155/MWh in 2019 and the same cost is around $40/MWh and
$41/MWh for solar and wind power (Bayrak, 2020). As it can be seen, while the cost of electricity
produced from sources such as solar and wind decreases depending on the developments in production
and installation, electricity cost in nuclear energy increases with the effect of safety-related costs.
However, prolonging the operational life of existing nuclear power plants for unit electrical power
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generation appears to have the lowest Levelized Cost of Electricity of all energy sources compared to
installing new power plants (IEA & NEA, 2020).

Using the high amount of heat that is released while generating electricity from nuclear power plants
will also increase the general efficiency of these systems. One can benefit from the waste heat obtained
from these power plants in hydrogen production, water treatment, process heat as well as district
heating.

F. SWOT Analysis

SWOT analysis is a strategic planning technique that provides assessment tools by identifying the internal
and external factors affecting a business or investment. It helps to make more careful and informed
decisions by assessing internal factors such as strengths or weaknesses and external factors such as
opportunities and threats. This section presents a SWOT analysis of some of the factors considered in this
study. Turkey's approach to nuclear energy is shown in Table 2 with strengths, weaknesses,
opportunities and threats.

Table 2. SWOT Analysis of Nuclear Energy in Turkey.

Strengths Weaknesses

e  Low uranium reserves

The presence of another country’s

power plant on its territory

High security costs

Imported uranium supply

Low public acceptance

Limited experience and infrastructure in

nuclear energy

e Dependence on foreign technology and
expertise

e  High capacity factor

e High process heat

e Low carbon emissions

e  Reliable base-load electricity

e High boron and thorium reserves

e  The government's strong commitment to the
nuclear power sector

e  Strategic location to serve as a transit hub for
energy exports

Opportunities
PP Threats
e  Commercialization of new types of thorium-
fueled reactors
e Use of boron doped materials in reactor cooling
e Reliable source for achieving sustainability

e High rates of occupational accidents and
worker fatalities in Turkey
e Continued dependence on foreign fuel

oals Terror threat
. i i i e  Political risks under intergovernmental
e An option to fight climate change agreements

e  Small modular reactors
e  Ability to diversify the energy mix and reduce
dependence on imported energy sources

e  Public opposition to nuclear power and
accident potential

FA.1  Strengths

The high capacity factor and reliable base-load electricity of nuclear power plants provide a steady
and dependable source of energy. Additionally, the low carbon emissions of nuclear energy align with the
global push towards reducing greenhouse gas emissions and combatting climate change. The country's
abundant reserves of boron and thorium, as possible nuclear fuels, are another strength. The
government's strong commitment to developing the nuclear energy sector further strengthens Turkey's
position in this field. The strategic location of the country also provides opportunities for it to serve as a
transit hub for energy exports, further expanding its reach in the energy sector.

FA.2  Weaknesses

A poor reserve of uranium can limit the country's ability to produce nuclear energy domestically.
Furthermore, having another country's power plant located on its territory may pose regulatory and
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safety concerns, as well as limit the country's control over its energy production. High safety costs
associated with nuclear energy, as well as the reliance on imported uranium supplies, can also impact the
financial viability of the energy sector. Additionally, low public acceptance of nuclear energy can create
challenges in gaining support for new projects and ensuring the long-term success of the sector. Finally,
the limited experience and infrastructure in nuclear energy, as well as the dependence on foreign
technology and expertise, can limit the country's ability to develop and maintain a robust nuclear energy
sector.

FA.3  Opportunities

The commercialization of new types of Thorium-fueled reactors and the use of boron-doped materials
in reactor cooling can increase the efficiency and safety of the country's nuclear energy infrastructure.
Additionally, in the event of a future carbon tax, nuclear power plants may become more financially
advantageous compared to thermal power plants. Nuclear energy can also play a role in the fight against
climate change by providing a low-carbon source of energy. The development of small modular reactors
can increase the flexibility and scalability of the energy sector, while reducing the costs associated with
building and maintaining large power plants. Finally, the ability to diversify the energy mix and reduce
reliance on imported energy sources can increase the country's energy independence and security.

FA4 Threats

High occupational accident rates and worker fatalities in the country raise concerns about the safety
of the workforce in the energy sector. Additionally, the continued dependence on foreign fuel can increase
the country's vulnerability to supply disruptions and price fluctuations. The terror threat and political
risks associated with intergovernmental agreements pose additional challenges to the stability and
security of the energy sector. Finally, public opposition to nuclear energy, as well as the potential for
accidents, can limit support for new projects and damage the reputation of the nuclear energy.

V. CONCLUSION AND POLICY IMPLICATIONS

Turkey is a foreign-dependent country that meets most of its electricity production with fossil fuels.
This situation carries risks in terms of supply security. To eliminate these risks, as stated in Turkey’s
goals, the country desires to invest in renewable energy sources while realizing the establishment of a
nuclear power plant it aimed for more than half a century. However, Turkey’s path in this regard
contradicts one of its main motivations, reducing dependency on external resources, as the fuel to be used
in these power plants will be produced and processed abroad and then imported. In addition, the
guarantee of purchase given in foreign currency does not seem to be a factor that can reduce the current
account deficit. Akkuyu NPP is going to be constructed with the build-own-operate investment model, the
first of its kind in the sector, and will be the first nuclear power plant to be owned by a country that is
within the borders of another country.

Turkey is a country that does not have a good report in terms of safety culture. A high number of
worker deaths and a high rate of work accidents should be taken into account for the culture of radiation
safety. In this context, which institutions have the authority and responsibility should be clearly stated in
the legislation. In addition, the authority and responsibilities of the institution that will execute licensing
and regulatory activities should be clearly defined and should have a supervisory and regulatory
mechanism independent of the state structure. Similarly, it should be clearly stated by whom and how
the nuclear wastes generated in the power plants will be disposed of.

It is expected for nuclear energy to have a significant function in a sustainable energy policy. Studies
on using thorium as the nuclear fuel and the use of boron reserves in controlling reaction rate and as a
coolant in the power plants would be an important step for Turkey, which is advantageous in the reserves
of these two mines. Moreover, with the commercialization of new thorium-fueled reactors, foreign
dependence on fuels can be prevented.

The previous approach of western countries to the establishment of nuclear power plants, which is
one of the most important reasons behind Turkey’s unsuccessful attempts has now left its place to
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uranium enrichment studies and fuel rods. It should be kept in mind that this perception change in the
international public opinion reflects positively on Turkey’s nuclear power plant projects, but if the next
step is taken with further nuclear development studies, there may be reactions, embargoes, and
international sanctions once again. For this reason, providing domestic equipment and technology
support in such situations is of great importance in terms of reducing foreign dependency.

Overall, Turkey's approach to nuclear energy faces a mix of challenges and opportunities. While the
high capacity factor, low carbon emissions, and strong government commitment offer advantages, the
limited experience and infrastructure, dependence on foreign technology and fuel, and public opposition
pose significant threats. However, the commercialization of new reactors, flexibility of small modular
reactors, and potential for reduced carbon emissions and energy independence are opportunities for the
country to further develop its nuclear energy sector.

Turkey, as in the examples of South Korea and Japan, desires to construct the third nuclear power
plant with its resources after taking these steps. Therefore, Turkey sees these first steps as a transition
period. Yet, Japan was only able to build its sixth nuclear power plant with its resources, while South
Korea built its ninth nuclear power plant with its resources (Jewell & Ates, 2015). Considering these
situations, the time elapsed between the first nuclear power plant and the first domestic nuclear power
plant seems to be longer than Turkey envisages.

Despite such negative indicators, Turkey’s desire to accelerate its steps in the field of nuclear energy
may stem from its desire as a developing country to diversify its resources and meet its increasing energy
needs from a reliable source. And it seems that the future of nuclear energy in the world will be based on
agreements between governments and Turkey’s initiative will provide a significant reference for other
initiatives in the future.
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OZET

Giliniimiizde artan enerji ihtiyact nedeniyle iilkeler, bu talebi karsilamak i¢in farkli kaynaklardan
yararlanmaktadir. Farkli enerji kaynaklarindan biri de biyobozunur atiklardan elde edilen enerjidir.
Biyobozunur atiklar ev ve isyerlerinden toplanarak ¢6p alanlarina tasinan atiklarin %50-60
olusturmaktadir. Bu ¢alismada 2025-2035 yillar arasinda Diizce ili niifus projeksiyon degerleri
belirlenmis, kisi basi atik tretim miktar1 tespit edilmis ve gelecekte tiiretilecek atik miktar:
hesaplanmistir. Bu yillar igerisinde olusacak kati atik igeriginde bulunan biyobozunur atiklardan
potansiyel biyogaz olusum miktar1 belirlenmis ve buna gore enerji degeri hesaplanmistir. En son olarak
da biyobozunur yapidaki atiklardan elde edilen elektrik tiretimi analizi yapilmistir. Diizce ilindeki evsel
atiklarin bir biyogaz tesisinde degerlendirilmesi ile 2025 yilinda biyobozunur atiklar kullanilarak 3,4
MWHh’lik elektrik tiretimi gerceklestirilecek 2035 yilinda bu yaklasik olarak 1,5 kat artarak 5,3 MW
ulasacaktir. 2035 yilinda Diizce ilinde olusmasi beklenen 170685 ton/yil biyobozunur atiktan elde
edilecek biyogazin elektrik enerji iretiminde kullanilmasi durumunda 20,07 Mton CO: esdeger sera gazi
saliminda azalma saglanabilecegi tespit edilmistir. Belediye atiklarindan evsel organik atiklarinin
ayristirilip sifir atik uygulamasina gore yonetilmesi, dongiisel ekonomi kavramina uygunluk ve iklim
degisikligi uyum ve azaltim politikasina katki saglayacaktir.

Anahtar Kelimeler: Atik, Biyobozunur, Biyogaz, Diizce.

The Effect on Greenhouse Gas Emission Mitigation by Innovative Municipal Solid
Waste Management in Diizce Province

ABSTRACT

Due to the increasing energy demand today, countries benefit from different energy sources to meet their
energy demands. One of the different energy sources is the energy obtained from biodegradable waste.
Biodegradable waste constitutes 50-60% of the waste collected from homes and workplaces and
transported to landfills. In this study, the population projection values of Diizce province between 2025
and 2035 were determined, the amount of waste production per capita was determined and the amount
of waste to be produced in the future was calculated. The potential amount of biogas formation from
biodegradable waste in the solid waste content to be generated during these years has been determined
and the energy value has been calculated. Finally, electricity production obtained from biodegradable
waste was analyzed. By utilizing domestic wastes in a biogas facility in Diizce province, 3.4 MWh of

Atif icin: Eroglu Bulut, G., & Dogan, 0. (2025). Diizce ili Belediye Atiklarinin Yenilik¢i Bir Yaklagim ile Yonetilmesinin Sera
Gaz1 Saliminin Azaltilmasina Etkisi. Diizce Universitesi Teknik Bilimler Dergisi, 3(1), 30-36.
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electricity will be produced using biodegradable wastes in 2025. In 2035, this will increase approximately
1.5 times and reach 5,3 MW. It has been determined that a reduction in greenhouse gas emissions of 20.07
Mton COz equivalent can be achieved if the biogas obtained from 170685 tons/year of biodegradable
waste expected to be generated in Diizce Province in 2035 is used in electrical energy production.
Segragation of domestic organic waste from municipal waste and managing it according to zero waste
application will contribute to the concept of circular economy and climate change mitigation and
adaptation policy.

Keywords: Biodegradable waste, Biogas, Diizce, Waste.

I. Giris

Artan diinya niifusu ile birlikte tiretim ihtiyaci da artis gostermektedir ve dolayisiyla tiretim-tiiketim
aliskanliklari farklilagsmaktadir. Bununla birlikte 6zellikle kentlerde tretilen kat1 atik miktarlarinda artis
gozlenmektedir. 1970°1li yillardan itibaren atiklarin diizensiz (vahsi) depolanmasi sorun olusturmaya
baslamistir ve gelismis iilkelerde diizenli depolama yayginlasmistir. Sonrasinda ise yakma, gazlastirma
ve kompostlastirma gibi alternatif atik bertaraf teknolojileri gelismeye baslamistir (Giiltekin, 2021).

Teknolojik gelismeler ve diinya niifusundaki artis gibi sebeplerle diinyada enerjiye olan talep
artmaktadir. Kentsel atiklarin organik kismindan elde edilebilecek enerji hem yenilenebilir enerji
uygulamasi olup hem de karbondioksit ve metan emisyonlarini azaltmaya fayda saglamaktadir. Kentsel
atiklardan saglanan enerji, bolgesel enerji ihtiyacini karsilamaya katki saglayacaktir (Kankilig ve Topal,
2015).

Bu calisma Diizce ili belediye at1g1 yonetimi icin 2025-2035 yillari arasi niifus verileri ve atik miktarinin
projeksiyonu ve evsel kati atiklarin biyobozunur yapidaki kisimlarinin degerlendirilmesi iizerine
incelemeleri icermektedir.

Diizce ili iki metropol il (Ankara ve Istanbul) arasinda batida Sakarya, giiney ve giiney dogudan Bolu ve
kuzeydogudan Zonguldak illeri ile ¢evrilidir. 1999 yilina kadar Bolu iline bagl bir ilge iken 1999 yili
depremden sonra il olmustur. Diizce ili yiizél¢limii 2 574 km? olup rakimi 160 m’dir. Kuzey Karadeniz’de
22 km kiy1 seridine sahiptir.

Diizce Tiirkiye Cumhuriyeti’nin Karadeniz Bélgesi'nin bati Karadeniz Béliimii'nde yer alan ilidir. 2023
yil1 Diizce ili ntifusu 409865’dir. 2023 yili sonu niifus verilerine gore % 69,75 i sehirlerde yasamaktadir.
Diizce ili merkez ilgeyle beraber 8 ilge, 10 belediye, bu belediyelerde 115 mahalle ve ayrica 278 kdy
vardir.

Bu ¢alismada Diizce ili merkez ve 8 ilceye ait belediyelerin atik projeksiyonu ve atiklarindan elektrik
enerjisi ve 1s1 enerjisinin 2025-2035 yillar1 arasindaki projeksiyonu belirlenmis olup, 6zellikle ilkemizin
enerji Uretimi konusunda disa bagimlilig1 azaltma konusunda belediye atiklarinin gerek elektrik gerekse
enerji ihtiyaglarinin karsilanmasi konusunda 6nem arz ettigi hususunun bilinci ile belediye atiklarindan
evsel organik atiklarinin ayristiritlip sifir atikk uygulamasina goére yonetilmesi ve bunun sonucunda
saglanacak sera gazi azaltim potansiyeli hesaplanmistir.

II. MATERYAL METOT

A.  Niifus Projeksiyonu

Diizce ili 2025-2035 yillar1 niifus projeksiyonu hesaplari, TUIK, Adrese Dayali Niifus Kayit Sistemi
(ADNKS) sonuglari, 2023 verilerine gére (TUIK, 2024) yillik niifus artis hizi alinarak hesaplanmistir.
Niifus artis1 Diizce ili merkez ve ilgelere gore farklilik goéstermektedir. Yillik ortalama niifus artis hizina
gore Diizce ili merkez ve ilgelerde 2025-2035 yillar1 arasinda niifus artisi olmasi beklenirken Cilimli
ilcesinde yillik ortalama artis hizi negatif olarak -0,0284443 deger gostererek yillara gore niifus
degerinde azalma olmasi beklenmektedir. En yliksek artis orani ise Yigilca ilgesinde yillik ortalama artis
hi1z10,0716101’dir.
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B.  Kisi Bas1 Atik Olusum Projeksiyonu

Belediyeler tarafindan ya da belediyeler adina toplanan atiklar belediye atiklarini temsil etmektedir.
Belediye atiginin biyiik ¢ogunlugu evsel atiklardan olusmaktadir. Ancak ticaretten, ofis binalarindan,
kurumlardan ve kiigiik isletmelerden alinan atiklar da toplam belediye atigina dahil edilmektedir.
Her sene kisi basi ortalama belediye atik miktari artis hizi Tiirkiye’nin ekonomik biiyiime hizi baz alinarak
1,03 alinmistir ve 2025-2035 yillar arasindaki kisi basi olusan atik miktar: projeksiyonu hesaplanmistir
(Tablo 2).

C. Toplan Atik Olusum Miktar: Projeksiyonu

Diizce ili Merkez ve ilgeleri i¢in hesaplanan 2025-2035 yillar1 arasi niifus degerleri ve hesaplanan kisi
basina diisen atik miktar1 degerleri kullanilarak Diizce ili Merkez ve ilgeleri 2025-2035 yillar1 arasi
toplam belediye atik olusum miktarlar1 hesaplanmistir (Tablo3).

D. Diizce Ili Belediye Atig1 Bilesenleri

Diizce ilinde olusan belediye atig1 icerigine ait yiizdesel ati atik daglim bilgileri “Diizce ili Kat1 Atik
Yonetim Plan1” i¢in yapilan ¢alismalardan faydalanilmistir. Belediye atig1 iceriginin ylizdesel dagilimi
Tablo 1'de yer almaktadir (TUBITAK MAM, 2017).

Tablo 1. Belediye Atiklarinin Bilesenleri ve Yiizdesel Degerleri (TUBITAK MAM, 2017).

Atiklarin Bilesenleri Yiizdesel Dagilimi, %
Kagit-Karton 15,26
Cam 4,67
Plastikler 8,05
Metaller 3,02
Mutfak Atiklar: 29,79
Tehlikeli Atiklar 1,02
Park-Bahge Atiklari 0,45
Diger 37,74

Atiklar biyobozunur atik, geri kazanilabilir atik ve diger (inert) atiklar olarak 3 ayr1 basliga
ayrilmaktadir. Biyobozunur atiklar, mikroorganizmalar tarafindan biyolojik siireclerle ayristirilabilen
atiklar1 kapsamaktadir. Geri kazanilabilir atiklar ise, ambalaj atiklar1 ve enerji geri kazaniminda
kullanilan atiklardan olusmaktadir. Kagit atiklarin %40’inin  biyobozunur atik kompozisyonuna
eklenecegi ancak %6011k kismin geri kazanilabilecegi diisiintilmistiir (TUBITAK MAM 2017). Buna gore
biyobozunur atik bilesenleri belirlenmis olup, Tablo 2’'de ytlizdesel dagilimlari verilmektedir.

Tablo 2. Biyobozunur Atiklarin Bilesenleri ve Yiizdesel Degerleri (TUBITAK MAM, 2017).

Biyobozunur Atik Bilesenleri Yiizdesel Dagilimi, %
Kagit-Karton 7,19
Mutfak Atiklari 29,79
Park-Bahce Atiklari 0,45
TOPLAM 34,84

E. Diizce Ili Biyobozunur Atik Miktarinin Belirlenmesi
Diizce ilinde 2025-2035 yillar1 arasinda olusmasi beklenen biyobozunur atik miktari, ayni yillar
arasinda olusmasi beklenen toplam belediye atig1 miktar1 ve %34,84 olarak belirlenmis olan biyobozunur
atik icerik yiizde dagilim orani kullanilarak hesaplanmistir.

F. Biyogaz Olusum Miktarinin ve Elektrik Enerjisi Potansiyelinin Belirlenmesi
Diizce ilinde 2025-2035 yillar1 arasinda olusmasi beklenen biyobozunur atiklarin biyogaz tesislerinde
degerlendirilmesi sonucunda elde edilebilecek biyogaz ve metan gazi miktar elektrik enerjisi ve 1s1
enerjisi miktarinin belirlenmesi, olusmasi beklenen kati atik miktar1 projeksiyonu ve belediye atiginin
icerisinde bulunan biyobozunur atik dagihmina gére hesaplanmistir. Uretilecek biyogaz miktarimin
hesaplanmasinda biyogaz olusum miktar1 137,5 Nm3/ton biyobozunur atik olarak alinmistir. Biyogazin
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metan igerigi ortalama %50 ve metanin 1s1l giicii de 9,9 kWh/Nm3 olarak kabul edilmistir. Elde edilen
gazin bir biyogaz tesisinde yakilarak 1s1 ve enerjiye doniistiiriilecegi varsayilmistir. Elde edilen toplam
enerjinin biyogaz tesislerindeki enerji ve 1s1 verimleri dikkate alinarak yaklasik olarak %40’1nin elektrik

enerjisine, %50’sinin 1s1 enerjisine doniisecegi, %10 da kacak olacagi kabul edilmistir (Celik, 2019).

[11. BULGULAR VE TARTISMA
Diizce ili 2025-2035 yillar1 niifus projeksiyonu sonuclarina goére ilgeler bazinda yillik niifus artis

hizlarinin farkl olmasi sebebiyle niifus artisi1 Diizce ili merkez ve ilcelere gore farklilik gdstermektedir.
Buna gore Diizce ili merkez niifusu 2035 yilinda 272350 kisiye ulasacagi beklenirken, il genelinde toplam
niifusun 484237 kisi olacagi 6ngorilmektedir (Tablo3).

Tablo 3. Diizce ili ilgelerinin 2025-2035 yillar1 arasi niifus verileri.

o =

o =< § E <+ n 0 ~ © [ =3 - N [} <+ wn

(=Y = = N N [a [a N N [3e] 3] [5e) [5e) 32 2]

= = 8 & <] o o o ] <] < < < < S S

- 2 B N N N N N N N N IS IS X X

© <

lV[[)eurzkc:z 0,0040269 | 260572 | 261621 | 262675 | 263733 | 264795 | 265861 | 266932 | 268007 | 269086 | 270169 | 271257 | 272350
Akgakoca | 0,0328825 | 42723 | 44128 | 45579 | 47078 | 48626 | 50225 | 51876 | 53582 | 55344 | 57164 | 59044 | 60985
Cumayeri | 0,0560441 | 16993 | 17945 | 18951 | 20013 | 21135 | 22319 | 23570 | 24891 | 26286 | 27759 | 29315 | 30958
Cilimli -0,0284443 | 18554 | 18026 | 17513 | 17015 | 16531 | 16061 | 15604 | 15160 | 14729 | 14310 | 13903 | 13508
Golyaka 0,0197530 | 21376 | 21798 | 22229 | 22668 | 23116 | 23572 | 24038 | 24513 | 24997 | 25491 | 25994 | 26508
Giimiisova | 0,0207986 | 17556 | 17921 | 18294 | 18674 | 19062 | 19459 | 19864 | 20277 | 20698 | 21129 | 21568 | 22017
Kaynagh | 0,0111847 | 20910 | 21144 | 21381 | 21620 | 21862 | 22106 | 22353 | 22603 | 22856 | 23112 | 23370 | 23632
Yigilca 0,0716101 | 16018 | 17166 | 18395 | 19712 | 21124 | 22636 | 24257 | 25994 | 27856 | 29850 | 31988 | 34279

Her sene kisi basi ortalama belediye atik miktar artis hizi Tiirkiye’nin ekonomik biiytime hizi dikkate
alinmis ve 2025-2035 yillar arasindaki kisi basi olusan atik miktar1 projeksiyonu hesaplanarak Tablo
4’de verilmistir. Buna gore 2035 yilinda Diizce ilinde olusmasi beklenen kisi bas1 atik miktar1 2,77 kg
olarak belirlenmistir.

Tablo 4. Diizce ilinin 2025-2035 yillar1 arasi kisi basina diisen atik miktar1 (Kg/Kisi-Giin).

. . N 1n 0 ~ ® o =3 - N o < n
IKodu | I S| s|s|s|s|s|s8|8|&8| 8| 8|38
N N N N N N N N N N N N

81 Diizce |2,002 | 2,063 |2,124 | 2,188 | 2,254 | 2,321 | 2,391 | 2,463 | 2,537 | 2,613 | 2,691 | 2,772

2025-2035 yillar1 arasinda olusmasi beklenen atik miktarlarina bakildiginda ise en ytiksek belediye

atig1 artisinin niifus artisiyla baglantili olarak Yigilca ve Cumayeri ilcelerinde olacag: (2 katindan fazla)
hesaplanmistir. Cilimli ilcesinde niifus artisinin olmayacagi 6ngoriildiigii icin belediye atiginda da bir atis
olmayacagi hesaplanmistir (Tablo5). Sekil 1’de Diizce ili merkez ve ilgeleri 2025-2035 yillar1 belediye atik

miktarlarn grafik olarak gosterilmistir.

Tablo 5. Diizce ili merkez ve ilgeleri 2025-2035 yillar1 arasi belediye atik miktarlar1 (ton/yil).

ilge 2024 | 2025 2026 2027 2028 | 2029 2030 2031 2032 2033 2034 | 2035
l]\)/[iizr(l:{iz 190449 | 196953 | 203678 | 210633 | 217826 | 225264 | 232957 | 240911 | 249138 | 257646 | 266444 | 275542
Akcakoca 31226 | 33220 | 35342 | 37599 | 40001 | 42555| 45273 | 48165| 51241 | 54514 | 57996 | 61700
Cumayeri 12420 | 13509 | 14695 | 15984 | 17386 | 18911 | 20570 | 22374 | 24337 | 26472 | 28794 | 31320
Cilimli 13561 | 13570 | 13580 | 13589 | 13599 | 13608 | 13618 | 13628 | 13637 | 13647 | 13656 | 13666
Golyaka 15624 | 16410 | 17236 | 18104 | 19016 | 19973 | 20978 | 22035 | 23144 | 24309 | 25533 | 26818
Gimiisova | 12831 | 13491 | 14185 | 14914 | 15681 | 16488 | 17335| 18227 | 19164 | 20150 | 21186 | 22275
Kaynash 15283 | 15918 | 16579 | 17267 | 17984 | 18731 | 19508 | 20318 | 21162 | 22040 | 22956 | 23909
Yi8ilca 11708 | 12922 | 14263 | 15743 | 17377 | 19180 | 21170 | 23366 | 25791 | 28467 | 31420 | 34681
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Diizce ilinde 2035 yilinda olusmasi beklenen toplam belediye atig1 miktar1 489911 ton/yi1l olarak
belirlenmis olup, biyobozunur atik miktar1 ise 170685 ton/yil olarak olusacagi hesaplanmistir (Tablo6).

Atik miktari(ton)
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Diizce ili merkez ve ilgeleri 2025-2035 yillar1 arasi belediye atik miktarlar:

300.000
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200.000
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(ton/y1l)
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Glimiisova ® Kaynagh mYigilca

Sekil 1. Diizce ili merkez ve ilgeleri 2025-2035 yillar1 arasi belediye atik miktarlar (ton/yil).

Tablo 6. Diizce ili 2025-2035 yillar1 biyobozunur evsel kat1 atik miktari.

. Biyobozunur Atik Yiizdesi | Biyobozunur Atik | Biyobozunur Atik
Yil Toplam Atik Miktari y (%) y (ton/y1l) y (ton/giin)
2025 315994 34,84% 110092 302
2026 329557 34,84% 114818 315
2027 343834 34,84% 119792 328
2028 358868 34,84% 125030 343
2029 374710 34,84% 130549 358
2030 391410 34,84% 136367 374
2031 409024 34,84% 142504 390
2032 427614 34,84% 148981 408
2033 447244 34,84% 155820 427
2034 467985 34,84% 163046 447
2035 489911 34,84% 170685 468

Tablo 7’ de belirtildigi lizere, biyometanizasyon tesisinde geri kazanilma potansiyeli bulunan
biyobozunur atik miktar1 2035 yilinda 170685 ton/yil ile maksimum degerine ulagsmasi beklenmektedir.
Biyobozunur atiklarin biyometanizasyon tesisinde parcalanmasi sonucu olusan biyogazin kojeneratif
enerji tesisinde yakilmasiyla elde edilen elektrik enerjisinin 2025 yilinda yaklasik 3,42 MW /saat, 2035
yilinda ise yaklasik 5,3 MW/saat elektrik enerjisi elde edilmesi beklenmektedir. Kojeneratif enerji
santralinde olusacak 1s1 enerjisinin, diizenli depolama tesisine en yakin uzaklikta bulunan yerlesim

yerinin 1sitilmasi amaciyla veya seracilikta kullanilabilecegi diisiiniilmektedir.
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Tablo 7. Biyometanizasyon tesisinde olusan tiriinlerin miktari.

Biyobo'zunur Biyogaz Met.an Gazi Met.an Gazi Topla.r.n Elekt.l:ilf Is1 enerjisi
Yil | Auk Miktar1 | Miktar: Miktar1 Miktar1 enerji enerjisi %50 (KWh)
(ton/y1l) (Nm3/y1l) | (Nm3/y1l) | (Nm3/saat) (kWh) %40 (kWh)

2025 110092 15137686 | 7568843 864 8554 3422 4277
2026 114818 15787447 | 7893723 901 8921 3568 4460
2027 119792 16471362 | 8235681 940 9307 3723 4654
2028 125030 17191595 | 8595797 981 9714 3886 4857
2029 130549 17950466 | 8975233 1025 10143 4057 5072
2030 136367 18750475 | 9375237 1070 10595 4238 5298
2031 142504 19594307 | 9797153 1118 11072 4429 5536
2032 148981 20484855 | 10242427 1169 11575 4630 5788
2033 155820 21425235 | 10712617 1223 12107 4843 6053
2034 163046 22418805 | 11209402 1280 12668 5067 6334
2035 170685 23469186 | 11734593 1340 13262 5305 6631

Toplam sera gazi emisyonlarinda 2022 yilinda CO:z esdeger olarak en biiyiik pay1 %71,8 ile enerji
kaynakli emisyonlar alirken bunu sirasiyla %12,8 ile tarim, %12,5 ile endiistriyel islemler ve iiriin
kullanimi ve %2,9 ile atik sektorii takip etti. Enerji sektorii emisyonlar1 2022 yilinda, 1990 yilina gore
%179,8 artmakla beraber bir onceki yila goére %1,4 azalarak 400,6 Mton CO: esdeger olarak
hesaplanmistir (TUIK, 2024). Enerji sektorii kaynakh Tiirkiye ortalamasi kisi bag1 CO2 esdeger olusum
miktar1 4,7 ton COz esdeger/kisi olarak belirlenmistir.

Diizce ilinde biyobozunur atiklarin ¢evre dostu biyolojik proses kullanilarak elektrik enerjisi
tiretiminde kullanilmasi neticesinde 2035 yilinda 13262 kWh elektrik enerjisi iiretim potansiyeli
bulundugu saptanmistir. Ulkemizde elektrik enerjisi iretiminden kaynaklanan sera gazi emisyonu 0,439
ton COz esdeger/kWh (ETKB, 2024) olarak, biyobozunur atiklardan biyolojik yontem ile elde edilecek
olan biyogazin kullanilmasi durumunda ise 54,6 ton COz esdeger/T] (CSIDB,2017) sera gazi emisyonu
olusmaktadir. Bu durumda 2035 yil1 icin, 170685 ton/y1l biyobozunur atiktan elde edilecek biyogazin
45835200 kWh/y1l elektrik iiretimi i¢in kullanilmasindan 0,023 Mton CO2 esdeger sera gazi olusmasi
beklenirken, sebekeden alinacak ayni miktar elektrik tiretimi icin hesaplanan sera gazi emisyonu 20,1
Mton CO2 esdeger olarak tespit edilmektedir.

[V. SONUCLAR

Diizce ili merkez ve 8 ilceye ait belediyelerin atik projeksiyonu ve atiklarindan elektrik enerjisi ve 1s1
enerjisinin 2025-2035 yillar arasindaki projeksiyon gosterilmistir. Ozellikle lilkemizin enerji tiretimi
konusunda disa bagimliligi azaltma konusunda belediye atiklarinin gerek elektrik gerekse enerji
ihtiyaclarinin karsilanmasi konusunda 6nem arz etmektedir. Bu sebeple belediye atiklarindan evsel
organik atiklarinin ayristirilip enerji ve kompost elde edilmesinde kullanilmasi, kagit ambalaj, plastik,
cam ve metallerin ekonomiye kazandirilacak sekilde sifir atik uygulamasina gore yonetilmesi nihai
depolama ve bertaraf maliyetlerini diislirecek olup, dongiisel ekonomi kavramina uygunluk saglamis
olacaktir. Yenilik¢i yaklasim olarak biyobozunur atiklarin bir biyogaz tesisi ile biyogaz ve elektrik enerjisi
tiretiminde kullanilmas1 durumunda 2025 yilinda 3,4 MWh’lik elektrik iiretimi gerceklestirilebilecek
olup, bu deger 2035 yilinda yaklasik olarak 1,5 kat artarak 5,3 MW ulasabilecektir. 2035 yilinda Diizce
ilinde olusmas1 beklenen 170685 ton/yil biyobozunur atiktan elde edilecek biyogazin elektrik enerji
liretiminde kullanilmasi durumunda 20,07 Mton CO:z esdeger sera gazi saliminda azalma saglanabilecegi
tespit edilmistir.
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OZET

Hava araglariin tasarimi ve isletilmesi i¢in orijinal hava araci iireticilerinin tip tasarimlarinda dikkate
almasi gereken kurallar, uluslararasi havacilik orgiitleri tarafindan diizenlemektedir. Bu kurallar,
firlatma ve uzay araglarinin emniyetli gérev yapabilecek sekilde tasarlanmasini saglar. Emniyetli bir
tasarimda yapisal biitlinliikk, uzay araglarinin boyutlandirilmasini ve agirhigini dogrudan etkileyen,
odaklanilmasi gereken ana konulardan biridir. Transonik akislarda sok dalgalanmalari sonrasinda basing
salinimlari olarak ortaya ¢ikan ve dinamik bir olgu olan iifiit olgusu, yapisal biitiinliigii riske atmaktadir.
Aerodinamik kontrol ytizeyleri lizerinde diizensiz kuvvetlere sebep olan iifiit kaynakli basing salinimlari,
ucus kontrol sisteminin hassasiyetini de olumsuz yonde etkileyebilir. Ufiit kaynakh basing
dalgalanmalari, riizgar tiineli gibi test ortamlarinda dl¢iilebilmektedir; ancak Hesaplamali Akiskanlar
Dinamigi (HAD) gibi analiz yontemleri ile tam olarak tespit edilmesi konusu hentiz arastirma
asamasindadir. Bu c¢alismada, ufiit kaynakli salinimlarin tespit edilmesi ve yiik spektrumunun
olusturulmasi i¢in iki boyutlu bir model iizerinde gerceklestirilen HAD analiz sonuclar1 sunulmaktadir.
Elde edilen sonuglarin, gelecekteki ¢alismalar icin bir temel olusturmasi amag¢lanmaktadir.

Anahtar Kelimeler: Aeorodinamik, Ufiit, Firlatma Aracy, Yiik, Yapisal.

Research for Buffet Phenomenon in Launch Vehicles by Using Two-Dimensional
Airfoil Profile

ABSTRACT

The rules for design and operation of aircrafts that the aircraft manufacturers must comply with in their
type designs are regulated by international aviation organizations. These obligations require that
launching and space vehicles be designed to operate safely. Structural integrity is one of the main issues
to focus on for safety, which affects the sizing and weight of spacecraft. Buffet is a dynamic phenomenon
that occurs due to pressure oscillations after shock-induced separations in transonic flows and
compromises the structural integrity. These oscillations may also cause unsteady forces on the
aerodynamic control surfaces, affecting the sensitivity of the flight control system. Buffet-induced
pressure fluctuations are measured in test environments such as wind tunnels, but their precise detection
using analysis methods such as Computational Fluid Dynamics (CFD) is still under research. In this study,
the results of CFD analyses performed on a two-dimensional model for the detection of buffet-induced
oscillations are presented and generation of the load spectrum. The study and the obtained results are
intended to serve as a basis for future research activities.

Atif igin: Yiikselsin, C., Aydogan, M.0., Akay, E., & Yilmaz, F. (2025). iki Boyutlu Kanat Profili Kullanilarak Firlatma
Araglarinda Ufiit Olgusunun Arastirilmasu. Diizce Universitesi Teknik Bilimler Dergisi, 3(1), 37-45.
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I. Giris

Ufiit, hava araglarinin yapisal biitiinliigiinii tehlikeye atan ve yorulma dayanimlarini ciddi bir sekilde
etkileyen akis ayrilmasi veya sok kaynakli kanat lizerinde titresime sebebiyet veren dinamik bir olgudur.
Ugak tip sertifikasi stirecinde CS/FAR 23, 25 gibi standartlarda bu olgunun tasarim esnasinda incelenmesi
gerektigiyle alakali gereksinimler bulunmaktadir. Diinya genelindeki firlatma aract kazalar
incelendiginde “Mercury Atlas 1” gibi kazalarin dogrudan fifiit olgusu ile alakali oldugu goriilmektedir.
Bu sebeple, firlatma araglarinda da iifiit, incelenmesi gereken kritik bir fenomendir.

Ufiit olgusunun olusumunun tanimlanmasi adina literatiirde bircok ¢alisma bulunmaktadir. Lee
(2001), calismasinda bu fenomeni literatiirde bulunan bir¢ok makaleyi derleyerek derinlemesine
ozetlemistir. NACA0012 Profilinde iifiit olgusu, transonik akis i¢in cesitli calismalarla incelenmistir.
McDevitt ve Okuno (1985), NACA0012 profili i¢in transonik hizlarda ¢esitli deneyler gerceklestirmis ve
secilen hiicum agis1 degerleri i¢in kanat profili lizerinden basing dagilimlarini okumuslardir. Bu sayede
kritik agilardaki salinimlari gozlemleyebilmislerdir. Balakumar ve arkadaslar1 (2023), literatiirdeki
calismalari derleyerek NACA0012 profilinin ¢esitli transonik hizlarda iifiit baslangi¢clarint URANS ve Eddy
metotlar1 kullanarak tespit etmislerdir. NASA, transonik ifiit ¢alismalarinda firlatma araglarinda bu
olgunun analiz ile elde edilmesinin pratik olmadigini, dolayisiyla testler ile inceleme yaptiklarini
belirtmislerdir (Piatak ve ark, 2015). Bununla birlikte, literatiirde yapilan ¢alismalar da incelendigi
zaman bu olgunun baslangiclarinin tespit edilmesinin analizler ile de miimkiin oldugu géziikmektedir.
Literatlirde, NACA0012 profili icin ses-alt1 hizlarda {ifiit incelenmesine rastlanilmamaistir.

Ses-alt1 hizlar icin daha 6nce yapilan bir ¢alisma bulunmamasindan ve transonik hiz i¢in bir¢ok veri
seti olmasindan dolay1 bu ¢calismada NACA0012 kanat profili icin hem ses-alti hem de transonik hizlarda
tifiit baslangiclarinin tespit edilmesi amaclanip, ¢calismanin ileride nelere katki saglayabilecegi sonuglar
béliimiinde tartisilmistir.

Il. MATERYAL METOT
Hesaplamali Akiskanlar Dinamigi (HAD) analizleri, sektdorde ve akademik calismalarda aktif bir
sekilde kullanilan Fluent® yazilimi ile iki boyutlu bir sekilde gergeklestirilmis olup, Akis hacmi i¢in
NASA'nin NACA0012 validasyon c¢alismasi referans alinmistir. (2D NACA0012 Airfoil Validation, 2022.
https://turbmodels.larc.nasa.gov/naca0012_val.html) Nihai olarak olusturulan akis hacmi Sekil 1'de
gosterilmistir.

Sekil 1. Akis Hacmi.

Ses-alt1 analizler icin hiz olarak 0,3 Mach, transonik analizler i¢in 0,7 Mach kullanilmistir. Tiirbiilans
modeli olarak ise sektérde giivenilirligini kanitlamis olan K-W SST modeli tercih edilmistir. Ufiit tespiti
icin akis ayrilmalar1 6nemli bir rol oynadig i¢in “Y+<1” modellemesi yapilmistir. Zamana bagh olarak
yapilan analizlerde zaman adimi1 0,005 saniye olarak secilmistir. Ses-alt1 analizlerde, 25° hiicum ag¢ilarina
kadar hassas bir ¢oziimlemeyle {ifiit olgusu tespiti saglanmis olup, transonik analizlerde diisiik hiicum
acilarinda sok olusumu kaynakl iifiit tespit edildigi icin 9° hiicum ag¢isina kadar ¢éziimleme yapilmistir.
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Transonik akis, ses alt1 ve ses tstii akis 6zelliklerini ayn1 anda barindiran, yaklasik olarak 0,8 - 1.2 Mach
sayis1 araligindaki akislardir. NACA0012 gibi simetrik profillerde 0,7 Mach akis hizinda bile lokal olarak
akis hiz1 sok kaynakli 1 Mach ve tzerine ulastig1 i¢in bu hizlar da transonik olarak kabul edilmektedir.

Transonik hizlarda havanin yogunlugu basing ile ciddi bir sekilde degisime ugradigi icin akis
sikistirilabilir olarak kabul edilmektedir. Anderson (2003), (1) ve (2) numarali denklemler ile havanin
incelenen hizi i¢in statik basing ve statik sicaklik degerlerinin tespit edilebilecegini belirtmistir. P, statik
basinci, P toplam basincy, T, statik sicakligi, T toplam sicakligl, y hava i¢in 1,4 sabit katsayiyi, M ise hizi
ifade etmektedir.

Calismada incelenen 0,7 Mach hizi igin 73048 Pa statik basing ve 283,24 K statik sicaklik, ilgili denklem
¢oziimlemeleri sonucunda analizlerin girdi verileri olarak kullanilmistir.

e e () ®

=1+ () m? (2)

A. Ses-alti Analiz Céziim Agt Validasyonlart

Ses-alt1 analizlerin validasyonu kapsaminda NASA'nin NACA0012 profili validasyonu i¢in yayimlamis
oldugu deneysel kaldirma kuvveti katsayisi (C;) verileri referans alinmis ve HAD analizleri ile karsilasti-
rilmistir (2D NACAO0012 Airfoil Validation, 2022, https://turbmodels.larc.nasa.gov/naca0012 val.html).
Analizler, 0,15 Mach hiz ve 10,18° hiicum acis1 degeri i¢in gerceklestirilmistir. Sekil 2’de belirtildigi lizere
kaba, orta ve sik olmak tlizere toplamda ii¢ adet ¢6ziim ag1 modellenmis olup orta olarak modellenen
¢6zliim aginda kaldirma katsayis1 1,0761 olarak hesaplanmis ve deneysel verilerden sapma %1 altina
indigi icin bu ¢6ziim ag1 modelinin kullanilmas1 uygun degerlendirilmistir. Céziim ag1 modellerinin
hepsinde, carpiklik (Skewness) kalite kriteri “<0,8” hesaplanmistir. Tablo 1'de ¢6zlim aglarina ait detayl
bilgiler yer almaktadir. HAD ve deneysel verilerin karsilastirmali kaldirma kuvveti katsayisi - hiicum agisi

(b) ©]

Sekil 2. Ses-alt1 Coziim Ag1 Modelleri, (a) Kaba C6ziim Ag, (b) Orta C6ziim Ag, (c) Sik C6ziim Ag1.

(a) grafikleri, Sekil 3’te gosterilmistir.

(@)

Tablo 1. Ses-alt1 Coziim Ag1 Validasyon Hata Oranlari.

_ . Kaldirma Kaldirma Katsayisi1 Deneysel Kaldirma Katsayis1 Hata
Coziim Ag1 Eleman
. Katsayis1 HAD Sonug (C;) Oram (%)
Siklig1 Sayisi
Sonucu (C))
Kaba 101200 1,0210 5,54
Orta 252600 1,0761 1,0809 0,44
Sik 432800 1,0793 0,14
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Ses-alt1 Kaldirma Kuvveti Katsayisi (Cl) - Hiicum Agisi (o) Deneysel

18 Verilerin HAD Analizleri ile Karsilagstirma Grafigi

—~16
1,4
1,2
1,0

0,8 =
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Sekil 3. Ses-alt1 Kaldirma Kuvveti Katsayisi - Hiicum Agisi Deneysel Verilerin HAD Analizleri ile Karsilagtirilmasi.

B. Transonik Analiz C6ziim Agi Validasyonlari

Maani ve arkadaslar1 (2018), yapmis oldugu c¢alismada NACA0012 profili, 0,7 Mach, 1m veter
uzunlugu i¢in kanat profilinin ist ve alt ylizeylerinin basing katsayis1 (C,,) dagilimlarinin ve kaldirma
kuvveti katsayilarinin deneysel sonuglariyla bir karsilastirma yapmistir.

Bu ¢alismada, Maani ve arkadaslarinin (2018) yapmis oldugu analizler referans alinarak Sekil-4'te
goziiktiigii iizere kaba ve sik olmak tizere iki farkli ¢6ziim ag1 modellemesi yapilmis olup, analizler 1,55°
hiicum agcis1 degeri ve 0,7 Mach hiz icin gerceklestirilmistir. C6ziim ag1 modellerinin hepsinde ¢arpiklik
(Skewness) kalite kriteri “<0,85” olarak hesaplanmistir.

Sik olarak modellenen ¢6ziim aginda, kaldirma kuvveti katsayisi 0,2430 olarak hesaplanmistir.
Deneysel sonuglara bakildiginda ise sapma oram %?1’in altina indigi gértilmektedir. Bu sebeple; kaba ve
sik olmak {lizere iki farkli ¢6ziim agl karsilastirmasinin, transonik analizlerde yeterli olacagi
degerlendirilmistir. Bu ¢alisma 15181nda, sik ¢6ziim ag1 modelinin kullanilmasi uygun goriilmiistiir. Tablo
2’de ¢ozim aglarina ait detayli bilgiler yer almaktadir. Sekil 5’te ise, kanat profilinin {ist ve alt
yuzeylerinin basin¢ katsayilar1 deneysel veriler ve HAD analizleri ile karsilastirilmis olup, sonuglarin

deneysel verilerle uyumlu oldugu gorilmistir.

(a) (b)

Sekil 4. Transonik Coziim Ag1 Modelleri, (a) Kaba Coziim Agy, (b) Sik Coziim Ag1.

Tablo 2. Transonik Coziim Ag1 Validasyon Hata Oranlari.

Kaldirma
Coziim Ag1 Eleman Kuvveti Kaldirma Kuvveti Katsayisi Kaldirma Kuvveti Katsayisi
Sikhig Sayisi Katsayis1 HAD Deneysel Sonug (C)) Hata Orani (%)
Sonucu (C))
Kaba 1167291 0,2444 0,2390 1,42
Sik 2388034 0,2430 0,84

40



Diizce Universitesi Teknik Bilimler Dergisi, 3(1), 2025, 37-45.

Basing Katsayisi - Veter Uzunlugu Transonik Model C6ztim Ag1 Dogrulama

15 Calismasi
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Sekil 5. Basing Katsayisi - Veter Uzunlugu Transonik Model Deneysel Veriler ile HAD Analizinin Karsilastirilmasi.
I11. BULGULAR VE TARTISMA
Yapilan analizlerde, zamana bagli olarak elde edilen kaldirma kuvveti katsayisi sonuglarini

anlamlandirmak icin, belirli hiicum ac¢ilarinda ilgili parametrenin Gii¢ Spektrum Yogunlugu (PSD)
doniistimleri yapilarak frekans tanim kiimesinde karsilastirmali sonuglar sunulmustur.

A. Ses-alt1 Akis

0,3 Mach hava akis hizi, dolayisiyla Ses-alti akis i¢in kaldirma kuvveti katsayisi Gii¢ Spektrum
Yogunlugu (PSD) - Frekans (Hz) grafikleri Sekil 6’da sunulmustur.

0,3 Mach Kaldirma Kuvveti Katsayisi PSD - Frekans Grafigi

7,00E-03

6,00E-03
5,00E-03
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1,00E-03

0,00E+00

Kaldirma Kuvveti Katsayis1 PSD

1 10 100
Frekans (Hz)
—0—a=20° a=19°—@—a=18.5°—@—a=18° a=17°—@—a=16°

Sekil 6. 0,3 Mach Kaldirma Kuvveti Katsayis1 PSD - Frekans Grafigi.

HAD analizi sonuglari, NACA0012 profili i¢in 0,3 Mach akis hizinda ve 18,5° hiiclim a¢isinda, kaldirma
kuvveti katsayisinin PSD degerlerinde belirgin tepe noktalarinin ortaya ¢ikmaya basladigini ve bunun
ifiit baslangicina isaret ettigini gostermektedir. Ses-alt1 akislarda akis ayrilmasinin, ifiittin tetikleyicisi
oldugu goz oOniine alindiginda ve bununla beraber S$Sekil-3’'teki HAD analizi ve deneysel veriler
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karsilastirildiginda, ifiit baslangi¢ agisinin 18,5° hiicum agist degeri olarak tespit edilmesi, tutarl bir
bulgu olarak degerlendirilmektedir.

Sekil 7'de, 0,3 Mach hizindaki HAD analizine ait akis vektorleri, ifiit baslangicindan itibaren
sunulmustur. Bu vektdrler incelendiginde, mavi renkli kontur ani hiz disiisleri ile beraber akis
ayrilmalarin1 gostermektedir, bu sebeple; akis ayrilmalarinin hiicum ag¢is1 arttikga daha da arttig
anlasilmaktadir.

Sekil 7. 0.3 Mach Akis Ayrilma Vektorleri, (a) 18° Hiicum Agisi, (b) 18,5° Hiicum Agis, (c) 19° Hiicum Agis, (d) 20° Hiicum Agist.

B. Transonik Akis

0,7 Mach akis hizi, dolayisiyla transonik akis icin kaldirma kuvveti katsayis1 PSD - Frekans grafikleri
Sekil 8 ve Sekil 9’da sunulmustur.

0,7 Mach Kaldirma Kuvveti Katsayis1 PSD - Frekans Grafigi
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Sekil 8. 0,7 Mach Kaldirma Kuvveti Katsayis1 PSD - Hz Grafigi (4°-5° Hiicum Agilari).
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0,7 Mach Kaldirma Kuvveti Katsayis1 PSD - Frekans Grafigi
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Sekil 9. 0,7 Mach Kaldirma Kuvveti Katsayis1 PSD-Hz Grafigi.

Iovnovich ve Raveh (2012), calismasinda NACA0012 profili kapsaminda transonik hizlar i¢in analizler
gerceklestirmis olup, “lifiit baslangict”, “tam gelismis Gftit” ve “iifiit 6telenmesi” kavramlarini kullanmistir.
Bu kavramlar sirasiyla tfiitiin baslangi¢ hiicum agisj, iifiitiin tam gelistigi hiicum agis1 ve iifiitiin azalmaya
basladigi hiiclim agis1 anlamlarina gelmektedir.

HAD analizleri sonucunda, NACA0012 profilinde 0,7 Mach hizinda {ifiit, 5° hiicum agis1 degerinde
baslamaktadir. Ufiitiin daha erken baglamasinin sebebi ise bu hizlarda havanin sikistirilabilir gaz ézelligi
gostermesinden kaynakl olarak sok olusumudur. Sekil 10’da bu olgu gézlenmektedir.

6° hiicum agis1 degerinde kaldirma kuvveti katsayisina ait PSD degerlerinde gozle goriiliir bir artis
goriilmektedir. lovnovich ve Raveh (2012) ¢alismasinda, 6° hiicum agis1 bolgesini “tam gelismis tfiit”
olarak tanimlamistir. Sekil 11’de goriilecegi iizere, bu hiicum agis1 degerinde sok olusumu, bir dongiiye
girmektedir. Daha 6nce belirtildigi tizere, bu ¢alismada zaman adimi olarak 0,005 saniye se¢ilmis olup
(a)’da birinci saniye, (b)’de ikinci saniye ve (c)’de liglincl saniye ¢o6zlimleri verilmektedir. Sok olgusu,
kanat profilinin 6n kanat ucu ile ortasi arasinda degismektedir. Fakat bu ¢alisma, iifiit etkisinin 8° hiicum
acisina kadar bir artis gosterdigini ortaya koymaktadir. Yani, 6° hiicum agis1 degerinde iifiit etkisi
dramatik bir sekilde artmakta olup, 8° hiicum agis1 degerinde maksimum gelismislik a¢isina gelmektedir.

9° hiicum ag¢isinda kaldirma kuvveti katsayisina ait PSD degerleri azalma trendine ge¢mis olup, burasi
ifiitlin azalmaya basladig1 ac1 olarak tespit edilmistir. 15° hiicum acis1 degerinde ise iifiit etkisini
kaybetmistir. Sekil 12’de bu bolgeler i¢in hiz akis kontorleri goziikmektedir.

Sekil 10. 5° Hiicum Agis1 i¢in Hiz Akis Kontiirii.
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(a) (b) (c)

Sekil 11. 6° Hiicum Agis1 Gelismis Ufiit Déngiisii, (a) 1. Zaman Adimi (1 saniye), (b) 2. Zaman Adimi (2 saniye),
(¢) 3. Zaman Adimu1 (3 saniye).

(a) (b)

Sekil 12. 9-15 Hiicum Agis1 Degerleri Hiz Kontiirleri, (a) 9° Hiicum Agisi, (b) 15° Hiicum Agisi.

1V.SONUCLAR

Bu arastirmada, NACA0012 profilinin ses-alti ve transonik akis formlarinda iifiit fenomeni baslangici
incelemesi gerceklestirilmistir. Ufiitiin, 0,3 Mach ses-alt1 akis hizinda akis ayrilmasi kaynakl olarak 18,5°
hiicum acis1 civarinda basladig tespit edilmistir, 0,7 Mach transonik akis hizinda ise, olusan sok dalgasi
ile beraber 5° hiicum agisi1 civarinda basladigi gézlemlenmistir. Ayrica, transonik akista 6°- 8° hiicum
acilarinda tfiit olgusu tam gelisirken, 9° hiicum agis1 degerinden sonra azalma trendine gegmektedir. Bu
bilgiler 15181nda, transonik hizda sok kaynakl olusan iifiitiin, ses-alt1 hizda akis ayrilmasi sonucu olusan
iifiitten daha 6nce ortaya ¢iktig1 tespit edilmistir.

Bu calisma, ifiitiin kanat profilleri tizerinde oOnerilen analizler ile 6n tespitinin yapilip, tasarim
boyutlandirma calismalarinmin yapilabilmesini saglar. Ote yandan, énerilen ¢alismada iki boyutlu model
kullanildigindan, yapinin titresim karakteristigi, deformasyonu ve yorulma dayanimina etkisi hakkinda
bilgi vermemektedir.

Gelecek arastirmalar, ii¢ boyutlu geometriler lizerinden titresim spektrumlarinin tespit edilerek, yapi
iizerindeki deformasyon ve yorulma etkisinin degerlendirmesini konu alabilir.
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OZET

MES (Manufacturing Execution System) imalat alanindaki makineler, ¢alisanlar ve siiregler arasinda
dijital bir kopri kurarak; imalat siireglerinin gercek zamanl izlenmesini, diizenlenmesini ve kontrol
edilmesini saglayan bir yazilim sistemidir. Dijital doniisim ve teknolojik gelismelerle birlikte
isletmelerdeki birgok siire¢ bilgisayar tabanli hale gelmistir. Bu durum, cihazlarin uzaktan kontroliini,
veri aligverisini ve siireglerin optimizasyonunu miimkiin kilmistir. MES sistemleri; iiretimde verimliligi
artirmak, hatalar1 azaltmak ve kaynak kullanimini iyilestirmek agisindan kritik bir rol oynamaktadir.
Ancak buna ragmen Tiirkiye'deki MES kullanim orani halen diisiik seviyelerde olup kiiresel ortalamanin
gerisindedir. Bu durum, yerli isletmelerin dijitallesme stirecinde MES sistemlerine daha fazla ilgi
gostermeleri ve yatirnm yapmalar1 gerektigini ortaya koymaktadir. Bu ¢alismada, MES ile ilgili temel
bilgiler, sistemlere iliskin standartlar ve iletisim protokolleri ele alinmakta; ayrica 6rnek bir firmada
gerceklestirilen Toplam Ekipman Etkinligi (OEE) analizi ile verimlilik artisina yonelik iyilestirme alanlari,
tretim kayiplarinin nedenleri ve ¢6ziim oOnerileri ortaya konulmaktadir. Elde edilen bulgularn,
gelecekteki akademik arastirmalara ve endiistriyel uygulamalara farkindalik saglamasi ve katki sunmasi
hedeflenmektedir.

Anahtar Kelimeler: Imalat Yiiriitme Sistemleri, Dijital Déniisiim, Uretim Verimliligi, iletisim
Protokolleri, Toplam Ekipman Etkinligi

An Overview of Manufacturing Execution Systems and Overall Equipment
Effectiveness Analysis in a Manufacturing Company

ABSTRACT

MES (Manufacturing Execution System) is a software system that provides real-time monitoring,
regulation and control of manufacturing processes by establishing a digital bridge between machines,
employees and processes in the manufacturing field. With digital transformation and technological
developments, many processes in businesses have become computer-based. This has made it possible to
remotely control devices, exchange data and optimize processes. MES systems play a critical role in
increasing efficiency in production, reducing errors and improving resource utilization. However, despite
this, the MES usage rate in Tiirkiye is still low and lags behind the global average. This situation reveals
that domestic businesses need to show more interest and invest in MES systems in the digitalization
process. This study covers basic information about MES, standards and communication protocols related

Atif igin: Denizli, M. (2025). Imalat Yiiriitme Sistemlerine Genel Bakis ve Bir imalat Firmasinda Toplam Ekipman Etkinligi
Analizi. Diizce Universitesi Teknik Bilimler Dergisi, 3(1), 46-58.
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to the systems; and also, with the Total Equipment Effectiveness (OEE) analysis carried out in a sample
company, improvement areas for efficiency increase, causes of production losses and solution
suggestions are revealed. The findings are aimed to raise awareness and contribute to future academic
research and industrial applications.

Keywords: Manufacturing Execution Systems, Digital Transformation, Production Efficiency,
Communication Protocols, Overall Equipment Effectiveness.

I. GIRis

Iimalat Yiiriitme Sistemi (MES), iiretim siireclerinde seffaflik saglayan, gérev dagilimini optimize eden,
malzeme yonetiminde tasarruf sunan, kalite yonetimine uyumlu ve performans analizine olanak taniyan
kapsaml bir bilgi sistemidir. MES 1990'larin ortalarindan beri gelistirilmistir (Chen ve Voigt, 2020).
Gliniimiizde rekabet¢i piyasalarda 6ne ¢ikmanin en etkili yollarindan biri, miisteri memnuniyetini
artirmaktir. Bu dogrultuda, isletmelerden hizli ve yiksek kalite standartlarina uygun iretim
gerceklestirmeleri beklenmektedir. Bu beklentileri karsilayabilmek igin isletme biinyesindeki tiim
kaynaklarin etkin ve verimli sekilde optimize edilmesi gerekmektedir. Tam da bu nedenle, tretim
stirecinde makinelerin durus stirelerini minimize etmek, sevkiyat siireclerini iyilestirmek, makineler
arasi veri toplamak, imalati verimli hale getirmek ve ¢calisan gorevlerini etkin bicimde yonetmek icin MES
sistemlerine duyulan ihtiya¢ giderek artmaktadir (Qiu ve ark, 2015; Qu ve ark, 2014). Bu optimize
¢alismalari, uluslararasi bir egitim dernegi olan MESA (Manufacturing Execution Solutions Association)
tarafindan 11 temel islevi kapsayacak sekilde MES'in temelini olusturmak amaciyla ortaya konmustur.
Bunlar ayrintili planlama, kaynak yonetimi, belge yonetimi, malzeme ve stok yonetimi, performans
analizi, tedarik yonetimi, bakim y6netimi, siire¢ yonetimi, kalite yonetimi, veri toplama ve iiriin takibi
seklindedir (Kletti, 2007). MES'in bu islevlerle birlikte uygulanmasi popiiler hidle gelmekte endiistriyel
uygulama cesitliliginde artis oldugunu géstermektedir (Arica ve Powell, 2017). Kocabay, yapmis oldugu
calismada tretime dahil olmayan siparislerin iiretim hattina eklenmesi halinde, hangi proseslerde
gecikmeler yasanacagl, nerede dar bogazlarin ortaya cikacagi ve hangi iriinlerin sevkiyatlarinin
gecikecegi gibi olumsuz durumlar1 6nceden tahmin edecek sekilde birlesik modelleme dili kullanarak bir
sistem tasarlamis ve karar vericilerin isini kolaylastiracak bir basari elde etmistir (Kocabay, 2019). Halici,
imalat alanindaki bir isletmede ERP (Kurumsal Kaynak Planlamasi) ve MES sisteminin entegre
calismasini saglayarak, lretim siireglerini izlenebilir hale getirmis, maliyet hesaplamalari noktasinda
¢oziimler iiretmis, verimliligi diisiirecek unsurlari optimize etmis, iiretim verimliligini arttirmis ve ileriye
yonelik tavsiyelerde bulunmustur (Halici, 2022). Literatiirdeki farkli bir calismada MES sistemlerinin
akilli fabrikalarin olusmasinda kilit rol oynadig belirtilmis, isletmelerin gelecekte rekabetcilik anlayisi
icin MES sistemlerine yatirimlar yapacagi savunulmustur (Mantravadi ve Mgller, 2019). [sve¢’te faaliyet
gosteren bir otomotiv firmasinda yer alan 13 adet CNC makinesinden olusan tretim hattinda
darbogazlari tespit etmek amaciyla ¢alisma yiiriitilmiistiir. Calisma kapsaminda gelistirilen yapay zeka
¢6zlimii, MES'ten elde edilen zaman serisi verileri lizerinde makine 6grenimi gibi teknikleri kullanarak,
zamanla degiskenlik gosteren iiretim sistemlerinde karsilasilan darbogazlarin tespitine olanak
saglamistir (Bokrantz ve ark, 2024). Bir talagh imalat firmasinin {iretim siireglerini yeniden
yapilandirmak i¢in ISA-95 standardi ile MESA-MES modelini referans alarak bazi dneriler sunulmustur.
Bu oneriler ile iiretim siirecinde karsilasilan temel sorunlarin tespit edilmesini ve bu sorunlara yonelik
yeniden yapilandirma faaliyetlerinin MES sistemi {izerinden planlanmas1 hedeflenmistir. Uretim siirecine
ait kritik veriler toplanarak karar destek mekanizmalar giliglendirilmistir. Calisma, MES yazilimi
entegrasyonundan o©nce siireglerin yeniden yapilandirilmasinin 6nemini vurgularken, iretim
operasyonlar1 yonetimine odaklanmakta; bakim, kalite ve envanter yonetimi gibi diger ISA-95 alanlarinin
da gelecekteki calismalar i¢in potansiyel arastirma konular1 oldugunu ortaya koymaktadir (Liao, 2024).
Bir baska c¢alismada MES sistemlerinin iiretim siireglerinin performans ve operasyonel saglamligi
degerlendirilmistir. Uretim hatlarinda nasil uygulandigi agiklanmis, anahtar performans géstergeleri
kullanimiyla sistem verimliligi 6l¢lilmiistiir. MES sistemlerinin yalnizca izleme yapmadig1 ayni zamanda
karar destek mekanizmalar1 sagladigi, sistem arizalari ve degisken kosullar altinda esnekligi arttirdigi
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sonucuna ulasilmistir (Gendre, 2016). Dijital ikiz temelli bir mimarinin gelistirilmis oldugu bir ¢calismada
MES sisteminden faydalanilmis fiziksel {retim hattinin sekronize calismasi saglanmistir. Bunun
sonucunda hata tespiti ve miidahele siiresinde %14,2 oraninda iyilesme gorilmistiir. Mobil robotlarin
engel asma senaryolarinda ise ortalama %21,1 oraninda zaman tasarrufu elde edilmistir (Caiza ve Sanz,
2024). Uretim sistemlerinde verimliligin artirilmas1 amaciyla gelistirilen performans élgiim araglar
arasinda OEE analizi bulunmaktadir. Ozellikle ekipman durus siirelerinin azaltilmasi yoluyla endiistriyel
performansin iyilestirilmesinde 6nemli bir rol oynamaktadir. OEE bilesenleri tlizerinden yapilan
degerlendirme, uretim hatlarinda karsilasilan kesintiler, hiz diisiisleri ve kalite kayiplar1 gibi temel
verimsizlik alanlarini gériintr kilarak, siirekli iyilestirme faaliyetlerine katki sagladigi savunulmustur
(Rathi, 2023). OEE, ekipmanlarin planlanan iiretim stiresi icindeki gercek tiretkenligini 6l¢cerek kayiplarin
sistematik bicimde analiz edilmesini saglar. Boylece, operasyonel miikemmellige ulasma yolundaki
cabalarina somut Katkilar sunar (Brodny ve Tutak 2019). Ornegin bir isletmede gerceklestirilen mobil
tabanli MES sistemi sayesinde manuel toplanan verilerde olusan hata pay1 ve gecikmeler minimize
edilmistir. Ozellikle calisma sonucunda OEE gostergesi acisindan iyilesme goriilmiistiir. MES uygulamasi
oncesinde %79,9 olan OEE degeri, uygulama sonrasinda %86,6’ya yiikselmistir (Mohamed ve Alraddadi,
2024). Farkl bir ¢alismada, hassas metal isleme alaninda faaliyet gosteren kii¢iik dlgekli bir imalat
firmasinda is emirleri ve iiretim verileri dijital ortamda toplanarak ger¢ek zamanli izleme sistemleriyle
entegre edilmistir. Ger¢cek zamanl veri toplama, is emri takibi ve iiretim durumu gorsellestirme
sistemlerinin uygulanmasiyla birlikte, iiretim siireci verimlilik, kalite, maliyet ve teslimat gostergeleri
acisindan analiz edilmistir. Analiz sonuglarina gore, aylik iliretim miktarinda %7’lik bir artis
gozlemlenmis; iiriin hata oram %0,4’ten %0,3’e gerileyerek Kkalite iyilesmistir. Iscilik ve zaman
tasarruflariyla tretim maliyeti %10 oraninda azaltilmis, teslimat uyum orani ise %92'den %93’e
yukselmistir (Shin ve ark, 2023). Bu bulgular, MES sistemlerinin kiiciik ve orta 6lgekli isletmelerde dahi
tretim verimliligini anlamli o6l¢iide artirabildigini ve akilli fabrika teknolojilerinin bu 0Olgekte
uygulanabilirligini acikca ortaya koymaktadir. MES sistemlerinin kalite, verimlilik ve kaynaklarin etkin
kullanimin1 énemli 6l¢iide iyilestirdigi goriilmektedir. Fakat tilkemizdeki isletmelerde MES kullanim
diizeyi heniiz istenilen seviyelere ulasamamis olup, bu alanda yapilan arastirmalar da olduke¢a smirh
kalmaktadir. Ozellikle MES Komitesi tarafindan gerceklestirilen calismalara gére Tiirkiye’de MES
sistemlerinin kullanim orani yaklasik %12 seviyelerindeyken, kiiresel 6l¢ekte bu oranlar ¢ok daha
yuksektir (Sarp, 2022). Bu fark, Tiirkiye’deki isletmelerin dijital doniisiim siire¢lerinde MES sistemlerine
daha fazla odaklanmalari gerektigini ortaya koymaktadir.

Bu ¢alismanin temel amaci, (MES) ile ilgili literatiirde yer alan genel tanimlarin incelenmesi, ardindan
ornek bir imalat firmasinda Toplam Ekipman Etkinligi (OEE) metrigi iizerinden gergeklestirilen detayli
performans analizi ve MES sistemlerinin iiretim siire¢lerine olan etkisinin nicel olarak
degerlendirilmesidir. Boylelikle, MES sistemlerinin iiretime sagladig1 somut katkilar ortaya koyularak,
Turkiye'deki imalat sanayisinde bu sistemlerin kullaniminin yayginlastirilmasina yonelik farkindalik
olusturulmasi hedeflenmektedir.

II. MES SISTEMLERINE ILISKIN STANDARTLAR
MES sistemleri, ¢esitli kuruluslar tarafindan ele alinmakta olup temel hedefleri MES sisteminin sahip
olmas1 gereken oOnemi kazandirmak, korumak ve diizenlemektir. Burada 5 temel standarttan
bahsedilecektir.

A. MESA (Manufacturing Execution Solutions Association)

MES kavramini ilk defa belirleyen kurulus olma 6zelligini tasimaktadir. Bu konudaki en detayl
calismalar MESA’da bulunmaktadir.

e Detayli planlama: Siparislerin, makinelerin sinirl kapasitesi ve diger kaynaklarla uyumlu bir sekilde
sirastyla ve zaman agisindan optimize edilmesi.

» Kaynak yonetimi: Cihazlar, makineler, araglar gibi kaynaklarin yonetimini ve izlenmesini saglama.

« Dokiiman yénetimi: Uriin, siireg, tasarim ya da siparis bilgileri ile kaliteyi giivence altina almak icin
yardimci olan is talimatlarinin yonetimi ve dagitimini uygulama.
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 Malzeme yénetimi: Uretimde kullanilan girdi malzemeleri ve ara iiriinlerin yénetimi, stok takibi ve
malzeme tasarrufu saglama.

« Performans analizi: Ol¢iilen ve kaydedilen gercek degerlerin, isletme hedefleri, miisteri hedefleri vb.
ile karsilastirilmasi ve degerlendirilmesi.

¢ Siparis yonetimi: Operasyonlarin kontrolii ve tanimlanmasi, is merkezlerine ve personele sevk
edilmesi.

¢ Bakim yonetimi: Makinelerin ve tesislerin performans hedeflerine ulasabilmesi i¢in uygun
onlemlerin planlanmasi ve uygulanmasi.

« Siire¢ yonetimi: Uretim tesisinde, planlanan ve mevcut yiiklemelere ve spesifikasyonlara gore is
akisinin kontrolii ve yonetimi.

« Kalite yonetimi: Uriin ve siireclerin kaydedilmesi, izlenmesi, analiz edilmesi ve ideal degerlere kars:
dogrulanmasi.

e Veri toplama: Siire¢ verilerinin, malzeme ve hammaddelerin, personel islemlerinin, makine
fonksiyonlarinin ve kontrollerinin gorsellestirilmesi, kaydedilmesi, toplanmasi ve organize edilmesi.

e Uriin takibi: Bir iriiniin iretimiyle ilgili tim olaylarin belgelenmesi. Girdi malzemelerinin ve
cevresel kosullarin ayrintilarinin kaydedilmesi (Kletti, 2007).

MESA, yukarida goriildiigii gibi MES fonksiyonlarinin operasyonel diizeyde nasil tanimlanmasi
gerektigine iliskin kapsamli bir rehber sunmaktadir. Bu rehber, MES projelerinin planlanmasi ve
degerlendirilmesinde énemli bir referans kaynagi olarak degerlendirilmektedir. Ornegin, bir fabrikada
makine durus siirelerinin analizi icin MESA’'nin OEE metodolojisi kullanilabilmektedir.

B. ISA-95

ISA-95, ayn1 zamanda ANSI/ISA-95 veya IEC 62264 olarak da bilinen, iiretim kontrol sistemleriyle
entegre calismayl hedefleyen uluslararasi bir standartlar setidir. Uretim ortamindaki farkli kontrol
seviyelerini ve bunlarin birbirleriyle olan baglantilarini igerir.

Is planlama ve lojistik

Uretim operasyonlari yonetimi
MES, Scada

Kontroliin izlenmesive denetlenmesi

Uretim strecinin izlenmesi, denetlenmesi ve kontrol

Uretim siirecini algilama ve yonlendirme
DCS, PLC vb. kontrol cihazlan

Fiziksel Giretim siiregleri

Sensorler, aktOatdrler ve enstrimanlar vb.

Sekil 1. ISA-95 Modeli seviyeleri

« Seviye 0 - Fiziksel liretim stiregleri: Seviye 0, bir tesisin ¢alistirilmasinin fiziksel siireglerini agiklar.
Sahadaki veya zemindeki makinelere ve diger varliklara atifta bulunur.

« Seviye 1 - Uretim siirecini algilama ve yonlendirme: Seviye 1, verilerin toplanmasini ve fiziksel
siireclerin manipiilasyonunu aciklar. Uretimi algilayan veya etkileyen sensérler, akill cihazlar, vanalar ve
diger cihazlar ifade eder.

 Seviye 2 - Kontroliin izlenmesi ve denetlenmesi: Seviye 2, liretim ortamindaki fiziksel stire¢lerin
izlenmesini ve denetlenmesini agiklar. PLC tabanli kontrol sistemleri, Dagitik Kontrol Sistemleri (DCS) ve
diger kontrol aygitlarini ifade eder.
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« Seviye 3 - Uretim operasyonlar1 yénetimi: Seviye 3, liretim yiiriitme sistemlerini (MES) ve iiretim
operasyonlarini ydoneten denetleyici kontrol ve veri toplama (SCADA) gibi diger sistemleri agiklar. ISA-95
standardi 6ncelikle seviye 3 ve 4 arasindaki arayiiz ile ilgilenir.

e Seviye 4 - s planlama ve lojistik: Seviye 4, bir isletmeyi yonetmeyle ilgili tiim faaliyetleri aciklar.
Kurumsal kaynak planlama (ERP) sistemlerini igerir (ISA, 2025).

ISA-95 standardi MES sistemlerinin kurumsal (ERP) sistemlerle nasil entegre edilmesi gerektigini
katmanli bir model ile agiklamakta; bilgi akisinin nereden nereye ve hangi tiir verilerle gerceklesecegini
net bir sekilde ortaya koymaktadir. Bu yaklasim, MES sistemlerinin yalnizca operasyonel bir arag
olmaktan cikip, kurumsal karar destek sistemlerinin etkin bir parcasi haline gelmesini saglamaktadir.
Ornegin, bir iiretim emrinin ERP sisteminden MES’e iletilmesi ya da ekipman verimliligine iliskin
verilerin SCADA sisteminden analitik platformlara aktarilmasi gibi siireclerde, ilgili standartlar referans
alinmaktadir. Bu sayede, MES sistemleri yalnizca operasyonel bir ara¢ olmanin 6tesine gecgerek, stratejik
karar destek mekanizmalarinin da 6nemli bir bileseni haline gelmektedir.

C. NAMUR

NAMUR, proses endiistrisinde iiretim siireclerini yonetmek icin gereken 6l¢iim, kontrol ve otomasyon
sistemlerinin standartlarini belirleyen uluslararasi bir kullanici dernegidir. MES’in bu standartlari
kullanmasi, NAMUR’un 6nerdigi kalite ve giivenlik standartlarin1 karsilamaya yardimci olur ve iliretim
siire¢lerinin daha verimli hale gelmesini saglar. NAMUR kilavuzlar1 su ii¢ konuya ozellikle vurgu
yapmaktadir:

¢ Calisilabilirlik: Farkl saglayicilardan gelen sistemlerin bir arada sorunsuzca ¢alismasini temin
etmek.

« Dijital doniisiim: Modiiler otomasyon ve dijital ikizler gibi yenilikei dijital teknolojilerin kullanimini
tesvik etmek.

» Operasyonel giivenlik: Tehlikeli calisma ortamlarinda giivenlik 6nlemleri ve giivenilirligi artiracak
yapilar olusturmak (Promanagecloud, 2025).

NAMUR'’un, proses endiistrisine 6zgli yaklasimi 6zellikle MES sistemlerinin kontrol sistemleriyle
entegrasyonu agisindan 6nem arz etmektedir. Siirekli tiretim yapan tesislerde giivenlik, izlenebilirlik ve
otomasyon sistemleriyle biitlinlesik yapilarin kurulmasi yoniinde NAMURun sundugu oneriler yol
gosterici niteliktedir. Ornegin, NAMUR NE 107 standardi, bir basing sensériinde meydana gelebilecek
ariza durumlarinin nasil siniflandirilacagimi ve bu durumlarin operatorlere nasil bildirilecegini
tanimlamaktadir. Bu yaklasim, 6zellikle siirekli iiretim yapan tesislerde hem gilivenligi hem de verimliligi
birlikte saglamaktadir.

D. VDI

2004 yilinda kurulmus olan VDI (Alman Mihendisler Birligi) mevcut bulgular, standartlar ve
piyasadaki gelismeleri dikkate alarak kaliteyi saglamak i¢in uluslararasi diizeyde standartlar belirler.
MES sistemleri de VDI'ln katki sagladig1 konular arasindadir. VDI birligine gore MES sistemlerinin
asagidaki konularda optimize ¢calismalar1 yapmalari gerekmektedir. Bunlar; ayrintili planlama ve ayrintili
zamanlama kontrold, isletme kaynaklari yonetimi, malzeme y6netimi, personel yonetimi, veri toplama ve
isleme, arayiiz yonetimi, performans analizi, kalite yonetimi ve bilgi yonetimi seklindedir (Kletti, 2007).

VDI standartlari, MES sistemlerinin yazilim ve donanim bilesenlerinin miihendislik tasarimiyla
uyumlu bir bicimde yapilandirilmasina katki saglamaktadir. Ozellikle VDI 5600, iiretim yonetimi
yazilimlarinin sistematik olarak simflandirilmasi ve degerlendirilmesi icin kullanilmaktadir. Ornegin, VDI
5600 standardi, bir MES yaziliminin iretim planlama, bakim yonetimi veya enerji izleme gibi
modiillerinin nasil yapilandirilacagini detaylandirmaktadir. Ayrica, enerji verimliligi (VDI 4602) ve
strdiiriilebilir tiretim gibi konularda da yol gosterici bir nitelik tagimaktadir.
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E. NIST

Ulusal Standartlar ve Teknoloji Enstitiisti (NIST), Amerika Birlesik Devletleri Ticaret Bakanlifi'na
bagh bir federal kurulustur. NIST'in temel gorevlerinden biri, imalat siireclerinde kullanilan 6l¢lim
sistemlerini ve standartlar1 gelistirmeyi saglamaktir. 2000 yilinda, Object Management Group (OMG)
tarafindan MES Imalat Yiiriitme Sistemleri alanina iliskin bilgi talebine yanit olarak bir rapor
yayimlanmistir. Bu raporda MES sistemlerinin standartlastirilmasina yonelik yaklasimlar ele alinmis ve
referans cerceveler sunulmustur. Tipki VDI tarafindan gelistirilen standartlarda oldugu gibi, NIST’in
gelistirdigi yaklasim MESA standartlarini temel alir. Bu standartlara dayanarak, birden fazla yazilim
bileseninin entegrasyonu yoluyla olusturulan Dagitik MES (Distributed MES) sistemleri icin bir yapi
tanimlamaktadir. Bu baglamda NIST, MES sistemlerinin bir biitliin olarak ¢alismasini saglayan yazilim
bilesenleri arasinda birlikte c¢alisabilirligi artirmak, veri biitiinligini saglamak ve iiretim
operasyonlarinin dijital yonetimini standartlastirmak amaciyla 6nemli katkilar sunmaktadir (Barkmeyer,
1999). NIST, MES sistemlerinin entegrasyonunda karsilasilan siber tehditlere karsi koruma saglarken,
akill iiretim modelleri (dijital ikiz, IoT) igin birlikte ¢alisabilirligini de saglamaktadir. Ornegin, bir enerji
sirketi, NIST’in kilavuzlarini kullanarak bulut tabanli iiretim verilerinin sifrelenmesini ve anomali tespit
sistemlerini yapilandirabilmektedir.

Glnlimuz liretim ortamlarinda MES sistemleri, yalnizca iiretim siireclerini yonetmekle kalmayip;
ayn1 zamanda kalite kontrol, bakim y6netimi, is giicii planlamasi ve iiretim izlenebilirligi gibi ¢cok cesitli
islevleri de blinyesinde barindirmaktadir. Ancak bu islevlerin nasil yapilandirilacagi ve hangi sistemlerle
ne diizeyde entegrasyon saglanacagi konularinda bir standartlasma eksikligi dikkat ¢ekmektedir. Bu
noktada, yukarida bahsedilen standartlar, MES sistemlerinin kurumsal ve teknik altyapisinin
sekillendirilmesinde 6nemli bir rol oynamaktadir.

Tablo 1. Farkh Standartlar Tarafindan Belirtilen MES islevleri (Schmidt ve ark, 2011).

MESA NAMUR VDI NIST
Isgiicii Yonetimi X X
Gereksinim Planlamasi X
Briit Planlama X
Detayli Planlama X X X X
Kalite Yonetimi X X X X
Uriin Stok Yénetimi X X X
Kaynak Yonetimi X X X
Ekipman Yonetimi X X X
Uretim Kontrolii X X
izlenebilirlik / Uriin Gegmisi X
Uretim Raporlama X X X
Makine Kontrolii X
Uretim Verisi Toplama X X X
Ana Veri Yonetimi X X X X

Tablo 1'de goriildiigii gibi farkl standartlara gére tanimlanan MES islevleri karsilastirildiginda, bu
sistemlerin sahip olmasi gereken fonksiyonlar konusunda evrensel diizeyde lizerinde uzlasilmis,
kapsamli ve tekil bir standardin bulunmadig1 goriilmektedir. Her bir standardin farkli dnceliklere,
sektorel ihtiyaclara veya uygulama senaryolarina goére ¢esitli MES bilesenlerine vurgu yapmasi, bu
sistemlerin yapisal c¢esitliligini ve uygulama esnekligini ortaya koymaktadir. Dolayisiyla, MES
sistemlerinin kapsami ve islevsel yetkinlikleri, benimsenen standartlara ve isletmenin iiretim stratejisine
baghh olarak degiskenlik gostermektedir. Bu durum, MES sistemlerinin gelistirilmesinde ve
uygulanmasinda esnek ve ¢éziimlerin dnemini vurgulamaktadir.

[11. MES SISTEMLERINE iLISKIN ILETiSIM PROTOKOLLERI
Imalat siireclerini verimli ve dogru bir sekilde izleyebilmek ve farkh cihazlardan verilerin alinabilmesi
icin bazi iletisim protokollerine ihtiya¢ duyulmaktadir. Bu protokoller araciligi ile veriler merkezi bir MES
sistemine iletilebilmektedir. iletisim protokolleri, cihazlarin ve sistemlerin farkh standartlarda ve farkl
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treticilerden olmasina ragmen uyumlu bir sekilde calismasini saglamaktadir. MES sistemleri
makinelerden, sensorlerden ve diger cihazlardan veriler toplayabilmektedir. (")rnegin, dretim hizi,
sicaklik, basing, ¢evrim siiresi, makine bazinda harcanan enerji miktari, makinenin ¢alisiyor duruyor
bilgisi, elektriksel arizalar vb. gibi verileri alabilmektedir. Bu veriler, liretim siirecinin izlenmesi ve
yonetilmesi i¢in kullanilmaktadir.

A. MODBUS PROTOKOLU

Modbus, endiistriyel sistemlerde en yaygin kullanilan protokollerden biri olarak one ¢ikmaktadir.
Kolay entegrasyonu, acik kaynak yapisi ve genis donanim uyumlulugu, bu protokolii bir¢ok endiistride
standart hale getirmistir. Modbus, 1979 yilinda Modicon adli firma tarafindan gelistirilmistir (Vadi ve ark,
2014). Acik bir protokol olmasi sebebiyle bu protokoli kullanmak isteyen cihazlar rahatlikla veri
alisverisi saglayip kullanabilmektedir. Modbus protokolii, master-slave (efendi-kéle) mimarisine dayal
bir haberlesme yontemidir. Modbus haberlesmesinde tiim iletisim master tarafindan baslatilmaktadir.
Slave cihazlar, gelen isteklere gore veri saglar veya belirlenen islemleri gergeklestirir, ancak master’in
komut vermedigi durumlarda pasif kalmaktadir.

B. PROFIBUS PROTOKOLU

1987 yilinda EN50170 ve EN50224 standartlarina uygun olarak tasarlanan Profibus (Process Field
Bus) bir iletisim protokoliidiir. Bu protokol, FMS, PA ve DP gibi farkl iletisim modlar1 sunarak, veri
iletiminde RS-485 ve IEC 61158-2 gibi endiistriyel protokoller ile fiber optik iletisim teknolojileri ile
esnek coziimler saglamaktadir (Yilmaz, 2006). Profibus, otomasyon sistemlerinde, saha cihazlari
yonetimi ve dagitik kontrol sistemleri gibi alanlarda genis bir kullanim alanina sahiptir.

C. PROFINET PROTOKOLU

Profinet (Process Field Network) PROFIBUS International (PI) organizasyonu tarafindan standart
hale getirilmis bir endiistriyel haberlesme protokoliidiir (Feld, 2004). Profinet, Ethernet tabanl yapisi ile
diisiik gecikme stiresi ve yiiksek veri iletim hiz1 saglayabilmektedir. Profinet OSI modeline dayanir ve
bunun tizerinde ¢alisan bir TCP/IP yapisina sahiptir. Profinet 10, Profinet CBA, Profinet IRT adiyla farkh
haberlesme modelleri bulunmaktadir (Krutz, 2005).

D. ETHERCAT PROTOKOLU

EtherCAT (Ethernet for Control Automation Technology), yiiksek hizda veri aktarimi ve diisiik
gecikme siireleri saglayan bir endiistriyel Ethernet tabanl iletisim protokolidiir. 2003 yilinda Alman
mithendislik firmasi Beckhoff Automation tarafindan gelistirilmistir. Bu teknoloji, 6zellikle otomasyon ve
endiistriyel kontrol sistemlerinde saha cihazlari arasindaki veri iletimini iyilestirmek i¢in tasarlanmistir
(Ethercat, 2025). EtherCat’in temel 6zelliklerinden biri, dagitilmis zamanlama sistemidir. Her bir cihaz,
veri aldiginda ve bir sonraki cihaza ilettiginde, iletilen verilere bir zaman etiketi ekler. Master cihaz gelen
verileri toplarken, her cihazin gecikmesini kolayca analiz edebilmektedir. Agdaki tiim slave cihazlari
yonetilebilmektedir.

E. RS-232 PROTOKOLU

1960’larda Electronic Industries Association (EIA) tarafindan standartlastirilmis olup, 6zellikle diisiik
maliyetinden kaynakl endiistride tercih edilmektedir. Tek uclu (single-ended) bir yapidadir ve +3V ile
+15V arasinda degisen gerilim seviyeleriyle calismaktadir. Maksimum 6nerilen mesafesi 15 metre olup,
9600 bps, 115200 bps gibi baud hizlarini desteklemektedir. Elektromanyetik girisime kars1 hassas olup,
uzun mesafeler icin kullanilmamaktadir. Eski iiretim sistemleriyle entegrasyon gerektiginde RS-232 hala
onemli bir haberlesme se¢enegi olarak kullanilmaktadir (Yetisken, 2010).

F. RS-485 PROTOKOLU

RS-485, genis mesafelerde giivenilir veri iletisimi saglayan bir seri haberlesme protokoliidiir.
Maksimum 1.2 km mesafeye kadar veri aktarimina imkan tanimaktadir. Tek bir iletisim hatt1 izerinde 32
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verici es zamanli olarak ¢alisabilmektedir. Elektromanyetik girisime karsi daha dayanikl bir haberlesme
sunmak icin veri iletiminde bir pozitif (+) ve bir negatif (-) sinyal kullanarak dengeli bir sinyal iletimi
gerceklestirmektedir. Ayn1 agda birden fazla verici cihazin haberlesmesine olanak tanimaktadir (Erkan,
2007).

G. MQTT PROTOKOLU

MQTT TCP/IP iizerine insa edilmis bir iletisim protokoliidiir (Kraijak ve Tuwanut, 2015). Ag
tizerindeki veri trafigini minimize etmesi ve mesaj basliginin yalnizca 2 bayt gibi diisiik bir boyuta sahip
olmasi, diisiik glc tiketimi, giivenilirligi, acik kaynak yapis1 ve ekonomik olmasi sebebiyle sinirh
kaynaklara sahip kablosuz sensér aglarinda genis capta tercih edilmektedir. MQTT, Nesnelerin interneti
(IoT) ve M2M (Makineden Makineye) iletisim uygulamalari i¢in uygun 6zellikler sunmaktadir.

IV. TorLAM EKiPMAN ETKINLiGi (OEE)

Toplam Ekipman Etkinligi (OEE), bir ekipmanin gerg¢ek tliretim miktarinin, o ekipmanin en verimli
kosullarda ulasabilecegi maksimum tretim kapasitesine orani olarak tanimlanabilir. Toplam Verimli
Bakim (TPM) yaklasimindan tiireyen OEE, Japonya'daki Tesis Bakim Enstitiisii'nde Seiichi Nakajima
tarafindan gelistirilmistir. Burada temel amag, saglanabilecek en faydali verimliligi saglamak ve kayiplari
tamamen ortadan kaldirmaktir (Nakajima, 1988). OEE hesaplamasinda kullanilan ii¢ adet 6l¢iit vardir.
Bu élgiitler kullanilabilirlik, performans ve Kkalite seklindedir. Ug 8lciitiin carpilmasi ile bulunmaktadir.

OEE = Kullanilabilirlik x Performans x Kalite x 100 (D

OEE degeri sonuglarn yiizde olarak gosterilmektedir. Hepsinin veriminin ayri ayr1 hesaplanmalari ise
asagidaki sekilde bulacagiz.

I Toplam Calisma Stresi — Toplam Durus Kayiwplar: Siiresi
Kullanilabilirlik = — x 100 2)
Toplam Calisma Stiresi

, 3 Uretimde Gergeklesen Miktar 100 3
erformans = Teoride Gergeklesmesi Beklenen Miktar x @

, Uretimde Gerceklesen Miktar — Hatali Uretim Miktart
Kalite = — - x 100 4)
Uretimde Gergeklesen Miktar

Cikan sonuglar uluslararasi diizeyde farkli sektdrlerde kabul edilen ortalama degerlerle karsilastirilabilir.

V. BULGULAR VE TARTISMA
Toplam Ekipman Literatiirde, OEE 6l¢iimiiniin ideal kabul edilen degerleri belirlenmis olup Tablo 2’de
gosterilmektedir.

Tablo 2. OEE Diinya Standartlar1 (Igbokwe ve Godwin, 2021).

OEE Bilesenleri Standart Degerler
Kullanilabilirlik %90 ve lzerinde olmal
Performans %95 ve lizerinde olmal
Kalite %99 ve lizerinde olmal
Genel OEE %385 ve lizerinde olmal

Bu calismada diinya standartlarinin referans degerleri esas alinarak OEE (Toplam Ekipman Etkinligi)
analizi, kiigtik 6l¢ekli bir makine imalat firmasinda gerceklestirilmistir. S6z konusu isletme, metal isleme
sektdriinde faaliyet gostermekte olup toplamda 4 personeliyle calismaktadir. Firma, 6zel parca iiretimi
ve makine imalati gibi isler yapmaktadir. Veri toplama siireci manuel olarak operatérler destegi ile
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gerceklesmis ve 30 giin olarak kayit altina alinmistir. Toplanan veriler durus stireleri, iiretim adetleri,
ariza, takim kirilmasi ve hatali parga iiretimi gibi parametreleri icermektedir. Firma, haftanin yedi giinti
faaliyet gostermekte olup, 08:00 - 24:00 saatleri arasinda iki vardiya halinde iiretim yapmaktadir. Glinliik
toplam ¢alisma siiresi, yemek molalar1 hari¢ tutuldugunda 14 saat olarak uygulanmaktadir. Bu ¢alisma
modeli dikkate alinarak, OEE hesaplamalarinda kullanilacak olan teorik toplam ¢alisma siiresi ve olasi
tiretim kayiplar1 detayh bicimde analiz edilmistir. imalat firmasinda islenen parcalar, aliiminyum alagimli
malzemeden imal edilen motor gévdeleridir. Bu pargalar tizerinde CNC dik isleme merkezi kullanilarak
frezeleme, delik delme ve kilavuz ¢ekme islemleri uygulanmaktadir. islem sirasinda pargalarin es
merkezliligini ve 6l¢ii biitiinliigiinii korumak biiyiik énem arz etmektedir. Ozellikle deliklerin eksenel
dogrulugunun saglanabilmesi amaciyla, iki farkli operasyonun gerektirdigi baglama islemleri arasinda
olusabilecek zaman kayiplarini 6nlemek icin divizor kullanilmistir. Bu sayede, baglama stireleri optimize
edilmis ve islem tekrari sirasinda zaman tasarrufu saglanmistir. Delik delme operasyonunun ardindan,
delik i¢ ylizeylerinde yiizey kalitesini artirmak ve piiriizliliigli azaltmak amaciyla ezerek parlatma islemi
uygulanmistir. Talassiz bir islem olan ezerek parlatma, malzeme yilizeyinde plastik deformasyon
olusturarak daha diizgiin, parlak ve asinmaya direncli bir ylizey elde edilmesini saglamaktadir.

i

Sekil 2. CNC Tezgahinda islem goren aliminyum motor govdesi.

Isleme siireci, bir adet motor gévdesi icin ortalama 5 dakika siirmektedir. Uretim siiresinin analizinde
ariza, bakim ve takim degisimi gibi plan dis1 kesintiler plansiz duruslar kapsaminda degerlendirilmistir.
Ote yandan, operatér molalari ve planlanmis vardiya disi siireler ise planli duruslar altinda toplanmustir.
flgili iiretim siirecine ait dakika ve adet bazli veriler Tablo 3’te gosterilmektedir.

Tablo 3. imalat Firmasindaki Uretim Siireleri ve Kalite Gostergeleri.

Gruplar Siire - Adet
Calisma stiresi 25200 dak
Plansiz durus kayiplari 355 dak
Planl duruslar 3600 dak

ideal cevrim siiresi 5 dak

Saglam iiretilen parca 3826 adet
Hatali liretilen parca 297 adet
Gerceklesen iiretim 4123 adet
Teorik liretim 4249 adet

Yukarida yer alan verilere gore OEE’nin temel bilesenleri olan kullanilabilirlik, performans ve kalite
Olgiitleri ayr1 ayr1 hesaplandiginda asagidaki sekilde cikmaktadir. Tablo 4’'te toplam ekipman etkinligi
sonuglari yer almaktadir.
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25200 — (355 + 3600)

Kullanilabilirlik Etkinligi = x 100 = %84,30

Performans Etkinligi =

25200

3
=0
2249 ~ 100 = %97,03

4123 - 297

Kalite Etkinligi = —————— x 100 = %92,79

4123

Genel OEE = 0,8430 x 0,9703 x 0,9279 x 100 = %75,91

Tablo 4. Toplam Ekipman Etkinligi Sonuglar1.

OEE Bilesenleri Degerler (%)
Kullanilabilirlik etkinligi 84,30
Performans etkinligi 97,03
Kalite etkinligi 92,79
Genel OEE 75,91

)

(6)

(7
®)

Imalat firmasinda yiiriitiilen iiretim siireclerine iliskin Toplam Ekipman Etkinligi (Overall Equipment
Effectiveness - OEE) analizi kapsaminda ii¢ temel bilesen ayri ayr1 degerlendirilmistir. Bu analiz
neticesinde, kullanilabilirlik etkinligi %84,30, performans etkinligi %97,03 ve kalite etkinligi %92,79
olarak hesaplanmistir. Bu ii¢ bilesenin ¢arpimi ile elde edilen genel OEE degeri ise %75,91 olarak
bulunmustur. Elde edilen OEE sonuglarinin, sektdr genelinde kabul goren diinya standartlan ile
karsilastirilmasi Tablo 5’te sunulmustur.

Tablo 5. Firmadaki OEE Sonuglarinin Diinya Standartlari ile Karsilastiriimasi.

OEE Bilesenleri imalat Firmasina Diinya Standartlarina
Gore OEE degerleri (%) Gore OEE degerleri (%)
Kullanilabilirlik etkinligi 84,30 90
Performans etkinligi 97,03 95
Kalite etkinligi 92,79 99
Genel OEE 75,91 85

Bu karsilastirma, mevcut durumun degerlendirilmesi ve iyilestirme alanlarinin tespit edilmesi

acisindan onemli bir referans olusturmaktadir. Firmadaki OEE sonuglarinin diinya standartlar ile

karsilastirilmasinin stitun grafigi Sekil 3’te gosterilmistir.

OEE Degerleri (%)

100 9 97,03 95 92,79 99
90 84,3 85
80 75,91
70
60
50
40
30
20
10
0
Kullanilabilirlik Performans Kalite Genel
Etkinligi Etkinligi Etkinligi OEE
® imalat Firmas1 OEE Degerleri H Diinya Standartlar1 OEE Degerleri

Sekil 3. OEE Sonuclarinin Karsilastirildigi Siitun Grafigi.
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Yukaridaki hesaplamalar dogrultusunda, imalat firmasinin OEE bilesenlerinde diinya standartlarina
ulagabilmesi icin baz stratejik iyilestirmeler yapilmaldir. Ozellikle, kullamlabilirlik etkinligi bileseninde
yaklasik %6,75 oraninda bir artis saglanmasi gerekmektedir. Bu artis, iiretim ekipmanlarinda durus
stirelerinin azaltilmasi ve bakim siireglerinin optimize edilmesiyle miimkiin olabilir. Kalite etkinligi
acisindan ise, firmanin mevcut degeri %92,79 iken, %99 seviyesine ulasabilmesi i¢in %6,70’lik bir artisa
ihtiya¢ duyulmaktadir. Bu baglamda, tiretim siireclerinde hata oranlarinin diistiriilmesi ve kalite kontrol
mekanizmalarinin gii¢clendirilmesi biiyiik 6nem arz etmektedir. Genel OEE degeri, %75,91 seviyesinde
olup, diinya standardi olan %85'e ulasmasi i¢in yaklasik %11,97 oraninda bir artis gerektirmektedir. Bu
artislarin saglanabilmesi i¢cin bu agsamada gordiigiimiiz kadariyla kesme sivisi sec¢imi, par¢a islenirken
zamandan tasarruf edilebilmesi i¢in kilavuz ¢ekme islemlerinin kilavuz ¢ekme makinesinde yapilmasi,
uygunsuz kesme parametreleri, uygun takim sec¢imi ve isleme sirasinda motor gévdesinin titresmesini
engellemek icin daha stabil baglama yontemleri uygulanmasi gerektigi firmaya bildirilmistir.

V1. SONUCLAR

MES sistemlerinin entegrasyonu, endiistri 4.0 hedefleri dogrultusunda dijitallesen iiretim
ortamlarinda verimliligin artirllmasi igin kritik bir 6neme sahiptir. Cihazlarin uzaktan kontrol
edilebilmesi, veri alisverisi icerisine girmesi ve alinan bu veriler sonucunda optimizasyon ve analiz
yapabilme beklentilerini karsilayacak ¢6ziim MES sistemleridir. Endiistride MES’in saglayabilecegi
gercek zamanli veri toplama ve izleme kabiliyeti, karar destek sistemlerinin etkinligini artirarak
isletmeye rekabet, tasarruf ve is gliciinde performans katkisi saglayacaktir. MES sistemleri uygulanan
isletmelerde iiretim dongiisii kisalmakta, liriinlerin daha kisa siirede tamamlanmasini saglanmaktadir.
Bu sayede teslimat siireleri azalir, iiretim hiz1 ve kapasitesi artmaktadir. Bu calismada, imalat Yiiriitme
Sistemleri (MES) tizerine genel bir ¢erceve sunulmus ve MES’in iretim siireclerindeki yeri, MES
sistemlerine iliskin standartlar ve iletisim protokollerinden bahsedilmistir. Ardindan, bir imalat
firmasinda MES kapsaminda uygulanan Toplam Ekipman Etkinligi (OEE) analizi ¢alismasi yapilmistir.
Analiz sonucunda, kullanilabilirlik, performans ve kalite oranlar1 detayl sekilde hesaplanarak mevcut
lretim sisteminin verimliligi o6l¢iilmiistiir. Elde edilen bulgulara goére %84,30 olarak Oolciilen
kullanilabilirlik orani, diinya standardi olarak kabul edilen %90 seviyesinin bir miktar altinda
kalmaktadir. Bu durum, iretim sirasinda planlanmamis duruslarin ve ge¢ baslama gibi zaman
kayiplarinin mevcut oldugunu gostermektedir. Bakim siire¢lerinin goézden gegirilmesi ve durus
nedenlerinin detayli analizi, kullanilabilirligin artirilmasi agisindan 6nem tasimaktadir. Firmanin
performans etkinligi degeri %97,03 olup, diinya standardi olan %95’in lstiinde kalmaktadir. Kalite
etkinligi ise %92,79 olup, diinya standardi olan %99un altinda kalmaktadir. Kalite iyilestirme
faaliyetleriyle, hatal1 liretim oraninin daha da disiiriilmesi miimkiindiir. Firmanin toplam OEE degeri
%75,91 olarak hesaplanmistir. Bu oran, diinya standardi olan %85’in altindadir. Bu farkin temel nedeni,
kullanilabilirlik ve kalite etkinliklerinde gozlemlenen diistikliiklerdir. Yapilan ¢calismada OEE analizinin
tiretim siire¢lerinin darbogazlarini belirlemede ve siirekli iyilestirme faaliyetlerine yén vermede etkin bir
ara¢ oldugunu ortaya koymustur. Aliiminyum isleme siirecinde kesici takim secimi, kesme sivisi
ozellikleri ve uygun kesme parametrelerinin belirlenmesi, islem verimliligi ve yiizey kalitesi agisindan
biiylik 6nem tasimaktadir. Yapismay:1 dnlemek ve talas tahliyesini kolaylastirmak i¢in genellikle siilfiir
iceren kesme yaglar1 kullanilmalidir. Ayrica, stirtiinmeyi ve malzeme yapismasini azaltmak amaciyla TiN
kaplamali kesici takimlar tercih edilmeli, bunun yaninda aliiminyuma 6zel keskin kenar geometrisine
sahip takimlar kullanilmalidir. Kesme parametreleri olarak, ytiksek kesme hizi, uygun ilerleme orani ve
derinlik kontrolii, aliminyumun yumusak yapisi nedeniyle talas kirma ve 1s1 birikimini 6nlemede kritik
rol oynayacaktir. Ozellikle icten sogutmali kesici takimlar, kesme sivisinin takim-talas temas bolgesine
etkin bir sekilde ulasmasin saglayarak hem siirtiinmeyi azaltir hem de talasin kirilarak kolayca
uzaklastirilmasina yardimci olacaktir. Bu sayede, takim 6mrii uzatilirken ytizey kalitesi de artirilabilir. Bu
sekilde, dogru kesme parametreleri, uygun takim sec¢imi ve kesme sivis1 kombinasyonu, aliiminyum
islemede verimliligi ve is parcasi kalitesini 6nemli 6l¢tide iyilestireceginden firmanin OEE degerlerinin
diinya standartlari degerlerine yiikseltilebilmesi miimkiin olacaktir.
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BEYANLAR

Tesekkiirler: Bu ¢alismada sagladiklari saha uygulama imkanlar1 dolayisiyla SCDEMAK firmasina
tesekkiir ederim.

Yazarin Katkilari: Calismanin tiim asamalar1 Yazar tarafindan yiritilmistur.

Cikar Catismasi A¢iklamasi: Yazar herhangi bir ¢ikar ¢atismasi beyan etmemektedir.

Telif Hakki Beyani: Yazar, dergide yayinlanan calismalarinin telif hakkina sahiptir ve ¢calismalari CC
BY-NC 4.0 lisans1 altinda yayilanmaktadir.

Destekleyen/Destekleyen Kuruluslar: Bu arastirma herhangi bir dis fon almamistir.

Etik Onay ve Katilimci Onay:: Bu makale insan veya hayvan denekleriyle ilgili herhangi bir ¢calisma
icermemektedir. Bu ¢alismanin hazirlanma siirecinde bilimsel ve etik ilkelere uyulmus ve yararlanilan
tiim calismalar kaynakc¢ada verilmistir.

intihal Beyan: Bu makale intihal programiyla taranmigtir. intihal tespit edilmemistir.

Veri ve Materyallerin Kullanilabilirligi: Veri paylasimi gecerli degildir.

YZ Araclarmin Kullanimi: Yazar, bu makalenin olusturulmasinda Yapay Zeka (YZ) araglarini
kullanmadigini beyan etmektedir.
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