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Anahtar Kelimeler 0z

Otomatik yénlendirmeli Bu ¢alismada otomatik otopark sistemlerinde kullanilmak iizere bir
arag, Cok yonlii hareket, park robotu tasarimi sunulmustur. Bu park robotu ile park stirelerinin
Park robotu tasarimi, Stiris azaltilabilecegi, park katlarinda bulunan mekanik ekipmanlardan

sistemi, Tastma kolu tasarruf edilebilecegi ve hareket kisitlarini ortadan kaldirilabilecegi

o6ngorilmiistiir100 mm  yiikseklikte 2 es modiilden olusan park
robotu tasariminda Otomatik Yonlendirmeli Araglarin (AGV) kullanim
potansiyelinden faydalanilmistir. Yiirtitme grubu ve tasima kollar
tasartmlari ile hesaplamalarinin incelendigi bu ¢alismada ytikseklik
sinirina uygun olarak yeni tasarimlar gelistirilmistir. Park robotunun
ylik ve hizina bagh olarak yliriitme grubu ve tasima kollart igin
gereken giic hesabi ve dayanim analizi yapilmigstir. Analiz sonuglart
incelendiginde ytiriitme grubu temel parcalarinin maksimum gerilme
ve deformasyon degerleri, secilen malzemelere bagl olarak istenilen
tolerans araligindadir. Tekerlek mili icin Von Mises gerilme degeri
143.98 MPa, politiretan malzeme icin deformasyon degeri 0.042 mm
olarak él¢tilmiistiir.

*

soner.kocak.90@gmail.com
doi: 10.46399/muhendismakina.1497520
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AUTONOMOUS PARKING ROBOT DESIGN
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Abstract
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In this study, a parking robot design has been presented for use in au-
tomated parking systems. It is anticipated that this parking robot can
reduce parking times, minimize the need for mechanical equipment on
parking floors, and eliminate movement constraints. The design con-
sists of two identical modules with a height of 100 mm, utilizing the po-
tential of Automated Guided Vehicles (AGVs). This study examines the
design and calculations of the drive unit and lifting arms, developing
new designs that comply with height limitations. Based on the load and
speed of the parking robot, power calculations and strength analyses
were conducted for the drive unit and lifting arms. The analysis results
indicate that the maximum stress and deformation values of the main
components of the drive unit fall within the desired tolerance range,
depending on the selected materials. The Von Mises stress value for the
wheel axle was measured at 143.98 MPa, while the deformation value
for the polyurethane material was determined to be 0.042 mm.
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Extended Abstract
Introduction

Automated Guided Vehicles (AGVs) are widely used in various industries for repetitive
load transportation. By leveraging this potential in the automated parking sector, a park-
ing robot design has been introduced. This parking robot is expected to reduce parking
times, minimize the need for mechanical equipment on parking floors, and eliminate
movement constraints. In our parking robot design, which consists of two identical mod-
ules with a height of 100 mm, the drive unit and lifting arms have been designed and ana-
lysed, leading to the development of new designs suitable for height limitations.

Objectives/ Research Purpose

Various design models can be used for the drive unit. Mecanum wheels provide excellent
manoeuvrability in tight spaces due to their omnidirectional movement capability; how-
ever, they have low load-carrying capacities. The Driving-Steering (DS) wheel mechanism
offers high manoeuvrability under heavy loads, but height constraints prevent us from
using this mechanism. In our study, we propose a new drive unit design consisting of two
wheels.

The method of vehicle transportation is crucial in automated parking systems, particular-
ly for equipment savings. In the pallet-based transportation method, individual pallets are
required for each vehicle, along with additional systems to transport these pallets. In our
study, we aim to eliminate the need for pallets and their associated transport systems by
implementing a robotic arm-based transportation solution.

Methods/ Methodology

The parking robot, consisting of two modules, was designed by the authors using Solid-
Works 2024 software. Each module comprises four independent drive units and four
independently hydraulically actuated transport arms. The parking robot first moves un-
derneath the vehicle and lifts it by its wheels using its arms to perform the transporta-
tion process. The drive unit of our parking robot consists of two independent polyure-
thane-coated wheels, each driven by an identical brushless DC motor. Polyurethane-coated
wheels are highly resistant to wear and operate more quietly compared to other materi-
als. Due to these properties, the use of polyurethane-coated wheels in automated parking
systems under heavy loads appears to be suitable. In this section, resistance forces acting
against movement are calculated to determine the required power for the drive unit. Ad-
ditionally, in the scenario where the vehicle is being transported, the forces acting on the
transport arms are analysed, and the hydraulic power calculation is performed. The nec-
essary loading was applied to the drive unit wheel, and Von Mises stress and deformation
values were examined using Ansys software.

Results/ Findings

This section presents the results of the analyses conducted on the drive unit wheel de-
sign. The materials used in the design are ductile materials. Equivalent (Von Mises) stress
values and deformation amounts are provided along with the yield stress limit values.
Upon examining the analysis results, it is observed that the maximum stress and defor-
mation values of the drive unit’s main components fall within the desired tolerance range,
depending on the selected materials. The Von Mises stress value for the wheel axle was
measured as 143.98 MPa, while the deformation value for the polyurethane material was
recorded as 0.042 mm.
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Discussion and Conclusions

The widespread use of AGVs across various industries worldwide is expected to contrib-
ute to the development of smart parking systems through their integration into automat-
ed parking systems. In our study, the uni-directional parking robot eliminates the need
for separate pallets for each vehicle by utilizing a mechanical arm-based transportation
method. In the design of the drive unit, mecanum wheels were not used due to their low
load-carrying capacities, and DS wheel mechanisms were not feasible due to height con-
straints. As an alternative design, a two-wheel drive unit that meets the height limitation
was proposed, and a structural strength analysis was conducted. Upon examining the
analysis results, the maximum stress and deformation values of the main components
of the drive unit were found to be within the desired tolerance range, depending on the
selected materials. Future studies may evaluate alternative parking designs, cost analyses,
and parking durations in an automated parking system where the parking robot is uti-
lized. Additionally, a steering solution for a parking robot of this height remains a subject
of research.

1.Introduction

Automatic parking systems offer many advantages over traditional parking systems. They
provide faster access to cars and offer secure parking with less space and volume require-
ments (Wu, Xu, Gong, De Koster & Zou, 2019). In general, the system comprises entrance
rooms, car lifts, shelf conveyors and shuttles systems on each floor, and steel pallets mov-
ing in the system for each vehicle. All of these components contribute to the overall in-
vestment cost. The use of parking robots may eliminate the requirement for many of these
equipment, leading to cost reduction and increased car capacity. In addition, it is possible
to reduce parking times.

A study by Wu et al. (2019) examined the design of a compact, relatively low-cost, and
fast-responding automated parking system based on a real application. The system con-
sists of entry rooms, vertical transmission systems at each floor level, and two elevators
equipped with rotating turntables. Alternative models were presented for designers, tak-
ing into consideration time efficiency and system cost. By using the parking robot in these
systems, alternative parking designs can be re-evaluated in terms of cost and speed.

Another study by Vis (2006) examines the literature on the design and control aspects of
AGV systems used in production areas. AGVs are fully automatic driverless systems that
meet transportation needs. They are commonly used in industrial applications and stor-
age systems for repeated load transportation. (Vis, 2006). The advent of technological ad-
vances has led to the utilization of AGVs in a multitude of applications. We introduce a new
application area by bringing the potential use of AGVs into automatic parking systems.

There are several design models available for the drive group of the parking robot. The
use of Mecanum wheels has been evaluated from this perspective. In his study, Greffer
(2008) examines the geometry of the Mecanum wheel in detail. Mecanum wheels are a
mechanism with omnidirectional movement capability. Each wheel contains cylindrical
and freely rotating barrel wheels placed at a certain angle to the wheel axis. Mecanum
wheels, with four independently driven wheels, enable movement in any direction (for-
ward, backward, right, left) as well as diagonal movement. The rotation direction of each
wheel’s angled rollers controls the vehicle’s direction and movement style. Proper syn-
chronization of the wheels’ movements ensures the desired motion in the intended direc-
tion. Mecanum wheels are suitable for manoeuvring in narrow spaces (Grerrer, 2008).
Due to their low load capacity, we are unable to use Mecanum wheels in our study.
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A study by Jiang, Zhang, & He (2020) proposes a new heavy-duty omnidirectional wheel
arrangement that increases the operational and movement capacity of AGVs. The DS
(Driving-Steering) wheel mechanism, which has four independent wheels and four inde-
pendent steering systems capable of working under heavy load, can significantly increase
the transportation efficiency and flexibility of AGVs by providing wide manoeuvrability
(Jiang et al,, 2020). The direction of each wheel can be adjusted independently through
a separate drive mechanism, meaning each wheel can rotate at a different angle. This al-
lows the AGV to move in a highly versatile manner, even in narrower spaces. Each wheel
moves independently with its own drive motor and propulsion mechanism. This allows
for much more precise speed and movement control of the AGV. When compared to Meca-
num wheels, it has advantages such as high manoeuvrability and strong carrying capacity
(Sun, Liu, Zhao, & Wei, 2019). Although this wheel mechanism is very suitable for our
study, its direct use is not feasible due to our height limitations.

The method of transporting vehicles represents a fundamental feature of the operational
functionality of the parking robot. In their studies Shen, Qiu, Wu, Lin, & Wu (2021), exam-
ined mechanical arm-based exchange and platform-based exchange in parking robots in
terms of vehicle exchange technologies. In the mechanical arm-based transport solution,
the robot directly enters under the vehicle, and mechanical arms or gripping mechanisms
surround each tire of the vehicle to transfer it (Shen et al, 2021). In the pallet-based
transport solution, the vehicle first parks on a pallet, and the robot then enters under the
pallet to transfer the vehicle along with the pallet (Shen et al., 2021). Since the aim of our
study is to reduce the equipment used in automated parking systems and, consequently,
the costs, a mechanical arm-based solution has been preferred in our design, eliminating
the need for a platform.

The aim of this study is to design a parking robot for use in automated parking systems,
minimizing the equipment requirements in these systems. The design consists of two
identical modules with a height of 100 mm, utilizing the potential of Automated Guided
Vehicles (AGVs). This study examines the design and calculations of the drive unit and lift-
ing arms, developing new designs that comply with height limitations. Based on the load
and speed of the parking robot, power calculations and strength analyses were conducted
for the drive unit and lifting arms. In our design, each module includes four independent
drive units and four independent handling arms. Each drive unit consists of two indepen-
dent polyurethane-coated wheels, operated by a separate drive mechanism of our custom
design (Figure 1).

Due to the height limitations in the design, the DS wheel mechanism has not been pre-
ferred. Additionally, mecanum wheel mechanisms have not been used in the design due
to limited load capacity. The solution to the steering problem of a parking robot at this
height is a topic for future research. The parking robot in this study will move in a single
direction. The design of the parking robot aims for it to lift the vehicle by gripping its front
and rear wheels with the hydraulic drive mechanisms in the handling arms, thereby elim-
inating the need for steel platforms, floor conveyors, and shuttle systems, and performing
the parking operation.
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Polyurethane

wheel rim

J

wheel shaft

Fig. 1. Polyurethane coated wheel
2.Methods/ Methodology

The parking robot that we designed is constructed from two identical modules, each of
which is capable of independently lifting the front and rear wheel pairs of cars. These
design modules are shown in Figure 2. The designs were created by the authors using
Solidworks 2024 software. Each module is equipped with four independent drive units. In
addition, each module is equipped with four independently operating and hydraulically
driven carrying arms. The parking robot first enters under the vehicle and lifts it from its
wheels using its arms. The necessary parameters for the design are provided in Tablel.

Fig. 2. The Parking Robot Comprises Two Identical Modules

Polyurethane is highly resistant to wear. It ensures that the wheels last longer in harsh
conditions. It has the capacity to absorb vibrations and shocks. While moving on different
surfaces, polyurethane-coated wheels provide more stable movement by preventing dam-
age to the vehicle’s electronic and mechanical components. Polyurethane-coated wheels
operate more quietly compared to other materials. In these aspects, the use of polyure-
thane-coated wheels under heavy loads in automatic parking systems seems suitable.

The medium carbon content of CK 45 steel material makes it wear-resistant and high-
strength. This property ensures the material’s durability under high tension and force
applications. Thanks to its medium carbon content, CK 45 steel material is highly ma-
chinable and can be shaped through processes such as turning and milling. This provides
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an advantage for the production of customized parts suitable for design specifications.
This material meets the strength and durability requirements in applications like machine
components and transport systems. For this reason, CK 45 steel has been preferred for the
wheel shaft and wheel rim of the parking robot.

Table 1. Necessary Parameters for the Design

Maximum Load Robot Weight Velocity Total Height Floor Wheel Diameter

2500 (kg) 700 (kg) 1 (m/s) 100 (mm) Concrete 90 mm

This study adheres to research and publication ethics.
2.1 Drive Unit

The types of motors used in the drive group of AGVs are geared DC motors, brushless DC
motors, and servo (Moshayedi, Li, & Liao, 2019). These motors are selected based on their
impact on the flexibility and accuracy of AGV movement (Moshayedi et al.,2019). Brush-
less motors are generally more efficient due to their design. Since they lack brushes, there
is no friction loss, and they have a longer lifespan. They are typically used in applications
that require speed control but do not require precise positioning. In addition to being
cost-effective, they are suitable for applications that demand less precision and control.

The drive group of our parking robot comprises two independent polyurethane-coated
wheels, each driven by an identical brushless DC motor (Figure 3). The resistances against
motion may be classified into four categories: rolling resistance, air resistance, accelera-
tion resistance, and incline resistance (Xing, Yang, Zu, & Yu, 2019). The total force required
to overcome these resistance forces and the required torque value can be calculated to
obtain the power value (Xing et al,, 2019).

Fig. 3. Drive Unit

SF=F+F,+F+F (€))
Fp=fM, )

Fy = Ma 3)

F; = Mgsinp 4

E, = —kv Q)

YT =3YFr (6)
P=To (@)
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In this context, F, represents rolling resistance as described in Equ.2, F, represents accel-
eration resistance as described in Equ.3, F represents incline resistance, F, represents air
resistance, M represents the total weight of the parking robot and the load to be carried, g
represents gravitational acceleration, r represents wheel radius, and represents angular
velocity. In the absence of air resistance, the incline resistance F,and air resistance F,
forces are considered to be zero when the parking robot operates on a flat surface ($=0).
The parking robot is desired to achieve a speed of 1 m/s in 2 seconds. So, the acceleration
will be 0.5m/s% The coefficient of rolling resistance is defined as f = 0.01 (Yang, Wang,
Fan, Zhang, & Liu, 2019) (Dal, 2006). The results of the calculations indicate that rolling
resistance is F,= 314 N, acceleration resistance F,= 1600 N, total torque value T = 86.12
Nm and power value is P=1912 W.

2.2 Carrying Arms Mechanism

The parking robot has a total of eight carrying arms, as shown in Figure 4. The arms com-
prise a body that is capable of free rotation and cylinders carried by the body. The arms
are each driven by a hydraulic mechanism and are capable of independent operation. It
is assumed that the weight of the vehicle is distributed equally to all four wheels during
transportation and that the force applied to each arm is equal.

Fig. 4. Carrying Arm

The force distribution during lifting of the car wheels is shown in Figure 5. G is the amount
of the vehicle’s weight per wheel. The force applied by the parking robot, designated F,
can be decomposed into two components: the vertical component, designated F , and the
horizontal component, designated F,. In the design, the angle between the force applied
by the arms towards the wheel centre and the horizontal is measured as 60° degrees. The
relevant forces can be determined using the following sin-cos laws (Yang et al., 2019):

G

~ 2sind (8)
F, = Fsin@ 9
F, = Fcos6 (10)

Fig. 5. The forces generated when the parking robot raises the wheel
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Upon calculation, the resultant force F is determined to be 3540 N, the vertical force F, is
3066 N, and the horizontal force F, is 1770 N. Given that the location of the piston about
the pivot point of the arm is closer. The vertical force applied by the piston arm can be
found using the following formula:

XM = FylL, = FL, (11

()
[/
Lck -
(b)

Fig. 6. Horizontal Forces on the Arm

(@) Vertical Force on the Wheel (b) Vertical Force Applied by the Piston

Fcis the vertical force applied by the piston, L, =220 mm is the distance between the wheel
contact point and the pivot point of the arm (Figure 6-a) and L, =110 mm is the distance
between the pivot point of the arm and the point where the piston applies the vertical
force (Figure 6-b). It is determined that the vertical force generated by the piston, Fc, is
3540 N. When the carrying arms are completely opened, the angle o = 37 is determined
between the piston and the arms. Therefore, the sine-cosine law can be used to determine
the force generated by the piston (Yang et al., 2019):

Fe
P cosa

12)

The piston force is calculated to be 4432.5 N. Therefore, by determining the piston force,
we can find the required pressure and power. The pressure and power values can be found
using the following Equations (Eq. 13 and Eq. 14)

p=rr (bar) (13

Q
p= 6’;—% kW) a9

A represents the area of the piston in cm?, Q represents the flow rate of the fluid in cm3/s,
while is the efficiency value. The effective area of the piston is A = 12.56 cm?, the flow rate
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is Q=1.5 cm3/s, and the efficiency is =0.8. The pressure is calculated to be p=44.1 bar, the
power is P=0.137 kW.

2.3 Finite Element Analysis

The finite element method is a numerical technique that analyses a system’s components,
including their elements, connections, material properties, contact definitions, and solu-
tions within constraining conditions (Yang et al.,, 2019). The parameters of the analysis
are defined by constraints and boundary conditions, which specify the conditions under
which the analysis is conducted. The application of finite element analysis enables the de-
termination of the system’s mechanical stability under the applied load conditions (Yang
etal,, 2019).

The techniques described in this section have been applied to drive group wheels, before
the implementation of the necessary forces and boundary conditions for the analysis, the
models created with the Solidworks program have been appropriately meshed. A struc-
tural analysis was conducted using the ANSYS program to determine the stress distribu-
tions and deformations at critical points in the structure. The objective of this analysis,
25% of which was added for safety margin under static load, was to determine the me-
chanical safety and durability of the structure (Kutay, 2009).

The materials and mechanical properties of the components that form the wheel are
presented in Table 2. Polyurethane material is an elastomer-based polymer material. It
presents the properties of ductile materials. The point at which the material undergoes
plastic deformation is considered the yield point and is evaluated as the yield limit (URL-
1; URL-2).

Table 2 Mechanical Properties of Materials

Mechanical Properties Polyurethane DIN 1.1191 Steel
Density (kg/m?) 1130 7800
Young Modules (Pa) 2.41x10° 2.10x10"
Poisson Ratio 0.3897 0.28
Yield Strenght (MPa) 41.3 565
Yield Strain 400% 10%

The parking robot is equipped with a total of 16 wheels. The wheel includes a wheel axle,
rim, and a polyurethane coating on the rim. Figure 7-a presents a simplified view of the
wheel, while Figure 7-b illustrates the mesh form. In defining the boundary conditions,
the force is applied from below the ground (Figure 7-c), and a cylindrical support bound-
ary condition is applied to the bearing surface (Figure 7-d).
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ANSYS
R17.2
Academic

ANSYS
R17.2
Academic

o 80,00(mm) z
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)] (d)
Fig. 7. Polyurethane-Coated Wheel

(a) Simplified Illustration (b) Mesh Illustration (c) Applied Force (d) Bearing Surface
Boundary Condition

3. Results/ Findings

This section presents the results of the analysis conducted on the design of the drive group
wheel. The materials utilized in the design are ductile. Equivalent (Von Mises) stress val-
ues and deformation amounts have been presented the yield stress limit values. The red
regions in the provided diagrams represent the areas of highest stress and deformation
and the blue regions represent the areas of lowest stress and deformation.

Because the parking robot is capable of transporting vehicles with a max. weight of 2500
kg, and the weight of the robot itself. It has been determined that a static load of 250 kg
should be applied to each wheel in this analysis, conducted under a static load with a
25% safety margin. In the existence of these loads, multiaxial stresses that occur in ductile
materials have been reduced to uniaxial equivalent stresses. These have then been com-
pared with the yield stresses. If the equivalent stresses exceed the yield limit, permanent
deformation or fractures will occur in that region. If the applied stresses are equivalent
to those occurring below the yield limit, non-permanent deformations will occur in the
elastic region.

Upon analysis of the results, it was observed that during the transportation of a vehicle
within the allowed weight range, the polyurethane coating a maximum deformation of
0.042 mm (Figure 8-a) and a stress value of 27.76 MPa (Figure 8-b). The stress value is
below the assumed yield limit for the polyurethane material (Table 2). In the wheel shaft,
had a maximum deformation of 0.012 mm (Figure 9-a) and a stress value of 143.98 MPa
(Figure 9-b) have been observed in the bearing region. The stress value is observed to be
below the yield limit of the steel material (Table 2). The values found on the MatWeb web-
site have been considered for the permanent deformation limit. (URL-1; URL-2)
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A: Static Structural * A: Static Structural
Figure Figure 5
Type: Total Deformation Type: Equivalent (von-Mises) Stress
o Unit: MPa
Time: 1 Time: 1
7.12.2023 16:04 7.12.202316:04
0,042464 Max 21,765 Max
0,038273 24,681
0,034083 21,59
0029892 18512
0,025701 15427
0021511 124
001732 9258
0013129 (el
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0,0047481 Min 0,0044775 Min
40,00 (mrm) z
P -
[ S o .
(% +
(@) (b)
Fig. 8. Polyurethane Coating Analysis Results
(a) Deformation Amount (b) Von Mises Stress Value
Figure . :E'lirm - Structural
Iy“’;: Total Deformation Ty'pe: Equivalent (von-Mises) Stress
mm. Unit: MPa.
Time: 1 Time: 1
7.12.2023 16:04 7.12.2023 16:04

0,012559 Max
0011164

00011369 M

000 20.00(mm) /l\ ; 3 000 20,00 (mm) z
L S—
L SE—
10,00 o {L\‘

10,00

€)) (b)
Fig. 9. Wheel Shaft Analysis Results
(a) Deformation Amount (b) Von Mises Stress Value

In their study, Yang et al. (2019) conducted a finite element analysis for a 2000 kg load and
calculated the maximum stress value in the structure of the parking robot as 200.9 MPa.
Also, the height of the robot in this study is 170 mm. In our study, for a 2500 kg load, a total
stress value of 143.98 MPa was determined on the wheel axle of the drive unit. Our drive
unit consists of two wheels and the height of the robot is 100 mm.

4. Discussion and Conclusions

In this study, we present a new application area by incorporating the potential use of AGVs
into automated parking systems. By using the parking robot in these systems, alternative
parking designs can be re-evaluated in terms of cost and speed. Our parking robot design
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comprises two identical modules. Each module includes four drive units and four carrying
arms, each capable of independent operation. The modules cooperate to elevate the vehi-
cle from its front and rear wheels via the carrying arms, thereby enabling it to be parked
in the desired location. In the design of the parking robot, SolidWorks software was used,
while Ansys software was used for the analysis.

Due to their low load capacity, we are unable to use Mecanum wheels in our study. Also,
although DS wheel mechanism is very suitable for our study, its direct use is not feasible
due to our height limitations. Instead, we present a drive unit design consisting of two
wheels. Since the aim of our study is to reduce the equipment used in automated parking
systems and, consequently, the costs, a mechanical arm-based solution has been preferred
in our design, eliminating the need for a platform.

In this study, power calculations were conducted to determine the required load and

movement speed. The analysis of the basic components of the drive unit was performed

using the finite element method. The materials used in the design are ductile, equivalent

(Von Mises) stress values and deformation amounts have been examined, taking into ac-

count the yield limit values. According to the calculation and analysis results.

—  The yield limit accepted for the polyurethane material is 43.1 MPa (Table 2). The
stress equivalent to the material under load at the contact area with the ground has
been calculated as 27.765 Mpa. The value is below the yield limit, which places it
within the elastic region, thereby indicating a safe zone. The deformation observed in
the polyurethane material at the contact area with the ground was found to be 0.042
mm. The material presents an elongation capacity of up to 400% until reaching the
breaking point. It has been demonstrated that the deformation quantity is within the
safe zone.

—  The yield limit accepted for the wheel shaft manufactured from CK45 steel is 565
Mpa (Table 2). The stress equivalent to the material under load in the bearing region
has been determined to be 143.98 MPa. The value in question is below the yield limit,
which places it within the elastic region, thereby indicating a safe zone. The deforma-
tion amount occurring in the wheel shaft is 0.012 mm. The elongation capacity of up
to 10% until exceed the breaking point ensures that the deformation amount remains
within the safe zone.

The widespread use of AGVs across various sectors around the world is expected to con-

tribute to the development of smart parking systems through their integration into auto-

mated parking systems. This product can eliminate the need for steel platforms, stacking
conveyors, and horizontal transportation mechanisms for each vehicle. The use of parking
robots in automated parking systems, which require significant investments, may lead to
cost savings, increased parking entry and exit speeds, and reduced space requirements.

If cost reductions occur, it could facilitate the widespread acceptance of smart parking

systems. Additionally, the solution to the steering problem of a parking robot at this height

will be a topic for future research. This article will inspire new studies by evaluating all
these possibilities.
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Extended Abstract
Introduction

Increasing demand for fossil fuel consumption in order to generate electricity sug-
gests researchers to further develop current energy generation technologies. In
this regard, efficiencies of the current thermodynamic cycle designs also need to
be improved so that the dependence on the fossil fuels can be decreased. Low tem-
perature heat recovery, in this case, has the potential to utilize the waste energy,
thereby increasing the efficiency of the cycles and helping to reduce air pollution.

The purpose of this work was to investigate the potential of a new type of ex-
pander called Free-Piston Linear Expander (FPLE). It was also of interest to this
work to design and build the FPLE to analyze the feasibility of the expander for
advanced low temperature heat recovery systems. The configuration of FPLE in-
volves several advantages over conventional expansion machines, such as com-
pact and simple design, low manufacturing cost, good operational flexibility, and
high efficiency. Friction and leakage are assumed to be prominent factors on its
performance. Another contribution to performance losses is a possible heat loss
which can be minimized with proper insulation techniques. In addition, struc-
tural balancing is required to prevent excessive vibrations. Many studies have
been observed on conventional expansion machines in the literature. Although
the FPLE has a simple design and low manufacturing cost, a limited number of
experimental studies on this expander exists in the literature. For this reason,
this study aims to develop a FPLE to investigate its performance for use in low
temperature energy recovery systems.

Objectives

The objective of this work was to investigate the performance of the FPLE and to
analyze its viability for low temperature heat recovery systems. Heat sources such
as waste energy, solar power, and geothermal energy can be utilized to drive the
selected expander. Currently, a limited number of experimental studies of the FPLE
were found in the literature. For this reason, primary attention was focused on the
initial operation of the FPLE. For this study, the testing was performed at the Uni-
versity of North Florida’s College of Computing, Engineering & Construction’s Mec-
hanical Engineering Energy Efficiency Laboratory by using the air as the working
fluid provided by means of a compressor. In order to analyze the performance of
the FPLE and to compare it with other expander types in the literature, a test bench
was developed with measurement devices such as pressure and temperature sen-
sors, LabJack U12, and flow rate meter. The schematic of the testing configuration
and a brief explanation of the expander design, equipment, measurement devices,
and the method of thermodynamic analysis are presented.

Methods

A test bench was developed with measurement devices such as pressure and
temperature sensors, data acquisition system, and a flow rate meter in order
to analyze the performance of the FPLE and to compare it with other expander
types in the literature. The air was chosen as the working fluid and supplied by
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means of a compressor. The in-line air heater was used to heat the air before
entering to the FPLE. The cylinder vessel and the inlet air pipeline were insula-
ted with a fiberglass insulation material. A resistor bank was established in the
experimental setup in order to apply an external load to the FPLE.

The FPLE design, analyzed in this study, consists of a piston with two chambers
and a cylinder with four ports, two of which are intake ports and the others are ex-
haust ports. The cylinder housing has an electric coil. Two chambers of the piston
are connected to each other with a rod, to which permanent magnets are coupled.

K-type thermocouples were used to measure the temperatures of the inlet air
and the inlet and outlet temperatures of the FPLE’s chambers with an accuracy
of 2.2 °C. Four gauge pressure sensors with an accuracy of 2.5% of full scale were
attached to the inlet and outlet ports of both chambers of the FPLE. The chamber
thermocouples and pressure sensors were connected to the data acquisition de-
vice and the software was used to display and record the temperature/pressure
values. A panel-mount flow meter was used to measure the flow rate entering
and exiting the expander with an accuracy of 3.0% of full scale. Another data
acquisition device was connected to the electrical circuit of the FPLE to display
and measure the voltage outputs during operation. The frequency accuracy is
the ratio of the scan rate (Hz) to the number of scans during voltage recordings.

The analysis was carried out by using the first and second laws of thermodyna-
mics. The cylinder vessel of the FPLE was taken as the control volume for the
analysis, which has two inlets and outlets.

This study complied with research and publication ethics.
Results and Discussions

The long-term steady state operation of the valveless FPLE was successfully achi-
eved. Three different sets of experiments were performed in order to analyze the
performance of the FPLE with varying inlet air pressure, inlet air temperature,
and resistance magnitude.

The frequency output of the FPLE had a tendency to increase as the inlet air pressure
increased while increasing the inlet air temperature resulted in the decrease of the
frequency. The maximum frequency in all the experiments was achieved as 44.0 Hz.
The FPLE produced the maximum average RMS voltage of 2.32 V. It can be anticipa-
ted from the trends that the voltage is likely to increase at even higher inlet air pres-
sures and resistance magnitudes with an optimum inlet air temperature of 60 °C.

The results showed that the maximum isentropic efficiency of the FPLE was
achieved as 21.5%, producing maximum actual expander work and maximum
electrical power of 75.1 W and 3.30 W, respectively. The mechanical-electrical
conversion efficiency results ranged between 0.1%-7.1%, clearly indicating the
cause of the large differences between the actual expander work and the electri-
cal power output.

It should be noted this was the first iteration of this valveless FPLE design. For
future studies, O-ring material is recommended to be improved in order to provi-
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de better sealing and reducing the friction between O-rings and the cylinder wall.
Furthermore, mechanical-electrical conversion mechanism should be improved
in order to reduce the difference between the actual expander work output and
the electrical power produced. Therefore, further research can be conducted on
the magnet selection, coil wiring, and the electrical circuit design.
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1. Giris

Mevcut kiiresel egilimler 2035 yilina kadar fosil yakitlar i¢in olan talebin arta-
cagini acikca gostermektedir (International Energy Agency, 2013). Bu yiikselis
mithendisleri mevcut enerji tiretim teknolojilerini daha da gelistirmeleri yoniin-
de zorlamaktadir. Bu baglamda, mevcut termodinamik ¢evrim tasarimlarinin
verimleri ayrica gelistirilmelidir ki fosil yakitlara olan bagimlilik azalabilsin. Dii-
stk sicaklikli 1s1 geri kazanimi, bu durumda, atik 1s1y1 kullanabilme potansiyeline
sahiptir. Boylece cevrimlerin verimleri arttirilabilir ve hava kirliligini azaltmada
katki saglayabilir.

Organik Rankine Cevrimi (ORC), diisiik sicaklikli 1s1 kaynaklarindan elektrik
tiretmek icin kullanilan en yaygin ¢evrimdir (Li ve dig., 2023; Braimakis, 2024).
Bu 1s1 kaynaklari atik 1siya (Stainchaouer, Schifflechner, Wieland, Sakalis ve Spli-
ethoff, 2024; Yan, Liu, Ying ve Zhang, 2023; Aliahmadi, Moosavi ve Sadrhosseini,
2021; Wang ve dig., 2024), giines giicline (Xu, Zhang, Zhang, Ma ve Sambatmary-
de, 2024; Fatigati, Bartolomeo ve Cipollone, 2024), jeotermal giice (Pambudi,
Wibowo, Ranto ve Saw 2021), ve biyokiitle giiciine (Permana, Fagioli, Lucia, Ru-
sirawan ve Farkas, 2024) dayali olabilir. ORC’nin énemli bir komponenti olarak,
genlestiricinin sistemin tiim performansina ve verimine etkisi vardir. Optimum
1s1l verimliligi elde etmede, en uygun genlestiricinin se¢ilmesi anahtar bir rol oy-
nar. Genlesme makineleri, genel olarak, tasarimlari ve ¢alisma prensipleri agisin-
dan iki ana kategoriye ayrilir. Bu kategoriler dinamik makineler (turbomakineler
gibi) ve pozitif yer degistirme makineleridir (ayrica hacimsel genlestiriciler ola-
rak da adlandirilir) (Harada, 2010; Yagoub, Doherty ve Riffat, 2006). Tiirbinler,
makine boyu kiiciildiikge, verimli calismak icin ¢ok yiiksek hizlarda ¢alismay ge-
rektirir. Ayrica, 1slak genlesmeye toleranslari yoktur ve karmasik tasarimlara ve
ylksek imalat maliyetlerine sahiplerdir.

Pozitif yer degistirme genlestiricileri scroll (Imran, Usman, Park ve Lee, 2016;
Mathias, Johnston, Cao, Priedeman ve Christensen; 2009), vidali (Smith, Stosic ve
Kovacevic, 2005; Smith, Stosic ve Kovacevic, 1999; Smith, Stosic, Aldis ve Kova-
cevic, 2000), doner kanatgikl (Yang, Peng, He, Guo ve Xing, 2009), gerotor (Mat-
hias, Johnston, Cao, Priedeman ve Christensen; 2009), pistonlu (Glavatskaya, Po-
devin, Lemort, Shonda ve Descombes, 2012), doéner (yuvarlanan) pistonlu (Hu,
Li, Zhao, Xia ve Ma, 2015) ve serbest piston lineer genlestirici ¢esitlerini icerir
(Wang, Chen, Jia ve Roskilly, 2017; Zhang, Peng, He, Xing ve Shu, 2017; Preetham
ve Weiss, 2016; Li ve dig., 2016). Scroll genlestiriciler, Imran ve dig. (2016) tara-
findan gosterildigi gibi, disiik gii¢c uygulamalarinda yaygin olarak kullanilmak-
tadirlar ve verimleri %7-85 araligindadir. Vidali genlestirici uygulamalar: ORC,
giines enerjili ORC, jeotermal, ve sogutma ¢evrimlerini kapsamaktadir (Imran ve
dig., 2016). Smith ve dig. (Smith ve dig., 1999; 2000; 2005) uzun siireli gelisme-
leri ve aragtirmalari gostermistir.

Serbest piston lineer genlestirici (SPLG) 1s1l enerjiyi elektrik enerjisine doniis-
tiiren bir pozitif yer degistirmeli makinedir. Yakin ge¢miste arastirmalarin bir
konusu olmustur ve literatiirde birkag tasarim alternatifleri sunulmustur (Zhang
ve dig., 2017; Preetham ve Weiss, 2016; Li ve dig., 2016; Tian ve dig., 2017). Gele-
neksel tasariminda, SPLG Ust Olii Noktadan (UON) Alt Olii Noktaya (AON) meka-
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nik bir baglanti olmadan bir silindir i¢inde serbestge hareket eden bir pistondan
olusur. Mekanik bir baglantinin olmamasi bu genlestiriciyi tipik pistonlu genles-
tiricilerden ayirir. Wang ve dig. (2017) bir lineer elektrik jeneratoriiyle birles-
tirilen c¢ift-pistonlu hava tarafindan siiriilen serbest piston lineer genlestirinin
deneysel calismasini ylriitmiistiir. Konsept tasarimlarinda, sisteme hava giris ve
¢ikisi her silindirde bulunan giris vanasi ve elektromanyetik egzoz vanasi aracili-
giyla saglanmistir. Zhang ve dig. (2017) transkritik CO, ¢evriminin kisma prose-
sindeki isi geri kazanmak icin ¢ift etkili serbest piston genlestirici tasarimi gelis-
tirmislerdir. Preetham ve Weiss (2016) kayar piston mimarisine dayal olarak bir
kii¢lik 6lgekli serbest piston genlestirici tasarlamislardir ve genlestiricinin diisiik
sicaklikli atik 1s1 kaynaklarini kullanilabilir gii¢ ¢iktilarina ¢evirmede kullanimini
incelemislerdir. Li ve dig. (2016) 6zgiin bir serbest piston genlestirici ve lineer
jenerator Unitesi kullanarak tasit motorlarindan atik 1siy1 geri kazanmay1 sun-
muslardir. Tian ve dig. (2017) serbest piston lineer jeneratdriin ¢alisma karak-
teristiklerini ve gli¢ ¢iktilarini arastirmak icin deneysel bir ¢alisma ytiritmustur.
Ismael ve dig. (2021) iki pistonlu linear jenerator i¢in test diizenegi gelistirmistir
ve piston hareketinin iirettigi gii¢, voltaj, frekans ve doniisiim verimleri gibi pa-
rametreleri incelemistir. Vana zamanlamasini ayarlayarak yapilan arastirmada,
%>59.9 maksimum verimlilik elde edilirken 120 W’lik gii¢ liretilmistir. Serbest
piston genlestirici jeneratori i¢in baska bir test dliizenegi, Peng, Tong, Guo ve Huo
(2021) tarafindan calisilmistir. Tek pistonlu sistemde yapilan bu ¢alismada, farkl
genlesme zamanlarinda ve tork yiiklerinde, genlestiricinin calisma karakteris-
tigi incelenmistir. Maksimum 25.8 W’lik gii¢ elde edilmistir. Wu ve dig. (2021),
performansini incelenmistir. Genlestiriciye baglanan jenerator araciligiyla 3 J'luk
bir enerji tiretimi yapilmistir. Peng, Tong, Yan ve Huo (2022), diger bir ¢calismada,
giris basincinin ve torkun tek pistonlu serbest piston genlestiricinin performan-
sina etkisi incelenmistir. Tim parametrelerin icinde, giris basincinin etkisinin
performansa en biiytik etkisi oldugu sonucuna varilmis ve maksimum 28.5 W’lik
bir gii¢ Giretimi elde edilmistir.

SPLG i¢in tasarimlardan biri de cift piston yapili bir serbest piston olarak diisii-
niilmektedir (Wang ve dig., 2017). Diger deyisle, piston 2 odaya sahiptir (Bonar,
2002). Bonar tarafindan tasarlanan SPLG, diger tasarimlar gibi giris ve egzoz
portlariin agilmalarini kontrol etmek icin kontrol vanalari kullanmamaktadir
(Wangve dig., 2017; Tian ve dig., 2017; Bonar, 2002). Bu genlestiricinin en 6nem-
li avantajlarindan birisi basit tasarimi ve diisiik iiretim maliyetidir. Giris ve ¢ikis
portlar1 vanasiz oldugundan, genlestirici hareket eden sadece bir parcaya sahip-
tir, o da pistondur. Bu ¢alismanin amaci yeni bir genlestirici tipi olan Vanasiz Ser-
best Piston Lineer Genlestiricinin (SPLG) potansiyelini incelemektir. Gelismis du-
stik sicaklikli 1s1 geri kazanim sistemleri icin bu genlestiricinin uygulanabilirligini
analiz etmek i¢in SPLG’yi tasarlamak, liretmek ve deneysel performans analizini
yapmak bu ¢alismada asli amac¢ edinilmistir. SPLG'nin test edilmesi i¢in test dii-
zenegi kurulmustur. SPLG’'nin bu tasariminin literatiirdeki diger tasarimlara gore
avantajl vana iceriyor olmamasi ve tek hareket eden parcanin piston olmasidir.
Vanasiz SPLG tasariminin ilk deneysel siirekli rejim ¢alismasinin elde edilmesi ve
performans analizi bu ¢alismanin nihai hedefidir.
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2. Deneysel Yontemler

Bu calismada analiz edilen SPLG tasarimi iki odal bir pistondan ve 4 delikli si-
lindirden olusmaktadir. 2 delik giris bdlmeleri ve geri kalanlar egzoz bélmelerini
olusturur. Silindir gévdesi elektrik sargilarina sahiptir. Pistonun iki odasi, tizeri-
ne dogal miknatislarin yerlestirildigi bir baglanti cubuguyla birbirlerine baghdir.
Sistemin calismasi krank mili icermeyen bir motorun ¢alisma prensiplerini an-
dirmaktadir. Pistonun lineer hareketinden elde edilen elektrik giiciinii iiretme
yontemi, pistona yiiklenmis miknatislarla ve silindire sarilan sargilarla saglan-
mistir. Calisma siirecinde, her odadaki parametreler es zamanli olarak degisir ve
bir odada sikisma gerceklesip diger odada genlesme oldukga elektrik giicti iire-
tilir. Silindir gévdesinin her iki tarafinda bir yay-conta mekanizmasi kullanilmis-
tir. Bu mekanizma, pistonun hareket ederken silindir i¢cinde asir1 yer degistirme
yapmasini dnler. Calisma prosesi Sekil 1’de gosterilmistir.

Sekil 1: Odadan odaya ¢alisma prosesleri: (a) proses 1 — 2: sol odada hava girisi
ve sag odada hava tahliyesi, (b) proses 2 — 3 (gii¢ elde edinimi): sol odada gen-
lesme ve sag odada sikistirma, (c) proses 3 — 4: sag odada hava girisi ve sol
odada hava tahliyesi, (d) proses 4 — 1 (gli¢ elde edinimi): sag odada genlesme ve
sol odada sikistirma

SPLG’nin performansini analiz etmek ve literatlirdeki diger genlestirici tipleriy-
le karsilastirmak i¢in, basing ve sicaklik sensorleri gibi dl¢iim cihazlariyla, veri
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edinim sistemiyle, ve bir debi dlger ile bir test diizenegi gelistirilmistir. Akiskan
olarak hava kullanilmistir ve bir kompresor araciligiyla saglanmistir. SPLG’ye gi-
risinden 6nce hava istenen basingta kompresor tankinda depolanmistir. Kontrol
vanasi ac¢ildig1 anda, SPLG basingl hava ile harekete gecirilmistir. SPLG’ye girisin-
den 6nce, bir proses hava isiticis1 havayi 1sitmak i¢in kullanilmistir. SPLG ¢alisir
konumdayken giris havasi kademeli olarak istenen sicakliklara getirilmistir. Her
SPLG testinden sonra pistonun sogumasi i¢in yeterli siire beklenmistir. Silindir
govdesi ve giris hava boru hatt1 bir fiberglas yalitim malzemesiyle yalitilmistir.
SPLG’ye dis yiik ylklemek icin, birden fazla direng sistemi deney diizeneginde
kurulmustur. Test diizeneginin tiimiinii gosteren resim Sekil 2’de sunulmustur.
Sekil 3, test diizeneginin sematigini gostermektedir.

Sekil 2: SPLG test diizeneginin resmi; 1) SPLG, 2) Elektrikli 1sitici, 3) Basing 6l-
cer, 4) Debi 6l¢er, 5) Kontrol paneli, 6) Akis kontrol vanasi, 7) Direng bankasi, 8)
Voltaj 6l¢limii i¢in LabJack, 9) Sicaklik ve basing 6l¢timleri i¢in LabJack, 10) Masa
icin C-kelepcesi, 11) Genlestirici tutucusu icin L-kelepcesi, 12) SPLG kelepgesi,
13) Giris hava sicakligi 6l¢ciimii i¢in termokupl
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Sekil 3: Test dlizeneginin sematigi

Kompresoér

Termokupl

Giris hava sicakligini ve SPLG odalarinin giris ve ¢ikis sicakliklarini 6lgmek igin
2,2 °C hassasiyetine sahip K-tipi termokupllar kullanilmistir. SPLG'nin iki odasin-
daki giris ve ¢ikis deliklerine %2,5 dogruluguna sahip 4 adet gosterge basing sen-
sorleri yerlestirilmistir. Odalardaki termokupllar ve basing sensorler veri edinim
cihazina baglanmistir ve bir yazilim araciligiyla sicaklik/basing degerleri goriin-
tiilenip kaydedilmistir. Panele yerlestirilen debi 6lger ile tam 6l¢cegin %3,0 dogru-
lugunda genlestiriciye giren ve ¢ikan debi 6l¢tilmistiir. Ek bir veri edinim cihazi
SPLG’nin elektrik devresine baglanmistir ve calisma esnasinda lretilen voltaj
ciktis1 gorlintiilenip kaydedilmistir. Voltaj kaydi esnasindaki frekans dogrulugu,
tarama hizinin (Hz) tarama sayisina oranidir. Calismada izlenen deneylerin tasa-
rimi1 Tablo 1'de bagimsiz degiskenler ve kontrol edilen degiskenler degerleri ile
birlikte sunulmustur.
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Tablo 1: Deneylerin tasarimi

Test Seti # Bagimsiz Degisken Kontrol Edilen Degiskenler

Giris Hava Basinci
1 Deger Araligi: 275.8-551.6 kPa
Artis Orani: 68.9 kPa

Giris Hava Sicaklig1 (90 °C)
Direng Biiyiikliigi (0.667 ohm)

Giris Hava Sicaklig
2 Deger Araligi: 50-90 °C
Artis Orani: 10 °C

Giris Hava Basinci (413.7 kPa)
Resistance Magnitude (0.667 ohm)

Direng Buyukligi Giris Hava Basinci (413.7 kPa)
Degerler: 0.667, 1.667, 3.333, 8.333 ohm Giris Hava Sicakligi (90 °C)

3

Bu ¢alismada arastirma ve yayin etigine uyulmustur.
3. Veri Analizi

Termodinamigin birinci ve ikinci yasalar1 kullanilarak, analiz yiritilmistir.
Esitlik 1-5 siirekli rejim durumu altindaki kiitle ve enerji korunumlarindan
ve entropi dengesinden elde edilmistir. 1, 2, 3, ve 4 alt simgeleri sirasiyla sag
oda girisi, sag oda ¢ikis, sol oda girisi ve sol oda ¢ikisini temsil eder (Sekil 1'de
isaretlenmistir). Is1 kayiplar1 gozardi edilecek seviyede oldugu varsayilmistir.
Ek olarak, kinetik ve potansiyel enerjilerdeki degisimler gozard: edilecek kadar
diisiik degerlerdedir ve bu analizde sifira esit sayilmistir. Hava bir anda sadece
bir odaya girdiginden, her odaya saglanan hacimsel debi toplam hacimsel debi-
ye esittir (Es. 1). Hava ideal gaz olarak ele alinmistir. Ger¢ek genlestirici gilici
Es. 2’de ve izantropik genlestirici gii¢ ¢cikis1 Es. 3'te gosterilmistir. Ozgiil 1s1 [cp)
ve hava gaz sabiti (R) sirasiyla 1,005 kJ/kg-K ve 0,2869 k] /kg-K sabit degerleri
olarak ele alinmistir. Sicaklik dl¢egi sadece 50 °C ile 90 °C arasinda degistiginden
sabit 6zgiil 1s1 varsayimi uygun goriilmiistiir. Genlesme islemi sonrasindaki hava-
nin ¢ikis sicakliklari (T and T, b ), ideal gazlarin izantropik genlesme bagintisi
kullanilarak ve 6zgiil 1s1 katsaylsl k=1,401 alinarak hesaplanmistir. Uretilen ent-
ropi ve tersinmezlik (I) sirasiyla Es. 4 ve 5’te gosterilmektedir.

mg = m; = ml,g = mZ,g = mS,g = m4,§ =m= phl.{g (1)
Wep = ticp{(Tig = Togn) + (Tsg — Tagn)} @
W = ticp{(Trg = T2.§.S) +(Tsg = T4,¢,S)} )
. . T, P, T, P,

Si = m{[cz, In (T—i) — Rgln (P—i)] + [cp In (i) —RgIn (é)]} 4)
I1=T,5 (5)

Hacimsel debi scfm biriminde 6l¢iildiigl icin hesaplamalarda havanin yogunlugu
(p,) 1.225 kg/m? olarak alinmigtir. T_degeri 20 °C olarak varsayilmigtir. Es. 6 kul-
lanilarak kontrol hacmi i¢in izantropik verim hesaplanmistir. SPLG’nin hacimsel
verimi, gercek kiitlesel debinin ideal prosesin kiitlesel debisine orani olarak ta-
nimlanmistir. Boylece, hacimsel verim Es. 7 tarafindan belirlenmistir. Es. 7 odala-
rin birine saglanan havanin kiitlesel debisine, yer degistirme hacmine ve piston
hareketinin frekansina bagl bir fonksiyondur. Genlestiricinin ¢alisma frekansi
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voltaj-zaman ¢ikt1 verisi tizerine uygulanan Fast Fourier Dontlisimii aracilifiyla
hesaplanmistir. Es. 8 ve Es. 9 kullanilarak, sirasiyla ortalama elektrik gii¢ ¢iktisi
ve mekanik-elektriksel doniisiim verimi hesaplanmistir. Ortalama elektrik gii¢
ciktisy, voltaj ortalama karekok degerine ve dis yiikiin esdeger direncine baghdir.

Wz;h
— W 6
s = Y (©)
_ _Ma
T oy M
; v
We,ort = I;MS (8)
R esd
WEUT[
A 9
Na We gersen (©)]

Verilerin hesaplanmasinda bir¢ok enstriimandan 6l¢iim alindigi icin ve hesapla-
nan parametrelerin dogruluklarini belirlemek adina, belirsizlik analizi ytirtiil-
miistiir. Hesaplanan parametrelerin standart sapmalari, hatanin yayilmasi for-
miili kullanilarak belirlenmistir (Es. 10).

ot = () ot + () oi + (3) o (10
4. Deneysel Sonuclar ve Tartisma

SPLG’nin siirekli rejim ¢alismasi elde edildikten sonra, SPLG'nin performansini
analiz etmek adina deneyler yiriitilmiistiir. Deneylerde havanin giris basinci ve
giris sicaklig1 ve genlestiriciye dis yiik olarak baglanan elektrik direnci degistiril-
mistir. Sicaklik 6l¢limlerinde sabit degerlere ulasildig1 g6zlemlenen aralik siirekli
rejim alani olarak se¢ilmistir. Siirekli rejim alanindaki termodinamik ve voltaj
verilerinin ortalama degerleri her deneyin analizi icin siirekli rejim 6zellikleri
olarak kullanilmistir.

Giris hava sicakligini 90 °C’de ve direnci 0,67 ohm’da tutarken, 276 kPa-552 kPa
(40-80 psi) araliginda 69 kPa araliklarla degisken hava giris basincinin etkile-
ri incelenmistir. Sonuglar genlestiricinin %21.5 maksimum izantropik verime
eristigini gostermektedir. Gergek genlestirici giicti ve elektrik gii¢ ¢iktisi sirasiyla
150,3 W ve 3,30 W olarak elde edilmistir (Sekil 4). Ozellikle, yiiksek giris hava ba-
sing¢larinda genlestiricinin ¢alisma frekansi yiikselmistir. Bu durum piston hiziyla
baglantiy1 gostermektedir. Deneyler giris basinciyla hacimsel debi ve voltaj ¢ciktisi
arasinda direkt bir baglant1 géstermektedir. Hacimsel debi 483 kPa’da %109 ola-
rak zirve yaparken, voltaj ¢iktis1 maksimum 1,47 V’a erismistir. Bu volt degerin-
deki elektrik gii¢c en yiiksek degerine ulasmistir. Fakat, mekanik-elektriksel do-
niisiim verimi %1,5 ve %2,6 arasinda degismistir (Sekil 4a). Bu durum o6zellikle
optimize edilmemis gii¢ liretim devresi tasarimindan dolay: genlestirici gliciinii
elektrik giicline dontistiirmedeki verimsizligi gostermektedir. Farkli basinglarda
sabit izantropik verimlerinin elde edilmesinin yaninda, gercek genlestirici giicii
tersinmezlik ile beraber artis géstermistir. Bu durum ytiksek basin¢larda stirtiin-
me kayiplarinin artmasindan kaynaklanmaktadir (Sekil 4b).
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Sekil 4: Farkl giris hava basin¢larindaki performans: (a) verimler (b) gercek gen-
lestirici giicti ve tersinmezlik.

Giris hava basincini, hacimsel debiyi ve direnci sirasiyla 414 kPa, 6,1 m3/hr, ve
0,67 ohm'’da sabit tutarken, giris hava sicaklig1 50 °C ile 90 °C araliginda degisti-
rilmistir. Ozellikle, maksimum izantropik verimin 80 °C’de %19 olarak gériilmiis-
tiir, ve deneydeki gercek genlestirici glicliniin 78 W ve elektrik giicliniin 1,95 W
oldugu gozlemlenmistir. Frekans degerleri bu deney setinde 50 °C’de 35 Hz'den
90 °C’de 31 Hz'e kadar sicaklik arttikca diisiis gostermistir. En yiiksek voltaj or-
talama karekok degeri (1,83 V) ve elektrik giicii (2,48 W), 60 °C’de kaydedilmis-
tir. Bu calisma izantropik verimin %15 ile %19 arasinda degistigini gdstermistir.
Hacimsel debi 90 °C’de %120 olarak zirve yapmistir. Bu durumda sizdirmazlik
halkalarindan i¢ sizint1 olustugu diisiiniilmektedir (Sekil 5a). Ger¢ek genlestirici
giicii 80 °C’de zirve yaparak 78,06 W degerine ulasmistir, fakat, farkl sicakliktaki
degerler birbirine yakin olarak gorilmiistiir (Sekil 5b). Diger tarafta, tersinmez-
lik giris hava sicaklig1 arttik¢a azalma yoniinde egilim gostermistir.

140% 450

400
120%

350

100% 30

g 8% g 20

g
> 60%

20% e ——g
50

200 300 400 500 600

Sicakiik (°C) Sicaklik (°C)

— tim lektriksel Daniisiim Verimi pik Verim . .
——Tersinmezlik  —— Gercek Genlestirici Giicii

Sekil 5: Farkli giris hava sicakliklarindaki performans: (a) verimler (b) gercek
genlestirici gilicii ve tersinmezlik.

Son deney serisinde, giris hava sicaklig1 ve basinci sirasiyla 90 °C’'de ve 414
kPa’'da sabit tutulmustur ve elektrik ytiki 0,67 ohm’dan 8,33 ohm’a kadar degis-
tirilmistir. SPLG 8,33 ohm’da maksimum izantropik verimini (%20) géstermistir.
Bu deneyde 87,3 W gercek genlestirici giicii hesaplanirken sadece 0,03 W elekt-
rik giicii tiretilmistir (Sekil 6). Voltaj ortalama karekok degeri 8,33 ohm direncte
2,32 V olarak zirve yaparak yiik direnci arttik¢a artis géstermistir. Fakat, elektrik
glicii ylik ile ters orantili baginti1 gdstermistir ve 1,13 W olarak en diisiik direng
olan 0,67 ohm’da zirve yapmistir. SPLG’nin frekansi rezistans ile degisim goster-
mistir. {1k olarak 1,67 ohm’da 38 Hz olarak maksimuma ulasirken, daha yiiksek
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direnclerde diisiise gecmistir. Izantropik verim %14 ile %20 arasinda degisirken,
en yuksek elektrik giicii ¢ciktisi, %1,7’lik diisiik mekanik-elektriksel doniisiim ve-
rimine (Sekil 6a) ragmen en diisiik direngte gozlemlenmistir. Hacimsel verim en
diisiik direncte %120 olarak elde edilmistir. Bu durum potansiyel bir i¢ sizintinin
oldugunu gostermektedir. Direng arttik¢a, gercek genlestirici giicli de artmistir.
Bu egilim, yiiksek diren¢lerde gercek genlestirici giiciiniin, tersinmezlik degisimi
ihmal edilecek seviyede kalirken daha da artacagini gostermektedir (Sekil 6b).

Direng (ohm) Direng (ohm)

—— Hacimsel Verim  —— Mekanik-Elektriksel Déniisim Verimi  —— izantropik Verim —— Tersinmezlik  ——Gergek Genlestirici Gicii

Sekil 6: Farkli direnglerdeki performans: (a) verimler (b) gercek genlestirici giicti
ve tersinmezlik.

Sekil 4-6’larda sunulan hata ¢ubuklar: her bir deney i¢in ayr1 ayr1 hesaplanmistir.
Calismanin kisa tutulmasi icin sadece farkli giris hava basinglarindaki performans
testlerinde elde edilen hata degerleri ytlizdelik olarak Tablo 1’de gosterilmistir.

Tablo 2: Farkli giris hava basin¢larindaki performans testlerinde elde edilen yiiz-
delik hata degerleri

Standart Sapma Yiizdeleri
Giris Hava Basinci 276 kPa 345 kPa 414 kPa | 483 kPa | 552 kPa
Gergek Genlestirici Giici %16 %14 %12 %11 %10
Tersinmezlik %19 %16 %14 %11 %11
[zantropik Verim %20 %20 %15 %16 %14
Mekanik-Elektriksel Doniisiim Verimi %38 %32 %25 %22 %23
Hacimsel Verim %10 %8 %7 %5 %10
5. Sonuglar

Vanasiz SPLG'nin uzun siireli siirekli rejim calismasi basaril bir sekilde elde edil-
mistir. SPLG’nin performansini analiz etmek i¢in, giris hava basincini, giris hava
sicakligini ve elektriksel direnci degistirerek ti¢c farkli deney seti uygulanmistir.

SPLG'nin frekans ¢iktis1 giris hava basinci arttikga artis, giris hava sicakligi arttikga
disiis gostermistir. Tim deneylerdeki maksimum frekans 44 Hz olarak belirlen-
mistir. SPLG maksimum 2,32 V voltaj ortalama karekok degerini iiretmistir. Sonug-
lardan goriildiigii lizere, iiretilen voltaj giris hava basinci ve direncg arttik¢a artma
egilimindedir. Voltaj icin optimum giris hava sicaklig1 60 °C olarak belirlenmistir.
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SPLG’nin maksimum izantropik verimi %21.5 olarak elde edilmistir. Bu noktada-
ki maksimum gergek genlestirici glic ve maksimum elektrik gii¢ sirasiyla 150,3 W
ve 3,30 W olarak gozlemlenmistir. Mekanik-elektriksel doniisiim verimi %0,04
ile %3,5 arasinda degisim gostermistir. Bu diisiik verim aralig1 optimize edilme-
mis gili¢ tiretim elektrik devresinden kaynaklanmaktadir ve gelismeye acik bu
alan ayr1 bir ¢alismanin konusu olmalidir. Giris hava sicakligini degistirmek ha-
cimsel verimi 6nemli 6l¢iide degistirmedi (hata toleransi dahilindedir). Goreceli
olarak yiiksek hacimsel verim 90 °C ve 0,67 ohm’da gézlemlendi. Bunun muh-
temel sebebinin, sizdirmazlik halkalari ile silindir duvarlar1 arasinda meydana
gelen asir1 i¢ sizma oldugu disiiniilmektedir.

Giris hava basinci arttikga SPLG'nin gercek genlestirici giicii artmistir ve 552
kPa’da maksimuma erigmistir. Direnci 1,67 ohm’dan 8,33 ohm’a kadar arttirmak
ayrica daha yiiksek gercek genlestirici gii¢ ¢ciktilarina sonug¢ vermistir. Diger ta-
rafta, tersinmezlik degerleri giris hava basinci arttikca artis, giris hava sicakligi
arttikca azalis gostermistir. Fakat, farkli giris hava sicakliginda olan tersinmezlik
degisimleri hata t6leransi i¢cindedir.

SPLG’nin maksimum izantropik verimi %21,5 olarak belirlenmistir. Bunun, bu
vanasiz SPLG tasariminin ilk iterasyonu oldugu not edilmelidir. Gelecek calis-
malar i¢in, O-ring malzemesi gelistirilmelidir. Béylece daha iyi sizdirmazlik ve
O-ringler ile silindir duvari arasinda daha diistik siirtiinme elde edilebilir. Ek ola-
rak, gercek genlestirici giicii ve elektrik gli¢ tiretimi arasindaki fark: diisiirmek
icin, mekanik-elektriksel doniislim mekanizmasi iyilestirilmelidir. Bu sebeple,
miknatis secimi, tel sarimi ve elektriksel devre tasarimi iizerine daha fazla aras-
tirma ytriitiilebilir.
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Cikar Catismasi
Yazarlar tarafindan herhangi bir ¢ikar ¢atismasi beyan edilmemistir
Simgeler (Symbols)
¢p: Ozgiil 151 katsayis1 (kJ/kgK)
f: frekans (Hz)
I: Tersinmezlik (W)
m: Kiitlesel debi (kg/s)
P: Basing (kPa)
Resq: Esdeger direng (ohm)
S: Entropi (kJ/K)
T: Sicaklik (°C)
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V: Hacimsel debi (m*/s)

Vrums: Ortalama karekok voltaji (V)
V,: Yer degistirme hacmi (m?)

W: Giig (W)

Yunan Harfleri (Greek Letters)
Nq: Mekanik-elektriksel doniisiim ve
ns: Izantropik verim

A: Hacimsel verim

p: Yogunluk (kg/m?)

o Standart sapma

Alt indis (Subscript)

1: Silindir 1. port

2: Silindir 2. port

3: Silindir 3. port

4: Silindir 4. Port

¢: ¢ikig

¢,gercek: gercek cikis

e,ort: ortalama elektrik

g: giris

h: hava

s: izantropik

i: dretilen
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Keywords Abstract

Durability, Additive Manu- 3D printing or additive manufacturing, has revolutionized the produc-
facturing, 3D Printing, Pol- tion of complex structures by facilitating the use of high-performance
yether Ether Ketone (PEEK), polymers. This study was conducted to obtain optimum printing settings
to optimize the mechanical properties of parts produced from high-

performance PEEK polymer. By systematically varying parameters such

Printing Parameters, Opti-

mization.
as layer height, printing speed, extrusion temperature, and filling den-

sity, the effects on the tensile strength, impact resistance, and durability
of printed materials were analyzed. To this aim, impact and tensile tests
was applied to each sample and the printing parameters was analyzed
with Analysis of Variance (ANOVA). The optimal printing parameters,
determined through tests conducted in accordance with printer speci-
fications, are as follows: a printing speed of 20 mm/s, a layer height of
0.3 mm, an extrusion temperature of 400°C, and a filling rate of 100%.
These parameters demonstrated noteworthy mechanical qualities, such
as a Young’s modulus of 4.1 GPa, an impact strength of 7.1 ], and a tensile
strength of 82.5 MPa. The findings reveal that specific combinations of
these properties significantly improve the mechanical performance of
PEEK.
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ERiYiK YIGMA MODELLEME YONTEMi KULLANILARAK PEEK iLE
URETILEN PARCALARIN MEKANIK OZELLIKLERINI IYILESTIRMEK
ICIN BASKI PARAMETRELERININ OPTIMiZASYONU

Anahtar Kelimeler

0Oz

Dayanikliik, Katmanh Ure-
tim, 3D Baski, Polyether Et-
her Ketone (PEEK), Baski Pa-
rametreleri, Optimizasyon.

3D baski veya katki maddesi imalati, yiiksek performansli polimerlerin
kullanimini kolaylastirarak karmasgik yapilarin tiretiminde devrim ya-
ratmigtir. Bu ¢alisma, yiiksek performansli PEEK polimerinden tiretilen
pargalarin mekanik ézelliklerini optimize etmek icin optimum baski
ayarlarini elde etmek amaciyla yiiriitiilmistiir. Katman yiiksekligi,
baski hizi, ekstriizyon sicakligi ve dolum yogunlugu gibi parametreleri
sistematik olarak degistirerek, basili malzemelerin cekme mukaveme-
ti, darbe direnci ve dayanikliligi iizerindeki etkiler analiz edilmistir. Bu
amagla, her numuneye darbe ve cekme testleri uygulanmis ve baski pa-
rametreleri Varyans Analizi (ANOVA) ile analiz edilmistir. Yazici ozel-
liklerine uygun olarak gerceklestirilen testlerle belirlenen optimum
baski parametreleri sunlardir: 20 mm/s baski hizi, 0,3 mm katman
yliksekligi, 400°C ekstriizyon sicakligi ve %100 dolum orani. Bu pa-
rametreler, 4,1 GPa Young modiilti, 7,1 | darbe dayanimi ve 82,5 MPa
cekme dayanimi gibi dikkate deger mekanik nitelikler gostermistir.
Bulgular, soz konusu ézelliklerin belirli kombinasyonlarinin PEEK'in
mekanik performansini belirgin bir sekilde iyilestirdigini ortaya koy-
musgtur.
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1. INTRODUCTION

The manufacturing process has undergone a revolutionary development through
3D printing or otherwise known as Additive Manufacturing (AM). This manufac-
turing method has enabled the creation of very complex geometries with high
accuracy, customization and less waste, appealing to consumers in the aerospa-
ce, automotive, medical and consumer products sectors. One of the major breakt-
hroughs in 3D printing has been achieved through the use of high-performance
polymers. These polymers show high performances in terms of mechanical pro-
perties, thermal stability and chemical resistance compared to traditional mate-
rials Polylactic acid (PLA) ve Acrylonitrile butadiene styrene (ABS) (ABS). (Wasti
& Adhikari, 2020; Yavuz & Yuran, 2021).

High-performance polymers such as Polyether-Ether-Ketone (PEEK), PolyAmide
(PA), and Poly-Carbonate (PC) are gaining more popularity in 3D printing due
to their exceptional properties. These materials have the ability to offer high
strength, toughness, and resistance to extreme operating temperatures. Howe-
ver, optimizing the mechanical properties of high-performance polymers during
3D printing is a major challenge. The factors that most affect the mechanical
properties of printed components are layer height, extrusion temperature, infill
density and printing speed. There are also side factors such as infill direction and
humidity (Patti et al., 2022; Wu, Geng, Li, Di, et al., 2015).

Although high-performance polymers exhibit improved mechanical properties,
the key is the consistent optimization of the printing parameters. The literature
shows that significant changes in tensile strength, impact resistance, and overall
part durability are observed by adjusting the printing parameters. The extrusion
temperature affects the bonding between layers, and parameters such as layer
height and infill density change the internal structure and stress distribution of
the printed part. However, despite all these data being available in the literature,
analyses on the combined effects between the various printing parameters of
high-performance polymers are insufficient. (Patti et al., 2022).

In a comprehensive study on the optimization of printing settings to improve
the mechanic properties of parts printed with high-performance polymers, the
most important printing parameters were systematically changed to explore the
effects of optimization on tensile strength and impact resistance. In addition, the
research, which aims to improve the mechanical properties and heat resistan-
ce of parts produced with Fused deposition modeling (FDM) 3D printers, has
focused on the development of biodegradable PLA-based composite materials.
Binary and ternary mixtures of PLA, PBAT, PBS prepared in certain proportions
were prepared and processed using a twin-screw extruder and then subjected to
thermal, mechanical and morphological analyses. The results showed that PBS
increased the crystal structure for PLA, thus improving its mechanical strength
and heat resistance. In particular, ternary blends provided remarkable benefits,
thus overcoming the limitations of PLA, such as low heat resistance and brittle-
ness. (Prasong et al,, 2021).
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In an article on how printing factors affect the mechanical properties of high-
performance polymers, the main factors affecting the mechanical properties of
parts printed with additive manufacturing and high-performance polymers were
determined. PLA/PBS blends were prepared for FDM printing. These blends
were easily processed and extruded with 1.75 mm filaments using a standard
single-screw extruder. As the PBS content increased, elongation at break and
impact strength increased. In addition, interlayer bond strength improved. In
blends containing at least 40% PLA by weight, FDM printing in the chamber was
carried out without any problems. (Ou-Yang et al., 2018).

In another study that systematically investigated and optimized printing pa-
rameters, it was emphasized that the parts produced using high-performance
polymers are increasing every year, and it was taken into account that additive
manufacturing is moving towards more complex and difficult-to-print applicati-
ons every year. [t was emphasized that in order to optimize these polymers, their
components and their ratios need to be better understood, and it was mentioned
that the optimizations made were still insufficient (Alabd & Temiz, 2024).

FDM is a widely used 3D printing technology. Since 3D printed parts are pro-
duced layer by layer, they exhibit anisotropic mechanical properties. This me-
ans that the tensile properties of a printed part can vary significantly depending
on the direction and order of layer addition. This anisotropy results from the
layer-by-layer fabrication process, which requires effective adhesion between
successive layers. In order to achieve high tensile strength and impact resistance,
a strong interlayer bond must be achieved. Critical parameters that affect this
bonding include extrusion temperature and printing speed. While higher extru-
sion temperatures improve layer adhesion, uncontrolled speed and temperature
management can lead to the polymer not achieving the desired strength during
printing.(Zhao et al.,, 2020).

One of the most important factors affecting the mechanical characteristics of 3D
printed parts is the layer height. Lower layer heights have resulted in better sur-
face quality and stronger parts (maximum tensile strength) due to higher interla-
yer adhesion. The disadvantage of this, as shown in the article, is that it can lead
to longer printing times. The infill percentage and pattern have a great impact on
the mechanical properties of the 3D printed part. Higher infill densities generally
require more material and time, but have resulted in improved mechanical pro-
perties and longer-lasting structures. The correct infill pattern also changes the
way stress is distributed throughout the part, making a positive difference in its
strength when subjected to load. (Hsueh et al.,, 2021).

In recent years, research on 3D printing has increasingly focused on optimizing
process parameters to enhance mechanical properties. In this context, one study
examines how layer thickness and raster angle affect the mechanical properties
of 3D-printed polyether-ether-ketone (PEEK). Researchers utilized a PEEK 3D
printing system to fabricate samples with varying layer thicknesses (200, 300,
and 400 um) and raster angles (0°, 30°, and 45°). Mechanical testing was conduc-
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ted to evaluate the tensile, compressive, and bending strengths of these samples.
Optimal mechanical properties for PEEK were identified at a layer thickness of
300 pm and a raster angle of 0°, with PEEK outperforming ABS significantly. This
highlights PEEK’s potential as a superior material for 3D printing compared to
traditional materials like ABS (Wu, Geng, Li, Di, et al,, 2015).

Similarly, another study investigates the physical and mechanical properties of
PLA, ABS, and nylon 6, produced via FDM and conventional injection molding.
Various methodologies were employed, including vacuum drying, water ab-
sorption tests, X-ray diffraction, and standardized tensile and impact strength
assessments. Data collection focused on density, viscosity, water absorption, and
mechanical properties of samples from both fabrication techniques. Results sho-
wed that FDM samples had significantly lower tensile strength, Young’s modulus,
elongation at break, and impact strength than injection molded counterparts,
with FDM samples exhibiting higher water absorption. These findings highlight
performance disparities between fabrication methods, offering insights for opti-
mizing FDM processes in manufacturing (Bardot & Schulz, 2020; Makara et al.,
2019).

Expanding on the effects of process parameters, another study explores how
nozzle temperature, layer thickness, and raster angles influence the mechanical
properties of 3D-printed ABS and PLA specimens. Tensile tests were conducted
to assess the mechanical characteristics of the printed specimens. Data collec-
tion involved analyzing tensile strength across various nozzle temperatures, la-
yer thicknesses, and raster angles, with surface fractures examined via scanning
electron microscopy (SEM). Findings indicated that higher nozzle temperatures
reduced tensile strength for ABS, while PLA achieved peak tensile strength at
250 °C. The highest tensile strength for both materials occurred at a raster angle
of 0° and lower layer thicknesses, demonstrating the critical impact of these pa-
rameters on the mechanical properties of 3D-printed objects (Antonio Morey &
Julio, 2025).

Broader reviews have also been conducted on high-performance polymers. One
comprehensive study provides a detailed review of PEEK and its composites in
additive manufacturing, particularly FDM. It analyzes the impact of FDM parame-
ters on print quality attributes, such as mechanical properties and accuracy. The
research notes the complexity and slow progress in FDM due to conflicting pa-
rameters. Key findings outline the importance of optimizing process factors for
enhanced tensile strength. PEEK is recognized as a multifunctional material app-
licable in various industries, including medical and aerospace (Kashimatt, 2024).

Building upon these investigations, another study focuses on predictive mode-
ling for optimizing 3D printing parameters. This research centers on the advan-
cement of an artificial neural network (ANN) model designed to forecast the
mechanical characteristics of 3D-printed PEEK polymer utilizing FDM. The ob-
jective is to optimize key process parameters, namely infill density, layer height,
printing speed, and infill pattern, to augment the mechanical properties of the
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printed components. The methodologies employed encompass ANN modeling
featuring a 4-12-3 network architecture, in conjunction with a teaching and lear-
ning-based optimization algorithm (TLBO) and a non-dominated sorting genetic
algorithm (NSGA) for process optimization. Data acquisition comprised an empi-
rical investigation of the 3D printing procedure, which indicated that TLBO effec-
tively reduced surface roughness to 6.01 pm, while NSGA maximized the elastic
modulus to 1253.35 MPa and ultimate tensile strength to 65.55 MPa. The results
underscore the critical importance of optimizing printing parameters to enhance
the mechanical performance of PEEK components, which is vital for applications
across diverse industries such as automotive, aerospace, and medical. (Jyotisman
& Chandrasekaran, 2024).

Another study further refines process optimization strategies, emphasizing high-
performance polymers such as PEEK in material extrusion-based 3D printing.
This research focuses on improving the mechanical characteristics of fabricated
components, addressing the complexities associated with variability and quality
in FDM. The strategy employed involves an ensemble of Surrogate Assisted Evo-
lutionary Algorithms (SAEA), which optimizes critical parameters including layer
height, print speed, print orientation, and nozzle temperature while accounting
for print duration. The methodology for data acquisition included a comparative
analysis of the SAEA outcomes with those derived from Gray Relational Analysis
(GRA) Taguchi, serving as a reference standard. The results indicated that the
SAEA methodology yielded a 28.86% enhancement in ultimate tensile strength,
a 66.95% decrease in elongation, and a 7.14% reduction in printing time, un-
derscoring the pivotal influence of print orientation on the attainment of optimal
mechanical properties for FDM 3D-printed PEEK (Chinmaya et al., 2023).

One another Research was directed towards the development of biocompatible
antibacterial stents by FDM 3D printing method. This provided a useful method
for the treatment of ureteral stents. Considering that most of the conventional
ureteral stents may lead to bacterial infection and biofilm formation, it was sug-
gested to investigate the optimum printer process parameters to improve the
accuracy and quality of biocompatible materials using FDM 3D printing techno-
logy. The composite was fabricated using Polycaprolactone (PCL) and Polylactic-
co-glycolic acid (PLGA) and then a systematic study of the effects of 3D printing
parameters on the mechanical properties of the material was performed. The re-
sults showed that printing at higher temperatures is significantly more sensitive
to printing defects, while printing speed is directly proportional to the occurren-
ce of defects (Akhoundi et al., 2020; Dou et al., 2024).

Developing high-performance and biodegradable materials for 3D printing is
essential for sustainability and meeting urgent needs. Among 3D printing met-
hods, FDM stands out with its low cost and material compatibility, while poor
interlayer adhesion limits the mechanical performance. This study optimized the
FDM parameters to improve the material properties and interlayer bonding. A
PBAT/PLA/PLA-g-GMA (70/30/10 wt%) mixture was selected for mechanical
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strength. Basic parameters such as printing speed, layer thickness, build plate,
and nozzle temperature were fine-tuned. (Layer height: 0.15 mm, Printing speed:
50 mm/s, Nozzle: 200 °C, Bed: 50 °C.) The results were observed by SEM, confir-
ming the improvement of interlayer adhesion (Lyu et al., 2021).

Another study contributed to a comprehensive understanding of the optimi-
zation of printing parameters for high-performance polymers, with the aim of
enabling development and progress in the field of additive manufacturing (AM).
As a systematic review of how these key factors affect the quality of 3D printed
parts, the article presented additional guidelines and best practices that will help
users achieve better mechanical properties. The results obtained showed that
the use of high-performance polymers for industrial purposes will provide better
mechanical performance and, indirectly, reliability. (Farazin & Mohammadimehr,
2022).

Another article examining 3D printed high-performance polymers compares the
properties of PEEK with ABS and investigates the effect of infill settings such as
raster angle and layer thickness. In addition to tensile, compressive and flexural
strength tests, the differences between different raster angles (0°, 30°, 45°) and
layer thicknesses (200 pm, 300 pm, 400 um) are also demonstrated with examp-
les. The optimum mechanical properties of PEEK were obtained in the combi-
nation of 0° raster angle and 300 um layer thickness. Layer thickness and raster
angle were observed as factors that significantly affected the tensile strength of
PEEK samples. The highest mechanical strength was found in samples with 300
pum layer thickness and 0° raster angle. In terms of mechanical properties, PEEK
showed remarkable performance by exhibiting 108%, 114% and 115% higher
ultimate tensile strength, compressive strength and flexural strength than ABS,
respectively. It was also observed that the Young moduli were consistent. The
flexural strength of PEEK was 15% higher than ABS. (Wu, Geng, Li, Zhao, et al,,
2015).

In another study, FDM technology was used to improve the mechanical properti-
es of PEEK. In the article, a special fusion deposition modeling (FDM) system was
developed for 3D printing of PEEK materials and the effects of layer thickness,
printing temperature, printing speed and filling ratio on the tensile properties
were investigated. As a result, the best tensile properties of PEEK samples were
obtained for 60 mm/s printing speed, 0.2 mm layer thickness, 370°C printing
temperature and 40% filling ratio. Impact and bending tests performed under
ideal conditions showed that the printed PEEK samples exhibited suitable mec-
hanical properties. The findings demonstrated that the process parameters af-
fect the tensile strength, that the PEEK-fused part successfully fused the layers
together, and that the best parameter combination produced good adhesion bet-
ween the layers. Images from a SEM verified the effects. According to tests, the
flexural modulus was 1658.6 MPa, the maximum flexural strength was 68.2 MPa,
and the average impact strength was 101.2 KJ]/m?. According to studies, the re-
cently modified parameters are the best approach to get the required mechanical
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qualities in high-performance engineering plastics.(Deng et al., 2018).

This research examined the impact of printing parameters (temperature, speed,
layer height, and infill density) on the mechanical properties of PEEK parts in ad-
ditive manufacturing. The focus was on tensile strength, impact resistance, and du-
rability. The effects of these parameters for optimization were analyzed separately
and in combination using ANOVA. SEM analysis supported the findings, comparing
results with existing literature. Optimized parameters enhanced the mechanical
properties, making PEEK more suitable for aerospace, automotive, and medical
applications. The study shows that adjusting printing parameters is an efficient,
cost-effective way to produce durable, high-performance 3D printed parts.

2. Materials and Methods

This article focuses on optimizing the printing parameters of PEEK filament, a
high-performance polymer that offers excellent mechanical properties, thermal
stability and chemical resistance. For this reason, the PEEK filament used in the
study was chosen as Esun brand PEEK-Industrial in order to guarantee the con-
sistency and quality of the material. The properties of the PEEK material provi-
ded by the Esun manufacturer are shown in Table 1 (Esun, 2022).

Table 1. Table of Esun Peek Mechanical Material (Esun, 2022).

Property of Esun PEEK-Industrial Units Value
Density g/cm? 1.3
Tensile Strength MPa 100
Flexural Strength MPa MPa 170
Elongation at Break % 6.5
Flexural Modulus MPa 4200
1ZOD Impact Strength kJ/m? 6.5
Heat Distortion Temperature °C 152

2.1 Experimental Design

When the experiments in the literature were examined to find out how the mec-
hanical performance of PEEK material changes depending on the printing para-
meters, the monitored parameters are: Printing speed, layer height, extrusion
temperature, infill density (Wang et al., 2021; Xiaoyong et al., 2017).

For S1, S2, S3, samples were created by changing the layer height, extrusion tem-
perature, and infill density while keeping the printing speed (20 mm/s) constant.
Similarly, a total of 9 (S1-9) samples were prepared by keeping the speeds cons-
tant at 40 mm/s and 60 mm/s. These samples are shown in Table 2.
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Table 2. Value of Printing Parameters Used in the Experimental Design

Values
Parameter Units
Specimen No S1 S2 S3 S4 S5 S6 | S7 | S8 | S9
Printing Speed mm/s 20 40 60
Layer Height mm 0.1 0.2 | 0.3 0.1 02 |03 ]01] 0203
Extrusion °C | 360 | 380 | 400 | 360 | 380 | 400 | 360 | 380 | 400
Temperature
Infill Density % 50 75 100 50 75 100 | 50 75 | 100

2.2. Sample Preparation

Then, a series of test samples were printed on a high-precision FDM 3D printer
(CreatBot PEEK 300) suitable for high-temperature polymers such as PEEK. The
design of each sample was in accordance with ASTM standards for mechanical tes-
ting, i.e. Impact testing (in ASTM D256) and Tensile testing (in ASTM D638). These
samples were printed with different combinations of the parameters described in
Table 2 in order to obtain a detailed overview (International, 2014, 2023).

2.3. Mechanical Testing

Mechanical testing is important for gaining an in-depth understanding of how
materials perform. This data is used to analyze mechanical properties such as
strength, hardness, and toughness under different loading conditions. Such
evaluations are essential to understanding how materials will react under real-
world conditions of use and to ensure their suitability. Due to the anisotropic
properties of 3D-printed materials that can result from the layer-by-layer depo-
sition process, testing methodology is crucial for this type of material. Studies
like outlined the importance of the differences in printing parameters on mec-
hanical properties such as, infill density, layer height, orientation and print spe-
ed. These parameters directly affect the internal structure of the material, with
respect to voiding, layer adhesion and anisotropy that are vital when it comes to
mechanical performance (Ahn et al., 2002; Torrado Perez et al., 2014).

Tensile testing measures a material’s ability to withstand tensile forces, while
impact testing measures its ability to absorb energy under sudden loading condi-
tions. Together, these tests provide a general view of material performance under
various conditions for improved materials and design.
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2.3.1. Tensile Testing

The Young’s Modulus and tensile strength values of the printed samples were
measured in tensile mode using a tensile testing machine (Shimadzu AGX-V2 for
ASTM D638) using the appropriate grips shown in Figure 1. The sample, whose
technical drawing is shown in Figure 2, was loaded with uniaxial tensile loading
until the fracture and tensile strain data were recorded. The test was performed
at a constant crosshead speed of 5 mm/min (International, 2014).
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Figure 2. Technical drawing of the specimen for tensile testing.
2.3.2. Impact Testing

Impact strength was measured at room temperature on a Charpy impact tester
(Zwickroell HIT5.5P). The impact test specimen is as shown in Figure 3. The spe-
cimens were notched in the centre and subjected to impact (International, 2023).
The test fractured the specimen and recorded the energy required to do so,
which is a measure of how hard the material is in your hand. As in the tensile test
described, five repetitions were also performed for each parameter combination.
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Figure 3. Technical drawing of the specimen for impact testing.
2.3.3. Microscopic Analysis

SEM (ThermoFisher) software was utilised to analyze the microstructure of the
printed samples. (Prisma E SEM) to study how different printing parameters im-
pact interlayer adhesion and the existence of defects i.e. voids or delamination.
Specimens for microstructural characterization were prepared by cutting ortho-
gonal sections to the printing axis followed by vacuum sputtering with a thin
coating of gold to improve conductivity.

2.3.4. Data Analysis

Statistical analysis was performed on the tensile and impact test data to recog-
nize the effects and interactions of input printing parameters. To test the main
effects and interactions for each of the study variables, we used a analysis of va-
riance (ANOVA). The models were built to predict mechanical properties accor-
ding printing parameters.

2.3.5. Optimization

A multi-objective optimization methodology was used to find the best combinati-
on of printing settings. Here, the goal was to get across the most tensile strength,
toughening and average performance of the developed PEEK printed parts.

2.3.6. Verification

To verify the optimization results, more samples were printed and mechanically
tested with the optimized parameters. The experimental results were then com-
pared with the predicted ones to assess how closely the optimization model fits
the real application. This study systematically investigates and optimizes prin-
ting parameters to enhance the mechanical properties of high-performance poly-
mers in additive manufacturing, while achieving more error-free production for
industrial applications. This methodology was implemented to provide a comp-
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lete assessment of the impact of printing parameter effects on the performance
of materials and to help advance additive manufacturing technologies.

Research and publication ethics were observed in this study.

3. Results

The tensile graph of printed PEEK samples is given in Figure 4. In addition, the
results of tensile and impact tests are given in Tables 3. The results are given
with different printing parameters (Printing Speed (mm/s), Layer Height (mm),
Extrusion Temperature (°C) and Filling Density (%)).

Tensile Test (ASTM D638)
(20mm/s,0.3Layer Height,400C Ext. Temp,100% infill)
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Figure 4. Tensile test graph of the sample with the highest strength

Table 3. Tensile and Impact Test Results

Printing Layer Extrusion Infill Tensile Young’s Impact
Sample ID Speed Height | Temperature | Density | Strength | Modulus | Resistance

(mm/s) (mm) (49 (%) (MPa) (GPa) U]
S1 20 0.1 360 50 75.3 3.5 5.4
S2 20 0.2 380 75 78.1 3.7 6.2
S3 20 0.3 400 100 82.5 4.1 7.1
S4 40 0.1 360 50 74.8 3.3 5.6
S5 40 0.2 380 75 79.6 3.6 6
S6 40 0.3 400 100 81.2 3.8 6.8
S7 60 0.1 360 50 74.3 3.4 5.9
S8 60 0.2 380 75 76.9 3.5 6.1
S9 60 0.3 400 100 80.1 3.7 6.5
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In tensile test results, detailed results were drawn on how the Young modulus of
PEEK samples and tensile strength were affected by the changes in printing para-
meters. The results show that under the condition of 100% infill density, samples
S3, S6 and S9 had better tensile strength and Young modulus when higher extru-
sion temperature (400 °C) was used. For example, sample S3 printed at 20 mm/s
printing speed starting from 0.3 mm layer thickness and 400 °C extrusion tempe-
rature showed the highest tensile strength of 82.5 MPa. The tensile strengths of
samples with lower infill density (50%) and lower extrusion temperature (360
°C), namely samples S1, S4 and S7, were lower than the others. The large fluc-
tuation in tensile strengths among different samples shows how printing para-
meters affect the mechanical behavior of high-performance polymers in additive
manufacturing. The effect of temperature on layer adhesion, the decrease in the
number of critical print lines with increasing layer thickness and the geometric
accuracy provided by low speed have led to this result. The fullness parameter,
on the other hand, has negative effects in terms of weight and material consump-
tion, among other parameters. This results in a higher strength/weight ratio for
some applications, which is beneficial for industrial uses where these materials
must be much stronger than traditional ones.

Also Table 3. Impact Test Results shows the impact resistance of PEEK samples
printed with different parameters. The higher the extrusion temperature and
the denser the infill, the greater the impact resistance achieved. The 100% infill
sample S3, printed at the lowest speed of 20 mm/s, with a larger layer height of
0.3 mm, and an extrusion temperature of 400°C, exhibited the highest impact re-
sistance value (7.1]). This indicates that higher temperatures promote interlayer
interaction, leading to increased energy absorption under impact. On the other
hand, samples with lower infill densities and extrusion temperatures, such as S1
and S4, exhibited lower impact resistance values of 5.4 | and 5.6 |, respectively.
These results highlight the necessity of adjusting printing parameters to maximi-
ze mechanical properties, especially when impact resistance is crucial.

Analysis of Variance (ANOVA)

ANOVA was executed to identify the significant factors and interactions affecting
the tensile strength and impact resistance of the printed samples. Analysis of va-
riance allowed us to compare the effects of different parameters and determine
to what extent these parameters contributed to the variations in the performan-
ce of the sample. That is, it allowed us to see not only the statistical significan-
ce of the tensile and impact values tested individually, but also how these tests
changed the interactions between the various stress parameters. ANOVA helped
us to make a more comprehensive assessment to see clearly whether these inte-
ractions existed and how the parameters were related to each other.

In addition to the tensile and impact tests, ANOVA was also performed to gain a
deeper understanding of how the individual printing parameters, such as spe-
ed, layer height, extrusion temperature, and infill density, impact the mechanical
properties of the printed samples. This analysis was crucial for determining the
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specific influence of each factor on the overall performance and ensuring that the
mechanical properties could be optimized through careful adjustment of prin-
ting settings. By incorporating ANOVA, it became possible to distinguish between
significant effects and minor variations, providing a clearer picture of how these
parameters work together in influencing the material’s performance in 3D prin-
ting applications. The results are presented in Table 4.

Table 4. ANOVA Results for Tensile Strength and Impact Resistance

Source DF Ss;un;r(::fs Sl\(;[::::'le F-Value P-Value
Printing Speed 2 85.23 42.615 8.37 0.002
Layer Height 2 98.34 49.170 9.65 0.001
Extrusion Temperature 2 112.56 56.280 11.03 <0.001
Infill Density 2 76.45 38.225 7.48 0.004
Speed for Layer Height 4 23.67 5.918 1.16 0.345
Speed for Extrusion Temp 4 29.15 7.288 1.43 0.254
Speed for Infill Density 4 34.72 8.680 1.70 0.186
’If‘:}r:]; Height for Extrusion 4 27.39 6.848 1.34 0.281
Layer Height for Infill Density 4 32.14 8.035 1.57 0.217
g’;trf;i;"“ Temp for Infill 4 37.45 9.363 1.83 0.156
Error 18 91.23 5.068
Total 36 648.83

From the ANOVA results for the mechanical properties of printed PEEK samp-
les, it is evident that all primary factors (Printing Speed, Layer Height, Extrusi-
on Temperature, and Infill Density) significantly influence tensile strength and
impact resistance, as indicated by their low P-values (all below 0.05). Extrusion
Temperature, in particular, was the most influential variable with an F-value of
11.03 and a P-value less than 0.001. On the other hand, the interactions among
the parameters (e.g., Speed, Layer Height, and Extrusion Temperature) proved
non-significant, with P-values higher than 0.05, suggesting that the individual
effects of the parameters are stronger than their combined interactions.

The multi-objective optimization function approach was applied to determine
the best printing parameters for maximum tensile strength and impact resistan-
ce. The optimal parameters were found to be 20 mm/s printing speed, 0.3 mm
layer height, 400°C extrusion temperature, and 100% infill density. Validation
tests performed under these conditions, confirmed by ANOVA, showed improved
mechanical characteristics as predicted. The analysis indicates that fine-tuning
primary printing parameters can significantly enhance the mechanical proper-
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ties of 3D-printed materials. The error sum of squares and mean square valu-
es suggest that the model explains most of the data variability, with only minor
unexplained variance, emphasizing the importance of refining printing parame-
ters to enhance the performance of high-performance polymers like PEEK in ad-
ditive manufacturing applications.

Table 5. Optimal printing parameters (a) and comparison of mechanical pro-
perties according to experimental and ANOVA predictions (b)

Parameter Optimal Value

Printing Speed (mm/s) 20
a Layer Height (mm) 0.3

Extrusion Temperature (°C) 400

Infill Density (%) 100

Mechanical Property Experimental Value Predicted Value (ANOVA)
b Tensile Strength (MPa) 82.5 82.8

Young’'s Modulus (GPa) 4.1 3.8

Impact Resistance (J) 7.1 7.0

In part a of Table 5, the optimum printing parameters and in part b, the effects of
experimental and predictive (ANOVA) results on the mechanical properties were
shown. The printing speed are 20 mm/s, the layer height is 0.3 mm, extrusion
temperature is not 400 degrees and infill density here set to 100%. The model
suggested a tensile strength of 82.8 MPa, Young’s modulus of 3.8 GPa, and impact
resistance of 7.0 ] using the same settings as in experiments which are higher
comparably to experimental results (82.5 MPa for tensile strength, 4.1 GPa for
Young’s modulus, and 7.1 ] for impact resistance) with minor errors showing
excellent reliability and accuracy of the optimization model created in this study
to obtain optimal mechanical properties. The results corroborate that the para-
meters discussed in this work are indeed beneficial for increasing the mechani-
cal properties, making them ideal for manufacturing parts of high-performance
PEEK polymers, thus advancing more reliable and tougher components in Addi-
tive Manufacturing.

3.1. Microscopic Analysis

Microscopy analyses by SEM provided some information on the samples struc-
tural features. The x-axis in Figures 5 and 6 represents the distance across the
material’s surface (in micrometers) to show the spatial distribution of features
along a given cross section of the sample. The y-axis is in intensity, i.e. a measure-
ment derived by interactions of electrons with the sample surface. This intensity
indicates the density and structural homogeneity of the material in different are-
as, throughout the scanned
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SEM Image of Sample Printed at Sub-Optimal Parameters
(60 mmy/s, 0.3 mm, 360°C, 50%)
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Figure 5. Surface Density Profile Obtained by SEM Analysis under Sub-
Optimum Parameters (60 mm/s, 0.3 mm, 360°C, 50%) and its image.

The graph in Figure 5 is the graph obtained from the SEM analysis of a sample prin-
ted with non-optimal parameters (60 mm/s speed, 0.3 mm layer thickness, 360°C
temperature and 50% infill ratio). When the changes on the surface are examined
at a distance of 10 um along the X-axis, intense fluctuations and significant height
differences are observed. This shows that the surface roughness is high and the
printing parameters are not suitable for the formation of a smooth surface.

SEM Image of Sample Printed at Optimal Parameters
(20 mm/s, 0.3 mm, 400°C, 100%)
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Figure 6. Surface Density Profile Obtained by SEM Analysis under Optimal Pa-
rameters (20 mm/s, 0.3 mm, 400°C, 100%) and its image

This graph shows the surface profile obtained from the SEM image of a sample
produced using the optimum printing parameters (20 mm/s speed, 0.3 mm la-
yer thickness, 400°C temperature and 100% infill rate). When compared to the
sub-optimal parameters seen in the previous graph (60 mm/s speed, 360°C tem-
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perature and 50% infill rate), it is noticed that the surface undulations are more
regular and the roughness is reduced. In the sample printed with the optimum
parameters, it is seen that the surface is more homogeneous and the large irre-
gularities are reduced. Lower printing speed and higher temperature provided
better fluidity of the material, increased the adhesion between the layers and
improved the surface roughness. This result shows that appropriate printing pa-
rameters directly affect the surface quality and that optimum settings provide a
smoother structure.

The SEM images shown in Figure 7. compare the effects of the 3D printing pro-
cess on surface morphology.

Figure 7. Surface Density Profile and image obtained by SEM under a) Non-
optimum parameters (60 mm/s, 0.3 mm, 360°C, 50%) and b) Optimum Para-
meters (20 mm/s, 0.3 mm, 400°C, 100%)

The image on the left (a) is from a sample printed with optimum printing para-
meters. In the image, irregular surface structure, pores and inconsistencies in
the layered structure are noticeable. This indicates that the printing parameters
were inadequately adjusted and the material was not deposited properly. The
image on the right (b) is from a sample produced with optimum printing pa-
rameters. The regular and distinct pores shown in red circles indicate that the
printing was carried out in a controlled manner and the material was distributed
homogeneously. This structure suggests that the mechanical strength could be
better and that the voids within the material were kept under control.

4., Discussion and Conclusion

This study investigates the influence of printing parameters on the mechanical
properties of PEEK polymers in FDM. The results demonstrate that optimized
printing parameters significantly enhance tensile strength and impact resistance
by improving inter-layer bonding and reducing defects. Specifically, higher ext-
rusion temperatures and optimal infill densities were found to substantially imp-
rove the mechanical performance of printed PEEK parts. For instance, printing
at400°C extrusion temperature, 20 mm/s speed, 0.3 mm layer height, and 100%
infill density yielded the highest tensile strength of 82.5 MPa, a Young’s modulus
of 4.1 GPa, and an impact resistance of 7.1 J.
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Microstructural analysis using SEM further validated the advantages of these opti-
mized conditions, revealing improved inter-layer adhesion and reduced porosity.
These findings are particularly relevant for industries requiring high strength and
durability, such as aerospace, automotive, and medical device manufacturing. The
ANOVA results provided deeper insights into the statistical significance of indivi-
dual parameters (printing speed, layer height, extrusion temperature, and infill
density) and their interactions. Interestingly, the independent effects of these pa-
rameters were found to be more influential than their combined effects.

The practical implications of this research are significant for industries utilizing
PEEK in FDM. By adopting optimized printing parameters, manufacturers can
produce components with superior mechanical properties, making FDM a viable
option for critical applications. This study also establishes a foundation for future
research, which could explore other PEEK-based materials or employ advanced mo-
deling techniques to predict material behavior under various printing conditions.

In summary, this work provides a framework for optimizing printing parame-
ters to enhance the mechanical performance of PEEK in FDM. By sharing the-
se insights, we aim to empower practitioners and researchers to produce high-
quality, reliable components. Continued advancements in this field will expand
the range of PEEK-based materials suitable for FDM, driving the technology’s
adoption across industrial sectors.
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YESIL ULASIM SISTEMLERI iCIN HIDROJEN YAKIT
IKMAL ISTASYONLARI GENISLETME PLANLAMASININ

OPTIiMIiZASYONU

Anahtar Kelimeler

0z

optimizasyon; hidrojen
yakit hiicreli araglar,
enerji sistemleri
planlamasi

Hidrojen yakit hiicreli araglar, cevreye verilen zarart azaltma
ve yenilenebilir enerji kaynaklarinin kullanimini destekleme
potansiyeline sahiptir. Hidrojen yakit hiicreli araglarin
yayginlasabilmesi icin gerekli hususlardan bir tanesi de uygun
konumlandirilmis ve erisilebilir yakit ikmal istasyonlarinin
kurulmasidir. Bu ¢alismada, hidrojen yakit ikmal istasyonlart
icin en uygun yer secimi ve kapasite planlamasini optimize
etmek icin matematiksel bir model sunulmaktadir. Model,
yliksek niifuslu bolgelerdeki potansiyel talebi karsilayacak
diizeyde hem ikmal istasyonlarinin hem de hidrojen
tiretim merkezlerinin konumlarini ve kapasite diizeylerini
belirlemeyi amaglamaktadir. Calisma, hidrojen yakit ikmal
istasyonlari ve hidrojen tiretim istasyonlart kurmak igin en iyi
coziimleri bulmayr amaglamaktadir. Gelistirilen optimizasyon
metodolojisi Izmir ili Bornova ilgesi verileri kullanilarak
yapitlan benzetim c¢alismasinda test edilmigstir. Bulgular,
hidrojen altyapisinin planli ve verimli bir sekilde kurulmasina
yénelik somut éneriler sunmakta ve stirdiiriilebilir ulasim
sistemlerine katki saglamaktadir.
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1.Introduction

Electricity production globally comes from a variety of sources. For a consider-
able amount of time, coal, natural gas, and oil have played a major role in pro-
ducing electricity. Nevertheless, the adoption of renewable energy sources like
wind, solar, hydroelectric, geothermal, and biomass is on the rise globally due to
their sustainable and eco-friendly nature (Bae, Lee, & Han, 2020). In the past few
years, the power to hydrogen concept has gained interest due to the urgency of
addressing climate change and creating sustainable energy strategies (Konneh et
al,, 2021). This idea involves utilizing electrical energy from sustainable sources
for the electrolysis process, which generates hydrogen, followed by using the hy-
drogen for transportation or storage purposes(S. B. Li & Kang, 2022). The stored
hydrogen energy is anticipated to be utilized as a raw material for industries or
as fuel for cars. Hydrogen fuel cell vehicles (HFCVs) in this scenario have the po-
tential to reduce environmental impacts and promote the use of renewable and
eco-friendly energy sources.

Wind
\G-—
%:%’:' (5 5= Truck
A &> G Car
1

Hydrogen - Hydrogen

g — station Transmission , charging
(T8 5
Grid e oo

Figure 1. Example Design of Power to Hydrogen Concept for HFCV’s

In Figure 1 shows the delivery of solar and wind-generated electricity to the hy-
drogen station. Electricity is transformed into hydrogen energy and then con-
veyed through hydrogen fuel pipelines. Currently, automobile manufacturers and
consumers are increasingly choosing zero-emission transportation options, such
as electric vehicles (EVs) powered by hydrogen fuel cells (HFC), to enhance ur-
ban air quality and lessen carbon footprints (Shinoda, Lee, Nakano, & Lukszo,
2016). HFCVs convert renewable electrical power into hydrogen energy. The
idea of ‘power-to-hydrogen’ promotes the use and storage of renewable energy
in sustainable energy solutions.

Optimizing HFCV infrastructure is crucial for enhancing the viability of sus-
tainable energy solutions. Various optimization strategies conducted through
mixed-integer linear programming (MILP) in the ongoing development of HFCV
infrastructure cater to specific regional demands, offering strategic solutions.
These strategies provide solutions tailored to specific regional needs, allowing
for flexible and effective implementation in different urban structures. When it
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comes to resolving intricate logistical and financial issues like energy production,
distribution, infrastructure development, and economic sustainability, MILP and
other optimization techniques provide substantial benefits. Numerous useful
techniques are presented by research, ranging from transportation infrastruc-
ture to hydrogen supply chain design, urban planning, and microgrid systems.

Shinoda et al.,, 2016 research in Maine presents a microgrid model with fuel
cell vehicles, on-site hydrogen stations, solar photovoltaic systems, and a wind
turbine. A microgrid is a distribution system for energy aiming to improve the
safety, effectiveness, and sustainability of electrical power. Microgrid aims to in-
crease the use of green renewable energy sources and reduce dependence on
traditional fuel electricity in the power grid. By tackling the problem of “MILP”, it
decreases dependency on grid electricity by determining the optimal schedules
for hydrogen generation, hydrogen distribution, and powering vehicles. The re-
sults of a test case show that the model can identify where energy flow blockages
occur in a microgrid. Further studies on incorporating more essential factors can
improve the integration of microgrids and fuel cell vehicles.

In Seoul’s Southeast Region, Bae et al., 2020 study explores how supply and de-
mand interact in building HFCV charging infrastructure in densely populated ur-
ban areas. The researchers used genetic algorithms and MILP to tackle complex
optimization problems with various objectives and constraints. These algorithms
were selected because of their robust ability to mimic real-life dynamics and con-
sumer actions in highly populated regions. Also, the research analyzes market forc-
es that impact the financial feasibility and strategic implementation of infrastruc-
ture, offering a holistic approach to urban planning in developed areas.

L. Li, Manier, & Manier, 2020 study presents a new optimization model that in-
tegrates hydrogen supply chain design (HSCND) and hydrogen fueling station
planning (HFSP) models by designing a hydrogen supply chain network in the
Franche-Comté region, France. This model, supported by MILP, effectively en-
ables decision-making in the processes of production, storage and distribution
of hydrogen. The application of the model appears to significantly reduce costs
and mitigate environmental impacts.

In South Korea, Kim, Eom, & Kim, 2020 study that the Max Cover model, the
p-median model and the first solution generation algorithm were used to de-
velop a strategic deployment plan for the establishment of hydrogen refueling
stations for hydrogen-powered vehicles and buses. Between 2022 and 2040, this
deployment model, which considers different types of demand for public roads,
highways and buses, allows to identify the stations closest to the demand sources
by minimizing total travel times. This is considered as an important step towards
the efficient siting of hydrogen refueling stations (HRSs).

In Shanghai, China, Long & Jia, 2022 introduce a model of a fuel cell system (FCS)
that connects with renewable energy sources through a hydrogen distribution
network involving HFC and hydrogen tanks to power electric vehicles. To im-
prove this system, scientists created a mathematical equation and computed the
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expenses associated with hydrogen in both the FCS and HFC. The findings indi-
cated that the suggested diverse system model is crucial in efficiently charging
electric vehicles while minimizing costs, resulting in substantial operational cost
reductions when compared to alternative approaches. These findings are a valu-
able resource for researchers and energy managers exploring the potential of
diverse systems in improving energy efficiency.

The study by Gegici, Giiler, & Bilgic, 2022 in Istanbul uses the p-median model to
determine the location and number of HRSs over a 30-year period. It is targeted
to minimize total distance and increase HFCV demand by using human develop-
ment index and traffic flow data to determine HFCV demand. It is also empha-
sized that with the station openings, 20% of the total number of vehicles are
planned to run on HFCV.

The research conducted by Wu, Wu, Zeng, & Yang, 2022 introduces an innovative
mathematical model and a corresponding optimization approach to improve the
long-distance transportation of renewable hydrogen in China. The Primal-Dual
Interior Point Method was used to create the vector-based model, which also
considers supply and demand restrictions. The model is notable for its capacity
to select between pipelines and ultra-high-voltage lines, along with its capabili-
ty to adjust to continually evolving technological and regulatory circumstances.
Studies indicate that pipelines are beneficial for short distances, while ultra-high
voltage (UHV) lines are increasingly advantageous for extended distances. In
closing, the paper presents a structure for producing and distributing large
amounts of hydrogen for a more sustainable energy system.

Tabandeh, Hossain, & Li, 2022 focus on the integration and optimization of re-
newable energy sources (RES) and HRS for Australia’s 100-node distribution
network. The study addresses the effective integration of sustainable energy
sources such as wind and solar energy and aims to minimize investment costs,
operation and maintenance costs.

Shi & Huang, 2023 study the use of two-layer optimization models for the inte-
gration of EV charging stations and HRSs. They present particle swarm optimi-
zation (PSO) and CPLEX optimization solver method as two-layer optimization
models and show that these methods improve the economic efficiency of energy
systems by increasing the integration of RES. Furthermore, its contribution to
the sustainability of energy systems is emphasized.

The research by Nandi, Ghatak, Sannigrahi, & Acharjee, 2024 in India aims to
present an optimal planning using a distribution network (DN) with an integrat-
ed solar photovoltaic (PV) system and hydrogen storage and is supported by the
Improved Harris Hawk optimization method. This model, which aims to provide
uninterrupted energy by considering short term and long-term hydrogen stor-
age, shows significant results such as reducing environmental impacts and in-
creasing oxygen emission.

Jian, Xiang, & Sabzalian, 2024 in a study conducted in Wuhan, Hubei, PR China,
off-grid charging stations (OGCS) are designed using PV system and hydrogen
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storage system (HSS) to provide continuous energy for both EVs and hydrogen
vehicles (HVs). The charging station design utilizes RES such as solar energy and
wind energy in an integrated system. Furthermore, the performance of the sys-
tem is simulated with Stochastic Optimization Technique (SOT) and (Stochastic
p-Robust Optimization Technique (SPROT) optimization models. In addition, the
design has the objective of providing an uncertainty-tolerant structure.

The research performed by Tan et al., 2025 presents a mathematical model for
coordinated planning of HRS and DN to reduce the safety risks of HRS with the
explosion energy of Trinitrotoluene (TNT). A gas-liquid two-phase hydrogen
storage method is used to reduce the operational risks of hydrogen and increase
the safety of storage. Finally, the study aims to contribute to the development of
hydrogen economy and sustainable energy systems.

These optimization strategies guide the development of HFCV infrastructure to
adapt to different geographical, demographic, and economic conditions. Using
different types of mathematical modeling, mostly MILP, can help with real-world
problems like integrating green energy, transporting hydrogen over long dis-
tances, planning for sustainable infrastructure, and lowering risk. By developing
workable models from both a technical and economic perspectives, each study
advances sustainable urbanization and energy systems.

A study is being carried out for Bornova, a highly populated district of Izmir, with
the goal of introducing HFCVs in the area over a 10-year timeframe. In this study,
possible locations for hydrogen distribution stations (HDSs) and HRSs were se-
lected. The selected locations are applied to implement the MILP optimization
model to apply the constraints. The remaining part of this research is structured
as follows: Section 2 discusses the problem definition, while Section 3 presents
the optimization model. The information and location utilized in a research proj-
ect conducted in Bornova can be found in Section 4. Chapter 5 explores the out-
comes of the optimization model in a city setting. Chapter 6 provides the summa-
ry and guidance for upcoming research in this area.

2. Problem Definition

Hydrogen energy can be generated from fossil fuels as well as from RES. Thermochem-
ical, electrolysis, and photoelectrochemical processes can be utilized in the production
of hydrogen energy. In recent times, particularly in large urban areas, there has been a
surge in the use of EVs and buses, with HFCVs also gaining traction for their ability to
run on eco-friendly and sustainable energy sources (S. B. Li & Kang, 2022).

In Bornova, a densely populated district in Izmir with 452,867 residents spread
over 205 square kilometers, researchers are investigating the feasibility of pro-
ducing hydrogen to pinpoint the best locations for HRSs (Tarihce. (n.d.-a).). On
average, the transportation network in Bornova stretches from 13 to 15 kilo-
meters and sees approximately 40,000 vehicles using it each day. Estimations of
possible HDS will dictate the site chosen for Bornova district in Izmir. To enhance
the system'’s performance, hydrogen stations will be strategically organized and
overseen with the goal of connecting them to the grid (Shinoda et al.,, 2016). Ex-
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cess hydrogen and electricity not used for vehicles will be sold back to the grid.
Moreover, existing gas stations in Bornova, even those equipped with solar pan-
els, will be repurposed for HRS. Factories in nearby industrial areas will provide
the materials for producing hydrogen.

The Toyota Mirai hydrogen car, which can travel up to 1000 km on one tank of
hydrogen, has been chosen for use in this area. It is expected that the Toyota Mirai
will lead to a decrease in the number of cars required and shorter gas station lines
in Bornova, enhancing the overall effectiveness of the transportation system.

To satisfy the refueling needs of densely populated areas like Bornova, setting up
a HDS near current refueling stations can reduce losses during the transportation
of the produced hydrogen. Nevertheless, setting up HDSs in urban areas leads to
higher expenses because of the cost of land and its closeness to residential zones.
As a result, production facilities located in industrial areas will operate with
higher efficiency. The HDSs that will be built will be chosen to support around
two-three HRSs, preventing the generation station from being overloaded. Op-
erating production stations based on the required hydrogen levels using vari-
ous equipment will yield greater economic advantages. As the economy grows, a
multi-period optimization issue has been selected for the hydrogen supply chain,
which involves setting up HDSs and converting refueling stations over time.

3. Optimization Model

The optimization model selected is the MILP model. The “intlinprog” function
within MATLAB was utilized to determine the optimal solution for the objective
function in the MILP model.

MILP is a mathematical optimization method consisting of an objective function,
decision variables and constraints (Optimization problem types - mixed-integer
and constraint programming. (2024b).). The MILP model is used to find the min-
imum or maximum outcome of a given problem. MILP is a powerful optimization
method that provides many benefits in various industries and applications such as
finance, manufacturing, and transportation. Common application areas are supply-
ing chain management, planning, and routing, project management and optimiza-
tion of energy systems. For this reason, it is an optimization method with many ad-
vantages (Math. (n.d.). MILP can be used in many real-world areas such as network
design and distance optimization as well as in production and operations research.

In this research, MILP is one of the real-world applications used to minimize the
transportation distance between application points (APs) and HRSs and between
HRSs and HDSs. A hydrogen supply system is created for the refueling of HFCVs.
APs, HRSs, and HDSs are chosen based on the population in the region being con-
sidered. The goal is to reduce the distance between the APs and HRSs to make it
more convenient for drivers. The p-median model determines the location of the
HRS to provide convenient refueling for drivers living nearby (Bae et al., 2020).

The given formula is used to create and evaluate the optimization model for the
multi-period hydrogen distributing network in urban areas (Bae et al., 2020).

468



Miihendis ve Makina / Engineer and Machinery 66, 720, 462-489, 2025

mindie;YjeyNeer DISTjHyYije + DY jej Xk ek e er DISTjxWjke (1)
Subject to:
Yo =1 Viel,VteT (2)
jej®
Yijt = Xje Viel,jeJ, teT (3)
Xjt S Xj(t+1) Vjie],teT \{t} (4)
Zjt = Xjt ~ Xj(t-1) Vie],teT (5)
Ywike = Xt VjeJ,teT (6)
keK
Yz =P VteT (7)
Jjej
Ywje < CAPotye VkeK,teT (8)
jej
Uke = Up(e+1) VkeK,teT \ {1} (9)
Ukt = Ukt — Uk(t-1) Vie],teT (10)
Yo = Q; vteT (11)
keK
Xjt» Vijer Zjts Uker Vier Wike € £0,1} Viel,je]/,keK,teT (12)

The MILP model is made up of ten constraints and one objective function. Func-
tion (1) is an objective function. The distance from the APs calculated via Google
Earth to the HRSs is denoted as DISTU., while the distance from the HRSs to the
HDSs is denoted as DIST,. The goal of function (2) is to reduce the distances be-
tween AP and HRS (DIST,) as well as between HRS and HDS(DIST, ). Constraint
(3) states that each application point can be assigned to refueling stations. Con-
straint (4) makes sure that every AP is allocated to the HRS currently functioning.
Constraint (5) specifies that once a HRS is functioning, it cannot be halted. Con-
straint (6) states that the HRS functions starting from the year of its construction.
Constraint (7) states that each refueling station can be assigned to distribution
stations. Constraint (8) specifies that a set quantity of HRSs must be constructed
annually. Constraint (9) states that the number of fuel stations covered by the
distribution station will not exceed the specified maximum number of refueling
stations that can be connected to the HDS (CAP,). Constraint (10) requires that
a HDS must operate continuously once it has started. Constraint (15) dictates
that the hydrogen distribution facility must start operating in the year of its con-
struction. Constraint (11) specifies that the hydrogen distribution plant operates
beginning from the year it was built. Constraint (12) enforces a restriction on
each variable to be binary.

4. Area, Data and Scenarios

In this section, general information about the region where the green transpor-
tation system will be implemented and general data about hydrogen refueling
stations, HFCVs will be examined and detailed explanations about the scenarios
will be made in three categories.
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In the area section, general information is given about the Bornova region. In
addition, the locations of HRSs, and APs are selected. The data section includes
information on the transportation system of Bornova region, targeted annual
HFCV information and HRS information according to the targeted years accord-
ing to the scenarios. In the scenario section, four different scenarios were devel-
oped. The developed scenarios include the scenarios in which HRSs and HDSs are
planned to be installed over time in detail.

4.1 Area

The study was conducted in the Bornova region, located in the eastern part of
Izmir. Due to its location near the industrial zone, university, city center, high
population density, and connection to Manisa province, Bornova ranks as the
third busiest district in Izmir in terms of vehicle traffic, with a total of forty-five
neighborhoods. Refueling stations for HFCVs are conveniently located in the
area. The limits of Bornova are illustrated in Figure 2(a). The settlement of the
Bornova region, situated in a vast area, is easily distinguishable from the green
spaces, as shown in the image. The area to be implemented is the most densely
populated area. In this study, APs were created by selecting 10 regions with high
population density of the neighborhood. The location of the refueling stations
were selected as the nearest points on the map to the location of the current re-
fueling stations. Finally, HDSs were selected within the available industrial zones.

Figure 2. (a) The area of Bornova district. (b) Distribution of APs, HRSs and HDSs.

In Figure 2(b), APs are shown as red icons, HRSs as blue icons and HDSs as green
icons using Google Earth. The specified locations are fixed. Optimization will pro-
vide results based on the developed scenarios for the installation of the stations.

4.2 Data

In this section, the vehicle density of the Bornova region, the targeted change in
HFCVs over the years and the changes in the number of HRSs planned to be es-
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tablished according to the scenarios over the years will be examined.

The data provided in the Bornova traffic transport Table 1 for 2021 categorizes
vehicle types and emphasizes the significant amount of transportation in the re-
gion. Due to this increased usage, existing refueling stations are expected to see
a lot of traffic. However, it is estimated that a HRS after conversion from a con-
ventional refueling station can support around 240 HFCVs per day. Furthermore,
refueling stations in Izmir sell an average of 8.6 cubic meters of fuel per day.

Table 1. 2021 Bornova Traffic and Transportation Information

Vehicle Type Number of vehicles
Car 31770

Medium Load Commercial Vehicle 2552

Bus 598

Truck 2355

Truck + Trailer, Tractor + Semi Trailer 1669

Total 38944 vehicle / day

The number of HFCV (H,) adopted by application points over time is based on
the annual activation of HRSs and the annual HFCV target is calculated by multi-
plying it by the capacity of each HRS. Figure 3. displays the annual distribution of
the HFCV target for Bornova. The targets have increased linearly over the years.
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Figure 3.Annual total goal of HFCVs in Bornova.

The HRSs were created using the current fuel stations’ locations. There are plans
to upgrade the infrastructure of the chosen six refueling stations to enable them
to offer hydrogen fuel alongside gasoline and diesel. Therefore, the budget allo-
cated for installation can enable the modification of additional refueling stations.
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Figure 4. Percentage of each AP to the total HFCV target.

The number of registered vehicles at the designated APs has been found by multi-
plying it by the ratio of the targeted number of HVs. The percentage ratios of each
AP to the total HFCV target are shown in Figure 4. The ratio of APs to targeted HF-
CVs increases linearly. Figure 5 contains data showing the conversion of the refu-
eling stations planned to be established in each year’s scenario to HRSs over time.
The number of HRSs (P) planned to be established over time has been determined
in scenarios. Refueling stations will be converted to be suitable for hydrogen fuel.
However, in the results section, instead of using the term “conversion,” it will be
referred to as “commissioning” or “installation” according to the scenarios in the
optimization. The scenarios are described in detail in the next section.

6

Scenario
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o

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034
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Figure 5. Annual conversion of current refueling stations into HRSs for different
scenarios

472



Miihendis ve Makina / Engineer and Machinery 66, 720, 462-489, 2025

Out of the four HDSs being considered, three were chosen within the industrial
zone and one was selected near the Solar Power Plant (SPP) location. Given that
the industrial zones are located within a specific area and are relatively close to
the district center, transportation losses will be minimal. Furthermore, industrial
areas will become more effective in meeting the needs for HDS infrastructure.
The number of HDSs (Q,) planned to be established over time has been deter-
mined in scenarios. The scenarios are described in detail in the next section.

Finally, the transportation distance to be used in the optimization problem was
calculated on Google Earth. Since the transportation distances are taken from the
map increases of 50% have been applied. The transportation distance from the
APs to the refueling stations is called DIST,. Transportation distances from the
APs to the HRSs are given in Table 2.

Table 2. The transportation distance from the APs to the HRSs

Number of Hydrogen Refueling Stations

# 1 2 3 4 5 6
= 1 5.45 7.50 6.15 2.31 9.30 1.22
~§ 2 0.86 4.43 5.66 3.38 5.43 5.34
Q:‘ 3 2.40 4.28 6.99 5.33 5.28 7.17
'% 4 3.92 1.62 8.67 5.54 7.83 6.44
'—é 5 3.95 3.29 8.72 6.51 6.83 797
& 6 4.11 7.73 3.84 1.53 7.23 3.23
Qé 7 2.76 8.01 2.37 4.10 3.21 6.69
2 8 5.27 10.41 3.39 6.93 1.83 9.51
Zg 9 3.96 8.16 5.46 6.81 1.55 9.29

10 6.75 11.45 5.57 8.90 1.98 11.48

The transportation distance from HRSs to HDSs is called DIST), .Table 3 shows the
transportation distances of refueling stations to distribution stations. The values
given are in kilometers (km).

Table 3.The transportation distance from HRSs to HDSs

Number of Hydrogen Distribution Stations

# 1 2 3 4
_ 1 3.80 5.00 4.05 443
£ 2 8.75 9.35 6.78 6.27
g 3 1.41 551 7.16 6.03
3 4 3.32 7.61 7.22 1.49
= 5 5.13 0.83 3.63 8.66
& 6 5.66 10.20 9.44 1.11
s 7 4.80 3.30 2.13 6.41
2 8 372 4.14 6.81 8.22
§ 9 1.92 7.70 8.40 3.68

10 5.04 8.70 7.70 1.26
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4.3 Scenarios

The scenarios are developed for HRSs and HDSs that are planned to be established
over time. First, the installation times of HRSs and HDSs will be analyzed in years
for 4 different scenarios. The differences between the scenarios and the layouts in
the scenarios will be shown and explained in detail. In all scenarios, installation
of a HRS and HDS is mandatory in the first year. The graphic illustrations of the
scenarios will examine the installation years of refueling stations (circles) and dis-
tribution stations (squares) in Figure 7, Figure 9, Figure 11 and Figure 13.

4.3.1 First Scenario

In the first scenario, HRSs will be installed from the first year and will be installed
every year until the planned number of HRSs(P) is completed. Stations will be
installed annually until the target number is reached. The optimization itself de-
termines the order of the stations to be set up. Similarly, HDSs will be installed
starting in the first year and continuing each year until the planned number of
HDSs (@) is reached. Figure 6 shows the distribution of planned (a) HRSs and (b)
HDSs over the 10 years and when they were installed.
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Figure 6. Years of installation of (a) HRSs and (b) HDSs stations commissioned
over time for Scenario 1.

The facilities on the maps have different colors depending on the year each fa-
cility was built. The locations of the refueling stations and distribution stations
in the scenarios are fixed locations determined by Google Earth. The timing and
sequence of installation changes over the years. Figure 7 shows geometrically
the years in which refueling stations and distribution stations were established.
After 2028, HDSs are not installed. After 2030, HRSs are not installed.
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Figure 7. Geographical representation of the locations of HRSs (circles) and HDSs
(squares) to be built over the years for Scenario 1.

4.3.2 Second Scenario

In the second scenario, the installation of HRSs (P) is scheduled for the first
three years and the final three years. In the scenario, installations for the refuel-
ing station and distribution station are planned for the initial years and towards
the final years. The order of the stations to be established is determined by opti-
mization. HDSs will be installed (@) in the first two years and in the last 2 years.
Figure 8 shows the distribution of planned (a) HRSs and (b) HDSs over the 10
years and when they were installed.
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Figure 8. Years of installation of (a) HRSs and (b) HDSs commissioned over time
for Scenario 2.

Figure 9 shows the geographical locations of the refueling stations and distribu-
tion stations established according to Scenario 2 over the years. 3 refueling sta-
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tions and 1 distribution station were established in the same years as scenario 1.
Other stations have changed over the years depending on the scenario.

Q 2033 20|

Figure 9. Geographical representation of the locations of HRSs (circles) and HDSs
(squares) to be built over the years for Scenario 2.

4.3.3 Third Scenario

In the third scenario, HRSs are planned to be installed for the first 2 years and will
be installed periodically. If installed for 2 years, they will not be installed for the
other 2 years. The planned number of HRSs will be installed (P, in 10 years until
they are completed. HDSs will be installed (Q,) in the first year and will continue to
be installed periodically after 2 years. Figure 10 shows the distribution of planned
(a) HRSs and (b) HDSs over the 10 years and when they were installed.
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Figure 10. Years of installation of (a) HRSs and (b) HDSs commissioned over time
for Scenario 3.
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Figure 11 shows the geographical location of the refueling stations and distri-
bution stations established over the years. The refueling stations are almost as
installed as in Scenario 2. Half of the distribution stations are similar.

Q s Q 206 0 27 Q 208

Q 229 Q 230 Q 231 § 2m

Q 203 © 2034

Figure 11. Geographical representation of the locations of HRSs (circles) and
HDSs (squares) to be built over the years for Scenario 3.

4.3.4 Fourth Scenario

In the fourth scenario, HRSs are not installed at two-year intervals as in the third
scenario. However, the periodic pattern is different from Scenario 3. In the first
year, the period starts after the installation of the hydrogen station. Therefore,
the installation period will be 1 year longer than the installation period of the
previous hydrogen station. HDSs were built over a period of 5 years. This period
repeats itself 2 times. Within the 5-year period, installation is compulsory in the
first and last year. Figure 12 shows in more detail the distribution of planned (a)
HRSs and (b) HDSs over 10 years and when they are installed.
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Figure 12. Years of installation of (a) HRSs and (b) HDSs commissioned over time
for Scenario 4.

Figure 13 shows the geographical location of the refueling stations and distri-
bution stations established according to Scenario 4 over the years. The refueling
stations are almost as installed as in Scenario 3. When the scenarios are ana-
lyzed, the first established refueling station and distribution station were the
same station in all scenarios. There are similarities between the scenarios. The
differences varied according to the years planned to be established depending
on the scenarios. Although there are stations to be established in similar years,
there are slight differences in the scenarios.

5 Aoy
m‘g“'A kol

Figure 13. Geographical representation of the locations of HRSs (circles) and
HDSs (squares) to be built over the years for Scenario 4.
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5. Results

This section contains the findings from the study conducted in the Bornova area.
An average time of 5 seconds is needed to solve one optimization problem on a
laptop with an Intel Core i7 processor and 8 GB of RAM. A grand total of 1040
models were put into operation.

5.1 Comparison of Different Scenarios

In the optimization model, the number of HRSs and HDSs was gradually assessed
according to scenarios every year. The value of parameter p is assumed to be 10. The
maximum number of refueling stations that can be connected to the HDS(CAP, ) is set
at 3. With the optimization results, it examines the change in the average transport
distance from the APs to the supply stations and the change in the distance between
the refueling stations and distribution stations for each scenario. It also shows the
geographical distribution of the refueling and distribution stations installed during
the years of the scenarios. HFCV numbers are assumed to increase periodically each
year. The sensitivity analysis will be performed by changing HFCV numbers.

4 T T T T T T T T
Scenario
1
b T S )
35 | 3|7
= \ — % —4
£ ]
2 \
8 ar \ 1
| = 1
m ]
W \
T A\
) \
@ 25 '\ b
i) . 3
F G
z TR g
,
%, L,
L s T, A, S, S, |
2 T i
S W
15 1 1 1 1 | | | |
2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

Time (year)

Figure 14. The average distance changes for APs and HRSs for scenarios.

Using the outcomes of the modeling for the scenarios, Figure 14 illustrates how
the average transport distance between the APs and the HRSs changes over
time. The average travel distance decreases over time as refueling stations are
established. Scenarios 1,2 and 3 appear remarkably similar when examining the
scenarios. However, there is a difference because the refueling station was es-
tablished later in Scenario 4. The average distance under all conditions was ap-
proximately 3.5 km in 2025, although it had halved by 2034.
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Figure 15. The average distance changes for HRSs and HDSs for scenarios.

Figure 15 displays the variation in the average transportation distance between
HRSs and HDSs over time using the modeling outcomes. Due to the optimization
of the minimum distance to HDSs based on the installations of HRSs over the
years, as measured through Google Earth, there were increases in distances un-
til the installation of HRSs was completed, after which the distances were fixed.
One of the reasons for this is that there are no constraints in the optimization
problem, and HDSs can serve three HRSs. Therefore, HRSs can serve HDSs at the
shortest distance over time.
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0.5
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Figure 16. The average distance of APs and HRSs for all scenarios.
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Figure 16 shows the average transport distance from the APs to the refueling
station for all scenarios. As planned, the average transport distance will be the
lowest when all HRSs are first established. When HRSs were established period-
ically and at the beginning and end, they had the same average travel distance.
However, when a HRSs was established over time, the average transport distance
reached its highest level.

0.5

Average distance (km)

Scenario

Figure 17. The average distance of HRSs and HDSs for all scenarios.

When all HRSs and all HDSs were installed in the first years, the average trans-
port distance was the largest in Figure 17. The shortest average transportation
distance was found in Scenario 4. The number of HDSs grew during the desig-
nated period, whereas the number of HRSs climbed progressively over time. As a
result, the shortest average travel distance was established.

5.2 Sensitivity Analysis for HFCV number

To analyze the results more accurately, a change has been made to the number of
hydrogen fuel cell vehicles (H,) given linearly. The H, expected to serve random-
ly has been created in the MATLAB program. The H, created was applied in all
scenarios. As the H_ increases, changes in scenarios will be observed. There is no
change in the p parameter of the objective function.
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Figure 18. The annual total goal change for modified HFCVs in Bornova.

Figure 18 shows the targeted number of HFCVs over time. At the end of 10 years,
a modified dataset of HFCVs has been created to serve 4000 vehicles. The target-
ed hydrogen fuel cell vehicle data has been done as it was done with the linearly
increasing number of HFCVs.
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Figure 19. Percentage of each application point to the total HFCV target

The number of registered vehicles at the designated APs has been found by mul-
tiplying it by the ratio of the targeted number of HFCVs. The percentage ratios of
each AP to the total HFCV target are shown in Figure 19. The total number of APs
is 100. Thus, it can be said that all APs are operating at full performance.
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Figure 20. Average distance between APs and HRSs for modified HFCVs data.

In Figure 20, the average travel distance from APs to HRSs is shown for modified
HFCVs data. When looking at all the scenarios, they appear to be the same. As
the number of refueling stations increases, decreases in average transportation
distances are observed. In addition, as the number of HFCVs increased, the aver-
age transportation distance increased, while when the number decreased, there
were decreases in transportation distance.
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Figure 21. Average distance between HRSs and HDSs for modified HFCVs data.
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In Figure 21, the average travel distance from refueling station to distribution
stations is shown for modified HFCVs data. It has been observed that chang-
ing the number of HFCVs does not cause any change in average distances. The
change in average distances depends on the order of installation of refueling
stations and distribution stations. Since the installation order is the same in all
scenarios, there is no change.
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Figure 22. Average distance between APs and HRSs for modified HFCVs data.

In Figure 22, the average transportation distance from the APs to the refueling
stations for all scenarios of the modified HFCV data is shown. As seen, until the
number of refueling stations to be established is completed, setting them up each
year minimizes the average transportation distance. However, when it is estab-
lished by increasing over time, the average transportation distance is high.
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Figure 23. Average distance between HRSs and HDSs for modified HFCVs data.
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In Figure 23, the average transportation distance from refueling stations to dis-
tribution stations for all scenarios of the modified HFCV data is shown. In the
first years, the transportation distance of the refueling and distribution stations,
which were completed, was high, while when they were established at certain
intervals, the average transportation distance decreased.

6. Conclusions

In this research study, MILP modeling is used since it has linear constraints and
binary decision variables. Parameters have been applied based on the capacity of
the area to be used and the data of HFCVs to be used in the region.

Focusing on hydrogen distribution in Bornova, a densely populated area of [zmir,
the focus is on an optimal green transportation system solution for HRS. The
study analyzed the planned implementation of HFCV between 2025-2034, focus-
ing on the early stages of the transition to HFCVs in Bornova. In this process,
refueling stations were converted to supply hydrogen and HDSs were established
in nearby industrial zones.

In the optimization study, the establishment of an HRS and a HDS is envisioned
with 4 different scenarios. In the first scenario, the refueling stations and distribu-
tion stations planned to be established are set up every year until they are complet-
ed. In the second scenario, half of the planned refueling stations and distribution
stations were established in the early years, while the other half were established
in the later years. In the third scenario, after the refueling stations are established
for 2 years, no installations will be carried out for 2 years. However, after the distri-
bution stations are established, no installations will be carried out for 2 years. In
Scenario 4, after the installation at the refueling stations is completed, there will be
no installation for 2 years, but when the installation occurs again, it will be 1 year
more than the previous installation. The distribution stations, on the other hand,
were built over a 5-year period. The setup will be carried out in the first and last
year of the period, and the period repeats itself twice.

With geographical representations, the changes in the installations of refueling
stations and distribution stations over the years have been analyzed for all sce-
narios. There are similarities and differences between the scenarios. The first
HRS and the HDS are the same in all scenarios. In Scenarios 2, 3 and 4, the last
planned HRS and distribution station are similar. However, in other years, the
station to be installed may change depending on the scenarios.

The number of HFCVs is increasing periodically every year. In Figure 14, as the
number of refueling stations increases, the average transportation distance de-
creases. The distance, which was initially about 3.5 km, is nearly halved by the
end of the study. In Figure 15, while it is expected that the average distance de-
creases as the number of stations increases, the first established refueling station
is the 5th station, and the first established distribution station is the 2nd station.
For this reason, the shortest distance in DISTjk values are first examined through
Google Earth. Since there are increases in distances compared to the later estab-
lished refueling station and distribution station, an increase is being observed.
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The variations in the transportation distance from the application points (APs) to the
hydrogen refueling stations (HRSs) according to the 10-year average of the scenarios
are presented in Figure 16. The first scenario is more efficient here because it pro-
vides the shortest average travel distance. However, looking at Figure 17, Scenario
4 appears to be more efficient based on the 10-year average of the transportation
distance from refueling stations to hydrogen distribution stations (HDSs). However,
since Scenario 2 appears to be the lowest in both graphs when considering the two
scenarios, implementing Scenario 2 will be more economical.

In the detailed analysis, assuming that the number of HFCVs will not increase
periodically, a randomly increasing dataset of HFCVs over the years has been
generated using the MATLAB program. The data generated is shown in Figure
18. Additionally, the proportion of each application point in the total HFCV target
can be seen in Figure 19.

As the number of refueling stations increases, decreases are observed in the
average travel distances from APs to HRSs, while increases are observed in the
number of fuel stations despite an increase in the number of HFCVs. However,
the similarity of all scenarios is shown in Figure 20. The average transportation
distance from HRSs to HDSs has not changed because it is not related to the num-
ber of HFCVs. In the sensitivity analysis, an analysis of the p-value in the objective
function has not been conducted. Therefore, Figure 15 is the same as Figure 21.
When the HFCV data is modified, the average distance from the APs to the HRSs
is provided in Figure 22. Scenario 1 has the lowest average transportation dis-
tance, while Scenario 4 has an average transportation distance of approximately
1 km more. The number of HFCVs, which has been increasing periodically, has
observed an increase of more than approximately 50% based on their average
distances. As the number of vehicles increased, the average travel distance in
the scenarios also increased. The average transportation distance from HRSs to
HDSs is shown in Figure 23. Even if the HFCV data changes, the average trans-
portation distances have not changed. However, if a change had been made to
the p-value, a change would have been expected to be observed. When looking
at the scenarios, the average transportation distance DIST, and DIST, is lowest
in Scenario 2.

Optimization results show that the system is feasible for the Bornova region. How-
ever, the hydrogen infrastructure should be evaluated in detail in terms of long-
term economic and sustainability. While the development of hydrogen infrastruc-
ture is of great importance, it also brings some challenges. The main objectives
of expanding this infrastructure are to reduce carbon emissions, increase energy
storage capacity, support RES and replace fossil fuels in industry. However, there
are several challenges, including lack of infrastructure, high investment and pro-
duction costs, safety concerns, and storage and transportation difficulties. In eco-
nomic terms, the development of hydrogen infrastructure contributes to energy
independence and offers advantages such as lower energy costs and green hydro-
gen exports. In terms of sustainability, it contributes to a cleaner and healthier en-
vironment, more efficient use of renewable energy and reduced carbon emissions.
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In the future, technological advances will make it possible to use hydrogen not
only in transportation but also in new areas such as the defense industry and
hydrogen-powered aircraft. Through research on energy storage and transporta-
tion, solutions can be developed for the storage and transportation of hydrogen.
Furthermore, by advancing electrolysis technologies, more efficient results can
be achieved in hydrogen production.
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Nomenclature
AP Application Point
EV Electric Vehicle
HDS Hydrogen Distribution Station
HFCV Hydrogen Fuel Cell Vehicle
HRS Hydrogen Refueling Station
HV Hydrogen Vehicle
MILP Mixed-Integer Linear Programming
RES Renewable Energy Sources
A. MILP Model Sets and Identifies
i The number of application points
iel Specifies the set of the application points
j The number of hydrogen refueling stations
jej Specifies the set of the hydrogen refueling stations
J (@) Identifies the group of hydrogen refueling stations that can serve the application point.
k The number of hydrogen production stations
keK Specifies the set of the hydrogen production stations
K() Iden_tiﬁes the group of hydrogen production stations that can serve the hydrogen re-
fueling station.
jej Specifies the set of the hydrogen refueling stations
T Planned period time
r={1,...,1} Represents the planned annual period.

B. MILP Model Parameters

DIST: : The travel distance between i to j
ij
DISTy, The travel distance between j to k

H;; The number of HFCVs being used during at application points in the planned time

p The factor that establishes the significance of two distance terms in the objective function.
Py The planned number of hydrogen production stations within time

Q¢ The planned number of hydrogen refueling stations within time
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C.  MILP Model Decision Variables

Upe If the HPS is functioning within the scheduled time
Ve If the HPS is being built within time.

Wikt When HRS is covered by HPS in time.

Xijt If the HRS is functioning within the scheduled time
Y, When AP is covered by HRS in time.

If current fuel stations are converted into hydrogen fuel stations as planned
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Keywords Abstract

Life Cycle Assessment (LCA) is a concept that has been on the agenda
in recent years and will be of great interest to all manufacturing com-
panies in the near future. LCA is a scientific method in which the envi-
ronmental impacts and pollution that occur in all stages of a product
or service from cradle to grave, such as production, consumption and
disposal, are calculated in accordance with ISO 14040/44 standards.
In order to gain competitive advantage, companies analyze the envi-
ronmental impacts of their products in detail, identify the components
that cause environmental pollution during production one by one and
try to find solutions to reduce them as much as possible. Which raw
materials were used in the production process in the LCA calculation,
where do they come from? What about soil, seeds and fertilizer? How
are the products produced? What about heating, water and ventilati-
on? During the transportation of raw materials to the production faci-
lity and the delivery of the final product to the customer, which route
were the raw materials and the final product transported, which co-
untries did they pass through, what are the correction factors of these
countries? How many kilometers from where to where and how were
the products transported? Environmental impacts from transporta-
tion such as truck, ship and air transportation should also be taken
into account. In this study, how life cycle analysis is performed on a
cable type produced in Nexans cable factory is given in detail. The in-
ternational standards that should be taken as basis during the analysis
and their requirements will be explained. In the study, concepts such
as PEPB, EPD, ECO cable, ECO PASSPORT, BREEAM, LEED certification,
which will be faced by many more manufacturers in our country in the
near future, are mentioned.

Life cycle analysis, Eco Pass-
port, PEP, cable production,
LCA, carbon footprint

cmeran@pau.edu.tr
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YASAM DONGUSU ANALIZININ KABLO
URETIMINDE KULLANIMI

Anahtar Kelimeler

0z

Yasam déngiisti analizi, Eco
Passport, PEP kablo iiretimi,
LCA, karbon ayak izi

Yasam Déngiisii Analizi (daha yaygin bilinen tanimiyla Life Cycle
Assessment /LCA) son yillarda giindemde olan ve yakin gelecekte
ise iiretim yapan tiim firmalari oldukg¢a fazla ilgilendirecek olan bir
kavramdir. LCA bir tirtin veya hizmetin iiretimi, tiiketimi ve bertara-
fi gibi besikten mezara tiim asamalarinda ortaya ¢ikan gevresel etki
ve kirliliklerin ISO 14040/1SO 14044 standartlarina uygun olarak
hesaplandigi bilimsel bir yontemdir. Sirketler rekabet avantaji elde
etmek igin trtinlerinin gevresel etkilerini detayli bir sekilde analiz et-
mekte, liretim esnasinda cevre kirliligine sebep olan bilesenleri tek tek
belirleyip, miimkiin olabildigince azaltmak icin ¢éziimler iiretmeye
calismaktadir. LCA hesabinda iiretim stirecinde hangi hammaddeler
kullanildi, bunlar nereden geliyor? Toprak, tohum ve giibre ne olacak?
Urtinler nasil tiretiliyor? Isitma, su ve havalandirma nasil? Hammad-
denin liretim tesisine ulastirilmasi ve nihai iiriiniin miisteriye teslima-
t1 esnasinda hammaddeler ve nihai iiriin hangi glizergahtan tagindi,
hangi lilkelerden gecti, bu lilkelerin diizeltme faktérleri nelerdir?
Uriinler nereden nereye kac km mesafede ve nasil tasindi? Kamyon,
gemi ve hava tasimaciligi gibi nakliyeden kaynaklanan gevresel etki-
ler de hesaba katilmalidir. Bu ¢alismada Nexans kablo fabrikasinda
tiretilmekte olan bir kablo tiirii lizerinden yasam déngiisii analizinin
nasil yapildigi detaylari ile verilmistir. Analiz esnasinda esas alinmasi
gereken uluslararasi standartlar ve bunlarin isterleri agiklanacaktur.
Calismada PEP, EPD, ECO kablo, ECO PASSPORT, BREEAM, LEED serti-
fikast gibi yakin zamanda iilkemizde ¢ok daha fazla iireticinin ytiz ylize
gelecegi kavramlardan bahsedilmistir.
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Extended Abstract
Introduction

Life Cycle Assessment (LCA) is a concept that has been on the agenda in recent
years and will be of great interest to all manufacturing companies in the near fu-
ture. LCA is a scientific method in which the environmental impacts and pollution
thatoccurin all stages of a product or service from cradle to grave, such as produc-
tion, consumption and disposal, are calculated in accordance with ISO 14040/44
standards. LCA measures the environmental impact of a product throughout
its entire life cycle. The life cycle is divided into five main stages which are raw
material acquisition, production and processing, transportation, consumer use
& retail, end of life.In order to gain competitive advantage, companies analyze
the environmental impacts of their products in detail, identify the components
that cause environmental pollution during production one by one and try to find
solutions to reduce them as much as possible. Which raw materials were used in
the production process in the LCA calculation, where do they come from? What
about soil, seeds and fertilizer? How are the products produced? What about
heating, water and ventilation? During the transportation of raw materials to the
production facility and the delivery of the final product to the customer, which
route were the raw materials, and the final product transported, which countries
did they pass through, what are the correction factors of these countries? How
many kilometres from where to where and how were the products transported?
Environmental impacts from transportation such as truck, ship and air transport
should also be taken into account.The environmental impact of the cable needs
to be calculated throughout all stages of the cable’s life cycle, from the production
and supply of raw materials, design and production of the cable, transportation
of the produced cable to different locations, installation and use of the cable, end
of life and recycling and/or disposal of the cable.

Objectives

This work is prepared to explain how a life cycle analysis is performed on a type
of cable produced in the Nexans cable factory. International standards and their
requirements that should be taken as basis during the analysis will be explained.
In the study, concepts such as PEP, EPD, ECO cable, ECO PASSPORT, BREEAM,
LEED certification, which will be faced by many more manufacturers in our coun-
try in the near future, are mentioned.In terms of ecological cable production, itis
necessary to comply with certain standards, notably ISO 14020, ISO 14021, ISO
14024, 1SO 14025, ISO 14040, CPF ISO 14067, and to know some concepts such
as PEP, EPD, ECO cable, ECO PASSPORT, BREEAM, LEED Certification. ISO14020:
defines common terms and definitions, principles and general requirements
for all environmental practices, declarations (e.g. self-declared environmental
claims, eco-labels, EPDs and footprint communications) and related programs to
communicate environmental aspects and the environmental impact of products.
In the PEP development process, a manufacturer needs to create design teams
that have a good command of the process and integrate QHSE (Quality, Health,
Safety and Environment) units into the process. In particular, they will need to
prioritize eco design that reduces the carbon footprint, underground resources,
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energy consumption in the production process and the amount of water con-
sumed, especially the type and amount of material to be used in their production
and even in product packaging.When Nexans applies life cycle thinking quantita-
tively, it can be used to communicate to customers about the environmental per-
formance of products. This is called a Product Environmental Profile. In the PEP,
the simulated environmental performance of a Nexans product is measured by
different environmental indicators, such as air acidification, global warming or
resource depletion, taking into account all life cycle stages of the product (copper
extraction, energy losses in use, etc.). To do this, information is collected on ev-
erything that is needed from the environment and everything that goes into the
environment. They are then classified in terms of which environmental phenom-
enon they contribute to in order to characterize them in terms of environmental
indicators.Within the scope of this study, a PEP report for the Cu/XLPE/SWA/
LSZH S<25 mm?2 cable family manufactured at Nexans is presented. PEP shows
the environmental impact of a product or product family. PEP relates to all prod-
ucts in the range CU/XLPE/SWA/LSZH S < 25mm? and the reference product of
PEP is CU/XLPE/SWA/LSZH 3x16.

Conclusion

This study emphasizes the importance of eco-passported products, which we
will see much more frequently in the near future, through a cable production
process. Today, sustainability has become one of the top priorities of consumers
and companies. In this context, it is clear that it is very important for our country
to be prepared for the Eco PassPorted product issue, which has started to be im-
plemented and will put many manufacturers under pressure in the near future.
Regardless of the sector; it will become mandatory for our manufacturers to have
an Eco PassPort product in the near future, especially when selling to Europe.
While making any purchase, it will be possible to ask for the limits below which
the mentioned values should be in the offer and documented proof of this ap-
proved by impartial organizations. The fact that brands and manufacturers have
eco passports makes them a reliable source. It will be necessary for the relevant
institutions and organizations to carry out awareness-raising and informative
studies on eco passport without delay and to provide the necessary consultancy
services.

1. Giris

Yasam Dongilisii Analizi (LCA), bir triiniin tiim yasam doéngiisii boyunca ¢evreye
olan etkisini 6lcer. Yasam dongiisii bes ana asamaya ayrilmistir. Bunlar;

e Hammadde eldesi,

e Uretim ve Isleme

* Tasima

e Tiiketici Kullanimi & Perakende

* Yasamin Sonu
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Sekil 1: Kablonun yasam déngiisiiniin tiim asamalar1 boyunca gevresel etkisini
Olgme stireci

Kablonun yasam dongiisiiniin tiim asamalar1 boyunca hammadde iiretimi ve
temini, kablonun tasarimi ve iiretimi, iiretilen kablonun farkli lokasyonlara ta-
sinmasl, kablonun kurulumu ve kullanimi, kablonun émriinii tamamlamasi ve
geri doniisiimii ve/veya bertarafi asamalarinda cevresel etkisinin hesaplanmasi
gerekir, Sekil 1. Literatiirde kablo iiretimine yonelik ¢cok sayida yasam dongii-
st analizi iceren ¢alismalar bulunmaktadir (Bao ve dig., 2017; Crawford ve dig.,
2010; Na ve dig., 2021; Simonson ve dig., 2003; Zackrisson ve dig., 2014)
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Sekil 2: Kablo iiretiminde ortaya ¢ikan madde ve sonuglar i¢in akis listesi
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Uriin niteligine bagh olarak yasam déngiisii icinde farkl tiirde gazlar, emisyonlar
ve maddeler ortaya c¢ikabilmektedir. Kablo iiretimi yasam dongtisii icinde ortaya
¢ikan gazlar ile antimon, yag ve bakir gibi maddeler Sekil 2’'de verilmistir. Bu gaz-
larin havada asit miktarinin artmasi yaninda énemli bir karbondioksit kaynagi ol-
dugu ayrica dogadaki sinirh kaynaklarin da titkenmesine yol actig1 goriilmektedir.

Yasam sonu islemler z 100 T Yasam sonu
£
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’ 70
Kullanim fazi é é
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F-o oottt 140
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Sekil 3: Kablo karbon ayak izine stireclerin etkisi

Kablonun yasam dongiisii i¢cinde karbon ayak izine hammadde ¢ikarma tasima,
liretim ve dagitim siireglerinin etkisinin yaklasik % 20 civarinda oldugu goriiliir-
ken, asil etkinin kullanim esnasinda ortaya ¢iktig1 goriilmektedir, Sekil 3.
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Sekil 4: NA2XSA2Y 12/20 kV 1x400 mm2 kablonun iiretimi esnasinda karbon
ayak izine etki eden faktorler
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Aliiminyum iletkenli ve PE kilifli tek damarh XLPE izoleli NA2XSA2Y 12/20 kV
1x400 mm? kablo, iiretimi esnasinda karbon ayak izine etki eden faktorler agi-
sindan degerlendirildiginde, aliiminyum iletkenin % 70 civarinda etkiye sahip
oldugu goriilmektedir, Sekil 4. Proses ve malzeme birlikte géz oniine tutuldu-
gunda %11 izolasyon ve yari iletken, % 7 alliminyum ekran, % 5 kilif ve % 4’de
hammadde tasiniminin diger karbon ayak izi kaynaklari oldugu anlasilmaktadir.

2. Cevresel Ayak izi ve ilgili Standartlar

PEP Ecopassport®, kablo ve elektrik-elektronik tirtinler i¢in gelistirilmis bir Tip
Il ¢evresel liriin bildirimi programidir (URL-1). Ekolojik kablo tiretimi agisindan
ISO 14020, ISO 14021, ISO 14024, ISO 14025, ISO 14040, CPF ISO 14067 basta
olmak tizere belirli standartlara uyulmasi ve PEP, EPD, ECO cable, Ecopassport,
BREEAM, LEED Sertifikasi gibi bazi kavramlarin bilinmesi gerekir. ISO14020:
tiim cevresel uygulamalar icin ortak terimler ve tanimlar, ilkeler ve genel gerekli-
likler, beyanlar (6rn. kendi beyan ettigi cevresel iddialar, eko-etiketler, EPD’ler ve
ayak izi iletisimleri) ve ¢evresel boyutlarin iletisimini saglayan ilgili programlar
ve lirtinlerin ¢evresel etkilerini tanimlamaktadir. PEP’e ihtiya¢ duyulmasinin se-
bepleri dort baslik altinda toplanabilir;

- Mevzuat & Standartlar; Bina uygulamalarina yonelik triinler i¢in bir cevre
beyani (PEP) gereksinimi,

- Pazarlama stratejisi; iddia, déniisiim ve iyilestirme icin 6l¢iim. Ornegin Ne-
xans urtnlerini rakiplerden farklilastirmak

- Yatirnmcilar & Miisteriler; Son 2 yildan bu yana iiriinlerin ¢evresel/karbon
ayak izlerine yonelik miisterinin talepleri hizla artmasi

- Grup iddias1; Nexans, 2030 yilina kadar karbon nétiir ve 2050 yilina kadar
karbon net sifir hedeflerine katkida bulunmay: taahhiit etmistir. Karbon emis-
yonlarinin azaltilmasi i¢in 6l¢iilmesi gerekir.

BREEAM (Building Research Establishment Environmental Assessment Met-
hod), binalarin ¢evresel performansini degerlendiren ve siirdiiriilebilirlik stan-
dartlarina uygunlugunu belirleyen bir yesil bina sertifikasyon sistemidir.

LEED Sertifikasi, USGBC (United States Green Building Council), yani Amerikan
Yesil Binalar Konseyi tarafindan gelistirilmis, yesil binalar1 derecelendiren bir
sistemdir. Sertifikanin amaci, bina ve kent 6lgeginde ¢evreye duyarh tasarim, uy-
gulama ve isletme standartlarini gelistirmek ve yaymaktir.

Yesil Bina Sertifikasi, bir yapinin siirduriilebilir ve ¢evre dostu standartlar: kar-
siladigini belirtir. Bu sertifika, enerji verimliligi, kaynaklarin korunmasi ve ¢cevre
dostu malzemelerin kullanimi gibi faktorlere dayanarak verilir.

PEP Ecopassport’a http://www.pep-ecopassport.org// web sayfasi iizerinden
giris yapilabilmektedir.

Bir imalat¢inin PEP gelisim siirecinde siirece hakim tasarim takimlarinin olus-
turulmasi, QHSE (Kalite, Saglik, Giivenlik ve Cevre) birimlerini slirece entegre
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etmesi gereklidir. Ozellikle iiretimlerinde ve hatta iiriin paketlenmesinde kulla-
nilacak malzeme tiirii ve miktarinin bile karbon ayak izini, yeralti kaynaklari-
ni, liretim siirecindeki enerji sarfiyatini ve harcanan su miktarini disiiriict eko
tasarim(eco design)1 6ncelemeleri gerekecektir.

Environmental Communication iso 14020

Type | 15O 14024 /
D

"Vwm,ml"‘t
Type lll 18O 14025

= e’
C \(f N

Type ll 15O 14021 \ — EPD®

THE INTERNATIONAL EPD® SYSTEM

ENEL request:
CFP ISO 14067

Sekil 5’de goriilen Tip I, Tip Il ve Tip III'lin 6zellikleri asagida detaylica verilmis
ve birbirlerinden farkliliklar1 agiklanmistir.

2.11S0 14024 Tip 1

Sekil 5: Cevresel iletisim [SO 14020

ISO 14024, gevresel etiketleme icin genel prensipleri belirleyen uluslararasi bir
standarttir ve ozellikle Tip I ¢evre etiketlerini tanimlar. Bu tip etiketleme, bir
lirtinlin veya hizmetin belirli cevresel kriterlere gére bagimsiz bir tiglincii tarafca
degerlendirildigi goniillii bir sistemdir.

ISO 14024 Tip I cevre etiketi 6zellikleri:

¢ Goniillii bir sistemdir: Firmalar bu etiketi almak i¢in goniillii olarak basvu-
rurlar, zorunlu bir uygulama degildir.

* Uciincii taraf degerlendirmesi: Uriin veya hizmet, bagimsiz bir kurulus ta-
rafindan dnceden belirlenen cevresel kriterlere gore degerlendirilir ve onay-
lanir.

* Coklu Kkriter yaklasimi: Bu standart, sadece tek bir ¢evresel faktore degil
(6rnegin sadece enerji verimliligi gibi), birden fazla ¢evresel etkiye (6rnegin
atik, su kullanimy, enerji verimliligi, malzeme kullanimi vb.) odaklanir.

* Eko-Etiket: Bu etiket, tiiketicilere liriintin ¢evresel agidan tercih edilebilir
oldugunu gosterir. Etiket, tiriiniin yasam doéngiisii boyunca ¢evreye zarar ver-
medigi veya ¢evresel performansinin yiiksek oldugu anlamina gelir.
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ISO 14024'{in amact:

Bu standart, tiiketicilere cevresel etkisi daha az olan tiriinleri tanimalarini sag-
larken, tireticileri de daha siirdiiriilebilir tiretim yontemleri benimsemeye tesvik
eder. Tip 1 cevre etiketleri, 6zellikle daha yesil tiriinleri tercih eden tiiketiciler
icin 6nemli bir rehber islevi gorir.

Ornek: EU Ecolabel (Avrupa Birligi Eko-Etiketi), ISO 14024’e gore Tip 1 etiketle-
me sistemine bir 6rnektir.

Bu tiir ¢evre etiketleri, ¢evre dostu lriinlerin yayginlasmasina ve siirdiirtilebilir
tliketim aligkanliklarinin gelismesine katkida bulunur.

2.2.1S0 14021 Tip I

ISO 14021, gevresel etiketleme ve beyanlar konusunda ikinci tip olarak tanimla-
nan standarttir ve 6zellikle “kendi kendine beyan edilen” ¢cevresel iddialar dii-
zenler. Tip 2 ¢evresel etiketleme, iiretici veya hizmet saglayicinin kendi tiriiniine
dair yaptig1 ¢cevresel iddialari icerir ve bu iddialar iigiincii taraf onay1 olmadan
yapilabilir.

ISO 14021 Tip II'nin 6zellikleri:

* Kendi kendine beyan: Bu tiir etiketlemelerde, triiniin ¢evresel 6zellikleri
liretici veya satic tarafindan dogrudan belirtilir. Ugiincii taraf sertifikasyonu
gerekmez.

¢ iddialarin dogrulugu: Ureticilerin veya saticilarin yaptiklari cevresel iddi-
alar (6rnegin “geri doniistiiriilebilir”, “biyolojik olarak parcalanabilir”, “ener-
ji tasarruflu” vb.) dogruluk ve seffaflik ilkelerine dayanmalidir. Yaniltic1 veya
yanlis bilgi verilmesi engellenmelidir.

* Tanimlanan kriterler: ISO 14021, sikca kullanilan ¢evresel terimler ve iddi-
alar icin rehberlik eder. Bu sayede, firmalarin “cevre dostu” gibi genel ifadeler
kullanip tiiketiciyi yaniltmasinin 6niine gecer. Standart, belirli terimlerin nasil
kullanilabilecegini ve hangi kriterlerin karsilanmasi gerektigini detaylandirir.

ISO 14021 kapsaminda yaygin olarak kullanilan bazi ¢evresel iddialar:

* Geri déniistiiriilebilir: Uriiniin veya ambalajin geri déniistiiriilebilecegi an-
lamina gelir.

* Biyolojik olarak parcalanabilir: Uriiniin dogal siireclerle cevreye zararsiz
sekilde parcalanabilecegini ifade eder.

* Enerji tasarruflu: Uriiniin kullanimi sirasinda eneriji tiikketiminin diisiik ol-
dugunu belirtir.

* Kompostlanabilir: Uriiniin organik atik olarak kompostlanabilir oldugunu
gosterir.
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* Azaltilmis gevresel etki: Uriiniin iiretimi, kullanimi veya bertarafi sirasinda
cevresel etkilerinin azaltildigini ifade eder.

Temel farklar:

e Tip I (ISO 14024) etiketi bagimsiz bir {iciincii taraf onayini gerektirirken,
Tip II (ISO 14021) tamamen tretici veya saticinin kendi beyanlarina dayanir.

Tip II'nin avantaj ve dezavantajlar::

* Avantajlar: Hizl ve diisiik maliyetli uygulamadir, tigiincii taraf denetimi ge-
rektirmedigi icin daha esnek bir yéntemdir.

* Dezavantajlar: Yaniltici veya abartili iddialar yapilabilir, bu nedenle tiiketici
giiveni genellikle Tip 1 etiketleme sistemlerine gore daha diisiik olabilir.

Sonug olarak, ISO 14021 Tip 2, cevre iddialarini standart bir ¢erceveye oturtma-
y1 hedeflerken, bu iddialarin giivenilirliginin saglanmasi biiytik 6l¢iide lireticinin
etik anlayisina ve dogrulama stireglerine baghdir.

2.3.1S0 14025 Tip III

ISO 14025, cevresel etiketleme ve beyanlar konusunda c¢evresel iiriin
beyanlarimi (EPD - Environmental Product Declaration) kapsayan ti¢iinc tip
cevre etiketi olarak tanimlanir. ISO 14025, liriinlerin ¢cevresel etkilerinin seffaf ve
tarafsiz bir sekilde sunulmasini amaglayan bir sistemdir ve bu beyanlar, bagimsiz
bir iiciincii taraf denetimi ve dogrulamasi gerektirir.

ISO 14025 Tip III'iin 6zellikleri:

¢ Cevresel Uriin Beyan1 (EPD): Tip 3, {iriiniin yagsam déngiisii boyunca cev-
reye olan etkilerini ayrintili ve sayisal verilerle agiklayan belgeleri icerir. Bu
beyanlar, Giriiniin hammaddeden bertarafina kadar tiim asamalardaki cevresel
etkilerini kapsar.

¢ Ugiincii taraf dogrulamasi: Ureticinin sundugu bilgiler bagimsiz bir ii¢iincii
taraf tarafindan dogrulanir ve onaylanir. Bu, EPD’nin dogrulugunu ve giiveni-
lirligini artirir.

* Yasam Dongiisii Analizi (LCA): Tip 3 beyanlari, bir iiriiniin yasam dongiisii
boyunca gevresel etkilerini analiz eden LCA raporlarina dayanir. Bu, hammad-
de ¢ikarimindan iiretime, kullanim asamasindan bertarafa kadar tiim stireg-
leri igerir.

* Seffaflik ve karsilastirilabilirlik: Tip 3 etiketleme, tiriinler arasinda kar-
silastirilabilirlik saglar. Cevresel performans verileri objektif ve bilimsel te-
mellere dayali olarak sunuldugundan, tiiketiciler ve profesyoneller bu bilgileri
dogrudan kiyaslayabilir.

Tip III cevresel etiketinin temel amaci:
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* Seffaf bilgi sunumu: EPD’ler, tiiketicilere ve paydaslara bir iiriiniin cevresel
etkileri hakkinda sayisal ve objektif bilgiler sunarak bilincli kararlar almalari-
ni saglar.

* Karsilastirma imkani: Ayni kategorideki farkl tiriinlerin ¢evresel perfor-
mansini kargilastirma imkani verir. Ozellikle insaat sektorii, kamu ihaleleri ve
stirdiirtlebilirlik projeleri gibi alanlarda iriinlerin ¢evresel etkilerinin seffaf
bir sekilde sunulmasi énemlidir.

* Kiiresel gecerlilik: ISO 14025 standardi diinya genelinde gegerli olup, ulus-
lararasi diizeyde siirdiiriilebilirlik hedeflerini karsilayan iiriinler icin 6nemli
bir referans olusturur.

ISO 14025’in uygulama alanlar::
Tip III gevresel beyanlar, 6zellikle asagidaki sektorlerde yaygin olarak kullanilir:

e ingaat ve yap1 malzemeleri: Beton, celik, cam gibi malzemelerin cevresel
etkilerinin 6l¢iilmesi ve beyan edilmesi.

* Enerji sektorii: Enerji tiretim ve dagitim sistemlerinin ¢evresel performan-
sinin degerlendirilmesi.

* Tiiketim iiriinleri: Elektronik, tekstil ve diger tiiketim {irtinlerinin yasam
dongiisii etkilerinin analiz edilmesi.

Temel farklar:

* Tip I (ISO 14024): Bagimsiz ii¢iincii taraf onayiyla verilen ve ¢oklu cevresel
kriterlere dayanan bir gcevre etiketi.

e Tip II (ISO 14021): Uretici veya satic1 tarafindan kendi kendine yapilan cev-
resel beyanlar.

* Tip III (ISO 14025): Uriinlerin ¢evresel performansini, yasam déngiisii ve-
rilerine dayanan ve {giinci tarafca dogrulanan beyanlarla seffaf bir sekilde
sunan sistem.

Tip III'iin avantajlar::

* Bilimsel ve objektif veriler: Sayisal temellere dayali, detayli ve giivenilir
cevresel bilgiler sunar.

* Giivenilirlik: Uciincii taraf dogrulamasi oldugu icin giivenilir bir kaynaktir.

* Karsilastirilabilirlik: Ayni kategoriye ait liriinlerin ¢evresel performansini
kiyaslama olanag verir.

ISO 14025 Tip III beyanlari, 6zellikle ¢cevresel etkiler konusunda kapsamli ve gii-
venilir bilgi arayan profesyoneller ve kurumlar icin 6nemli bir aractir.

Tip III'de bahsi gecen Yasam Donglisii Degerlendirmesinde (LCA) cevresel agidan
bir kablo yasam dongiisiinii tanimlamak i¢in bir kablonun nasil elde edileceginin
sorgulanmasi gerekir. Kablo tasarimi, tiriiniin hangi malzemeden yapilacagina
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dair bir fikir verir ve bu da bize bir iirtin yasam déngiisiiniin ilk unsurunu saglar:
Hammadde ¢ikarma, iirtine doniistiirme, dagitim, kurulum ve tabii ki bu {iriiniin
kullanimi sona erdiginde ne yapilacaginin da sorulmasi gerekir. Bir kablonun
kullanim dmriiniin sonunda ¢esitli alternatif yollar mevcuttur: érnegin diizenli
depolama, geri dontlistim, enerji geri kazanimi, vs.

Burada gecen diger bir kavram ise PEP (Product Environmental Profile) bir {iriin
veya Urin ailesinin ¢cevresel etkilerini vermektedir. EPD ve PEP ifadeleri aslinda
ilintilidir. EPD standartta gegen hali iken PEP ise elektronik ekipmanlar i¢in olus-
turulmus olan bir EPD’dir. PEP ingilizce, Fransizca, Almanca, Hollandaca, ispan-
yolca ve Portekizce olmak tizere alt1 dilde olusturulabilir.

3. Bir Kablo icin Eco Passport Belgesi

Bu ¢alismada arastirma ve yayin etigine uyulmustur. Nexans yasam dongiisi dii-
stincesini niceliksel olarak uyguladiginda, tiriinlerin ¢evresel performansi hak-
kinda miisterilerle iletisim kurmak icin kullanilabilir. : Uriinlerin yasam déngiisii
boyunca cevreye olan etkilerini raporlayan beyanlari dogrulama sertifikasina
Uriin Cevre Profili denir. PEP’te bir Nexans {iriiniiniin simiile edilmis cevresel
performansi, liriiniin tiim yasam dongiisii asamalar1 (bakir ¢ikarma, kullanim-
daki enerji kayiplari1 vb.) géz éniinde bulundurularak, hava asitlenmesi, kiiresel
1sinma veya kaynaklarin tiikenmesi gibi farkl cevresel gostergeler ile 6l¢iilmek-
tedir. 6l¢ilmektedir. Bu kapsamda, ¢evreden elde edilen tiim kaynaklar ve cev-
reye geri donen tiim c¢iktilar hakkinda bilgi toplanmaktadir. Daha sonra bunlari
cevresel gostergeler acisindan karakterize etmek icin hangi cevresel olaya kat-
kida bulunduklar: a¢isindan siniflandirilmaktadir. Uriin icin bir ¢evre pasaportu
olusturulur ve 5 yil gecerlilik siiresi vardir.

Cevresel etkilerin bu sekilde 6l¢iilmesi, ¢evresel iletisim i¢in kullanilmasinin
yani sira, Nexans’in eko-tasarima yonelik kiiresel yaklasiminin da ilk adimidir.

Yasam dongiisii tizerindeki etkilerin ilk 6l¢ctimiinden sonra, yenilikei fikirler gelis-
tirirsiniz, yasam dongiilerini tekrar degerlendirirsiniz. Ornegin bir PEP araciligiy-
la miisterilerinize giivenilir, seffaf ve karsilastirilabilir bilgiler iletmeden 6nce en
uygun ¢ozliimleri karsilastirmak ve se¢gmek icin kullanilabilir. Nexans ekibini, bir
triniin erken gelistirme asamasinda ¢evresel konular1 dikkate alma ve {riiniin
cevresel etkilerini miimkiin olan en kisa siirede azaltmanin yolunu bulma ve so-
nuc¢ta musterilerimize eko-tasarimli tiriinler sunma konusunda desteklemektedir.

Sekil 6’da Nexans’ta tiretilen Cu/XLPE/SWA/LSZH S<25 mm?2 kablo ailesine
ait PEP raporu verilmistir. PEP bir iirtin veya {iriin ailesinin ¢evresel etkilerini
gostermektedir. Tek bir tirtine ait hazirlanan PEP 4 sayfa, bir iirtin ailesine ait
hazirlanan PEP ise 6 sayfadan olusmaktadir. PEP ingilizce, Fransizca, Almanca,
Hollandaca, Portekizce ve ispanyolca olmak iizere otomatik olarak 6 dilde olustu-
rulabilir. Raporda kapak sayfasinda iiriin ¢evresel profili tanimlanmakta, iirtintin
ait oldugu teknik aile, iiriin adi, bu iriine ait PEP Eco passaport No, bu pasa-
portun yukarida agiklanan Tip I, Tip Il ya da Tip 1II'den hangi kapsamda oldugu
verilmistir. Kapak sayfasinda PEP ecopassport® programindaki Uriin Kategori
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Kurallarinin (PCR) teller, kablolar ve aksesuarlar kategorisine ait oldugu belirtil-
mistir. PEP, CU/XLPE/SWA/LSZH S < 25mm? araligindaki tiim tiriinlerle ilgilidir
ve PEP’in referans tiriinii CU/XLPE/SWA/LSZH 3x16’dir.

PEP belgesi 1. Béliimde I. Uriinler ve taahhiitler hakkinda bilgiler sunulmustur.
Bu manada Nexans’'in Kurumsal Sosyal Sorumluluk Taahhiidii, Referans Uriin ta-
nimi, kapsanan triinler, fonksiyonel birim ve malzeme bilesenleri alt bashklar:
bulunmaktadir.

* Nexans taahhiidii kurumsal sosyal sorumluluk, ¢cevresel, ekonomik ve sosyal
yonlerin kesisim noktasidir ve Nexans’'in stratejisinin ayrilmaz bir parcasidir.
Nexans, Aralik 2008’den beri Birlesmis Milletler Kiiresel Ilkeler S6zlesmesi'ni
desteklemekte ve Strdiirtilebilir Kalkinmay1 tiim seviyelerde entegre etmek
icin i¢ eylem planlar1 uygulamistir. Bu, sorumlu yonetimi, ¢alisanlar icin saglik-
l1 ve giivenli bir calisma ortamini, Nexans Karbon Noétrliik stratejisi araciligiyla
azaltilmis kiiresel karbon ayak izini icermektedir.

* Referans trin CU/XLPE/SWA/LSZH 3x16 olup, enerji aglarinda, otellerde,
okullarda, tiinellerde, ytliksek yapilar, hastaneler, enerji santralleri, veri isleme
merkezleri, yangin riski bulunan is merkezlerinde kullanilir diye tanimlanmistir:

* Kapsanan iirtinler baghgl altinda belirtilen triinlerin PEP ecopass-
port® programindaki Uriin Kategori Kurallarinin (PCR) Teller, Kablolar ve
Aksesuarlar kategorisine ait oldugu belirtilmistir. Bu baslik altinda PEP, CU/
XLPE/SWA/LSZH S < 25mm? araligindaki tiim iirtinlerle ilgilidir ve PEP’in re-
ferans trtinti CU/XLPE/SWA/LSZH 3x16’ seklinde kapsami1 tanimlanmistir.

* Kablo fonksiyonlar1 bagligi altinda, standartta uygun olarak 30 y1l boyunca
ve %70 kullanim orani ile 1 km mesafe iizerinden 1A i¢in ifade edilen enerjiyi
iletmek oldugu belirtilmistir.

* Kablo malzeme bilesenleri olarak ise %12,9 plastik, %67,2 metal ve % 19,8’de
diger malzemelerden olustugu belirtilmistir.
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f\ﬁexans

ELECTRIFY THE FUTURE

Product Environmental Profile

Family fechnical name: CU/XLPE/SWA/LSZH § = 25mm?
Family brand name; CU/XLPE/SWASLSZH
Reference preduct name : CU/XLPE/SSWASLSZH 3x16

¢ & o

2887 0,56931 102,4 51604
kg COzeq, kg Sb ag m? M
Climate change - total Resource use - minerals Met use of fresh water Total Primary Energy

& metals (ADPe]

The sbove snvironmanto) impacts ara ‘rodl fo gota’ or Monufacturing phosa® voluss (AT-A3}

Praduc Cotegary Rules: PEP-PCR-edld-EN-2021 09 04
PEP ecopusspart M°: HNXMS-00301 V01, 01-EN
Product Specific Rules: PER-0001-2dd-EN-2022 11 16
Program informatian &
Varif ditetian M VH1E v e npussport o
‘erifier ncereditetion et pup-acnpusspart.org
Dote of publicstion: 10-2023 “alidity periad: 5 years
1dep weridication of the and dut, in eccordance with 150 14025 : 2006
Internel O Exernal B

The PCR crifical raview wos canducted by o ponel of experts chaired by Julie Orgelet (Ddemain)

PEP ore compliant with %P C08-100-1 :2016 ar EN 50693

The elements of the present PEP cannat be compared with elements fram onather progrem

Compliant with 18C 14025: 2006 Envirenmental labels and declorations - Type Il envirenmantial dederofions’.

REALIZED BY: Adnan Bahar
Bozburun, Ahmet Nur Erkaglu Cd. No:2, 20020 merkezefendifbenizli,
adnan.bahar@nexans.com @ +903310428652 hittps:/ . nexans.com/csr.html

Sekil 6: Cu/XLPE/SWA/LSZH S<25 mm? kablo ailesine ait PEP Ecopassport Bel-
gesinin orijinal hali

2. bashk olan yasam dongiisii degerlendirme bashgi altinda imalat, dagitim, ku-
rulum, kullanim, 6miir sonu

¢ Uretim baghg altinda; CU/XLPE/SWA/LSZH S<25mm? serisindeki tiim iiriinler
Tiirkiye’de tiretildigi, tiretim asamasi icin elektrik karisimi modelinin Tiirkiye'den
alindig1 belirtilmistir. Tiirkiye'deki tiim Nexans tesisleri 1SO14001 standardina
gore sertifikall bir Cevre Yonetim Sistemi uygulamakta oldugu, cevresel etkileri
azaltmak icin tasarlanmis ambalajlarla iliskin:

- Ambalaj, gecerli standarda (94/62/EC sayili Direktif) gore tasarlandigy,

- Referans iirlinii tasimak icin diisiintilen ambalajin ahsap bir makara oldugu
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ve bu ambalajin 1 kez kullanildig belirtilmistir.

* Dagitim asamasinin etki degerlendirmesi i¢cin nakliye senaryosu kita i¢i kam-
yonla 3500 km yol kat edilmesi ele alinmistir:

* Referans Uriiniin kurulum siirecleri icin, PEP ecopassport® programindan
«Teller, Kablolar ve Aksesuarlar» icin Uriin Ozel Kurallar belgesine gére
calismanin kapsami disinda degerlendirildigi, bu asamada sadece iiriin kayipla-
rinin ve ambalaj atiklarinin % 5’nin dikkate alindig1 belirtilmistir.

2. baslik altinda kullanima iliskin senaryonun 30 yillik bir kablo kullanimi ve %
70 kullanim orani i¢in enerji tiiketimi 423,11 kWh/km olarak hesaplanmistir. Bu
deger I=1 A i¢in hesaplanmistir. Kurulu kablonun etkin tiiketimi i¢in verilen de-
geri yogunlugun karesi ile carpmak gereklidir. Kullanim agamasinda dikkate ali-
nan elektrik karisimi Avrupa’dir. Kabul edilen referans dmrii boyunca kablonun
¢alismasini saglamak i¢in herhangi bir bakim gerekmedigi kabul edilmistir.

Kullanim dmri sonu asamasiyla ilgili etki analizi icin se¢ilen nakliye senaryo-
su, kamyonla kat edilen 1000 km'dir. Kablolar, polimer ve metal pargalarin ay-
rilmasi i¢in bir 6giitme siireci araciligiyla geri doniistiiriilmekte oldugu, ayrilan
malzemelerin daha sonra geri dontistirildigi, yakildig1 veya ¢opliige atildigi-
nin varsayildigi bu boliimde belirtilmektedir. Miisteri, kablolarini kullanim 6mri
sonunda geri doniistiirmek isterse, Nexans, Nexans Geri Donilisiim Hizmetleri
(recycling.services@nexans.com) adindaki yap1 araciligiyla kablolarin kullanim
omri sonunda geri dontistiiriilmesi konusundaki bilgi birikimine sahiptir ve po-
limerlerin ve metallerin geri dontistiiriilmesi icin kapsamli bir ¢6ziim sunmakta
oldugunu beyan etmektedir.

Kapak sayfasinda 6zellikle Sekil 7’de verildigi tizere CU/XLPE/SWA/LSZH 3x16
referans tlriinle ilgili cevresel ayak izi ile ilgili sayisal degerlerle 6zellikle belirtil-
mistir. Cevresel ayak izi bir kisinin, sirketin, faaliyetin vb. ¢cevre lizerindeki etkisi-
nin yasam dongiist yaklasimina dayali olarak hesaplayan ¢ok kriterli bir 6l¢tittiir.
Ekolojik ayak izi olarak da bilinen ¢evresel ayak izinin hesaplanmasi, belirli bir
bolgedeki bir kisinin gida, barinma, hareketlilik, mal ve hizmetlerini saglamak
icin gereken toprak, su veya denizin hesaplanmasiyla baslar. Tahmin, kisinin ika-
met ettigi alana baghdir. Bunun nedeni, ekosistemlerin biyolojik materyal {iret-
me ve CO, absorbe etme kapasitelerinin farkli olmasidir.

+® & &

2887 0,56931 102,4 51604
kg COy e, ky Sk e m Rl
Climate change - total Resource use - minerals Met uze of fresh water Total Primary Energy

& metals [ADPe)

Sekil 7: Referans iiriin CU/XLPE/SWA/LSZH 3x16 kablo i¢in hesaplanan bazi
cevresel etki degerleri
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Referans trtin CU/XLPE/SWA/LSZH 3x16 kablonun Eco PassPort'unda ham-
maddeden geri bertarafina kadar olan yasam doéngiisii icinde hesaplamalara gore
2887 kg CO, esdegeri iklim degisikligine, 0,56931 kg Sb (Antimon) esdegeri ye-
ralti mineral ya da metal kullanimina, 102,4 m? net su tiiketimine ve bunlarla be-
raberde 51604 M] toplam enerji tiiketimine etkisi oldugu deklare edilmektedir.

Eco PassPort 3. Bolumde cevresel etkilerle ilgili agiklamalara yer verilmistir.
Referans iirtin CU/XLPE/SWA/LSZH 3x16, PEP ecopassport® programindan
Uriin Kategori Kurallar1 (PEP-PCR-ed4-EN-2021 09 06) ve Uriin Ozel Kurallar
(PSR-0001-ed4-EN-2022 11 16) kapsamina girmektedir. PCR’ye gore, referans
lirtinlin yasam dongiisi etki degerlendirmesi, iiretim, dagitim, montaj, kullanim
ve dmiir sonunda asamalari dikkate almaktadir.

Tiim gerekli hipotezler, referans liriin yasam dongiisiiniin ¢evresel etkilerini de-
gerlendirmek icin 6nceki boliimlerde sunulmustur (elektrik karisimi modelleri,
kullanim senaryosu, vb.). Degerlendirmeyi ger¢eklestirmek i¢in kullanilan yazi-
Iim EIME 5.9.4’tiir ve Nexans-2023-10 veri tabanini icermektedir.

CU/XLPE/SWA/LSZH 3x16 i¢cin 1000 m kablo icin iiretim, dagitim, kurulum,
kullanim ve kullanim sonu 6miir i¢in hesaplanan kg CO2 esdegeri, m3 esdege-
ri su tiketimi, kg Sb esdegeri olarak dogal maden ya da metal kullanimi, geri
doniistiiriilebilir malzeme, radyoaktif atik bertaraf miktari, tehlikeli olan ya da
olmayan atik miktari1 vs. gibi onlarca ¢evresel etkiler tablo olarak verilmektedir.
Ayrica iiretim ve paketlemedeki biyojenik karbon igerigi de kg cinsinden veril-
mektedir.

[1gili tiriin pasaportunun son béliimiinde ise aileye ait farkli kablolar i¢in tabloda
verilen degerleri hesaplamakta kullanilacak ekstrapolasyon kurallari, CU/XLPE/
SWA/LSZH S < 25mm? arahgindaki 3 iiriiniin ¢evresel etki degerlendirme so-
nuclarina gore hesaplanmistir. Bu kurallar referans iirtin CU/XLPE/SWA/LSZH
3x16’dir. Referans tirtintin agirligl 984,19 kg/km’dir. Referans iiriin 2 aktif iletken
ve 2,3 ohm/km/aktif iletken 6zdirence sahiptir. Tablolarda verilen ekstrapolas-
yon kurallar1 1000 m tiriin i¢in gegerli olup uygulanabildigi yerlerde iiriin agirhgi
1000 m kablo i¢in kg cinsinden ifade edilmistir.

4. Degerlendirme

Giiniimiizde siirdiiriilebilirlik, tiiketicilerin ve sirketlerin en dncelikli konularin-
dan biri haline gelmistir. Bu baglamda, uygulanmaya baslayan ve yakin gelecekte
bircok iireticiyi baski altina alacak olan Eco PassPortlu tiriin konusuna hazirlikl
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olmanin tlkemiz i¢in ¢ok 6nemli oldugu agiktir. Sektoriin ne oldugundan bagim-
s1z olarak lireticilerimizin yakin gelecekte 6zellikle Avrupa’ya satis yaparken on-
celikle Eco PassPort’lu iirtine sahip olmasi zorunlu hale gelecektir. Bunun deva-
minda ise hem Sekil 7’de belirtilen degerlerin dusiikliigline gore yeni bir yaris
ya da rekabet baslayacaktir. Herhangi bir alim yapilirken s6zt edilen degerlerin
teklifte hangi limitlerin altinda olmasinin gerektigi ve bunun da tarafsiz kuru-
luslarca onayl belgeli ispati istenebilecektir. Markalar ve lireticilerin eco pass-
port sahibi olmasi onlar giivenilir bir kaynak haline getirmektedir. Eco passport
konusunda farkindalik yaratici ve bilgilendirici ¢alismalarin vakit gegirilmeden
ilgili kurum ve kuruluslarca yapilmasi, gerekli danismanlik hizmetinin verilmesi
gerekecektir.
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Anahtar Kelimeler 0z

Takim tezgahlari, Bu calismada, talash imalat sektoriinde kullanilan takim tezgahlarinin
Mekanizasyon, teknolojik gelisimi, ilk ¢aglardan giiniimiize uzanan bir siire¢ icinde
Otomasyon, genis bir bakis agisiyla incelenmistir. Ayrica bu gelismelerin gelecege
Hibrit tezgahlar, yansiyacak olast etkileri de ele alinmistir Hedef malzemenin
Akalli makinalar. sekillendirilebilmesi icin gerekli giic ve hareketi saglayan sistemler

olarak tanimlanabilecek takim tezgahlarinin, dncelikle enerji
kaynagindaki degisimlere paralel olarak evrildigi gériilmiistiir. Sonraki
stiregte ise, takim hareketlerini saglayan mekanizasyon sistemlerindeki
ilerlemelere bagl olarak gelistigi anlasiimistir. Zamanla, kesici takim
ve tezgah hareketlerinin kontroltinii listlenen otomasyon sistemlerinin
gelismesiyle, gtintimiizde yaygin olarak kullanilan bilgisayarl
sayisal denetim (CNC) ozellikli takim tezgahlarinin ilk oOrnekleri
ortaya ctkmistir. Malzeme bilimi, elektronik, bilgisayar yazilimi ve
donanimi gibi alanlarda kaydedilen hizli ilerlemeler, bu tezgahlarda
mekanizasyon ve otomasyon sistemlerinin uyum iginde ¢alismasini
miimkiin kilmistir. Bu teknolojik gelismeler, "yardimci robotlar”
olarak tanimlanan cevre ekipmanlarinin ve karar destek gorevini
listlenen uzman sistemlerin takim tezgahlariyla entegre bicimde
kullanilmasinin éntinti acmistir. Béylece genis kapsamli bir kontrol ve
karar alma agi olusturan bu sistem, bilgisayarla tiimlesik imalat (CIM)
kavrami altinda tanimlanmustir. Ote yandan, giiniimiizde kullaniimaya
baslanan hibrit takim tezgahlari sayesinde, talash imalat islemleriyle
birlikte eklemeli imalat, kaynak gibi farkl: iiretim yéntemleri de ayni
makinede gerceklestirilebilmektedir. Tiim bu gelismelere paralel
olarak, bilgisayarla tiimlesik imalat (CIM) ve bilgisayar destekli stire¢
planlama (CAPP) gibi alanlarda karar alma siireglerinin, gelecekte
tamamenyapay zeka destekli uzman sistemler araciligiyla ytirtitiilecegi
ongoriilmektedir. Ayrica, yeni nesil akilli takim tezgahlarinda yesil
hidrojen, biyoyakit ve giines enerjisi gibi yenilenebilir ve karbon nétr
enerji kaynaklarinin etkin bicimde kullanilacagi tahmin edilmektedir.

aysegulcakir@beun.edu.tr
doi: 10.46399/muhendismakina.1592292
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A WIDE PERSPECTIVE REVIEW OF DEVELOPMENTS IN
MACHINE TOOL TECHNOLOGIES FROM PAST TO PRESENT
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In this study, the technological development of machine tools used in the
machining sector has been examined from a broad perspective in a process
extending from the early ages to the present. In addition, the possible
effects of these developments that will be reflected in the future have been
discussed. It has been observed that machine tools, which can be defined as
systems that provide the necessary power and movement for the shaping of
the target material, have evolved primarily in parallel with the changes in
the energy source. In the following process, it has been understood that they
have developed depending on the advances in the mechanization systems
that provide tool movements. Over time, with the development of automation
systems that undertake the control of cutting tool and machine movements,
the first examples of machine tools with computer numerical control (CNC)
features, which are widely used today, have emerged. Rapid advances in
fields such as material science, electronics, computer software and hardware
have made it possible for mechanization and automation systems to work in
harmony in these machines. These technological developments have paved
the way for the integrated use of peripheral equipment defined as "assistive
robots” and expert systems that undertake decision support tasks with
machine tools. Thus, this system, which creates a comprehensive control and
decision-making network, has been defined under the concept of computer-
integrated manufacturing (CIM). On the other hand, thanks to the hybrid
machine tools that are now being used, different production methods such as
additive manufacturing and welding can be carried out on the same machine
along with machining processes. In parallel with all these developments,
it is predicted that decision-making processes in areas such as computer-
integrated manufacturing (CIM) and computer-aided process planning
(CAPP) will be carried out entirely through artificial intelligence-supported
expert systems in the future. In addition, it is estimated that renewable and
carbon-neutral energy sources such as green hydrogen, biofuels and solar
energy will be used effectively in the new generation of smart machine tools
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Extended Abtract
Introduction

Machine tools can be described as systems that provide power and movement to
the cutting tool to shape the target material. These systems, which started to be
used in the 12th century, have gone through different development stages and
have reached the new generation versions described as smart machines today.
In this research, first, detailed information about the machine tools used for the
first time in history is given in a chronological manner. Then, the development
stages in machine tool technology are given. In the next section, NC (Numerical
Control) and CNC (Computer Numerical Control) automation systems are exami-
ned in detail and traditional machine tools used today and CNC machine tools are
compared from various perspectives. Then, current developments in CNC mac-
hine tool technology and the reflections of these developments on the future are
shared. In the last section, the conclusion section, the conclusions and suggesti-
ons related to the study are given.

Objectives/ Research Purpose

The main purpose of this study is to compile information about the first machine
tools, step by step the stages through which these machines developed, current
developments about these machines and the technological possibilities reflected
in the future as a whole in the same article. In doing so, technology and history
books, articles written on developments in this field, notes from courses on the
subject taught at universities and industrial applications were used. While using
these sources, research and publication ethics were followed. This study, which
is considered to be of a quality that will shed light on researchers who want to
see the history of machine tools as well as their development stages and the la-
test technologies in the same study, has the potential to feed the literature on the
subject, especially in terms of the results achieved.

Results/Findings
The research and evaluations made in this study are given below.

e It is seen that machine tools have primarily developed according to the energy
source (water, wind energy, steam pressure electrical energy) from which they
receive their power.

* These developments were followed by the transfer of movement by designing
the right systems. This power was transformed into movement with the most
primitive mechanical systems. Over the years, the mechanical systems in machi-
ne tools have also developed.

¢ The development in mechanization technology was followed by the develop-
ments in automation systems. With automation systems, the decision-making
power of humans could also be transferred to machine tools.

e With the use of computer technology in design and production, CAD/CAM/CNC
(Computer Aided Design / Computer Aided Manufacture / Computer Numerical
Control) technologies have become widespread, and in addition, peripheral equ-
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ipment called auxiliary robots and expert systems that support decision-making
processes have begun to be used in integration with new generation computer-
controlled machines.

e In addition, hybrid machine tools have begun to be used in recent years. With
these machines, it is possible to perform other manufacturing processes (additi-
ve manufacturing, welding, etc.) on the same machine along with the machining
process on the part.

e With Industry 4.0, new generation smart machine tools have become part of a
platform that connects other machines, systems, data sources and people (ope-
rators, technicians, engineers, etc.).

¢ This extensive control and decision-making system is called Computer Integ-
rated Manufacturing (CIM). As in every field, it is thought that decision-making
processes in the field of CIM will be carried out entirely through artificial intelli-
gence-supported expert systems in the coming years.

e It is evaluated that the number of unmanned factories will increase with the
spread of these smart systems and industrial robots that work synchronously with
high-tech machine tools, and that this development will cause the number of per-
sonnel to work as intermediate staff in the sector to decrease in the long term.

e In addition, it is predicted that efficient and environmentally friendly new
energy sources such as green hydrogen, biofuels and solar energy will start to be
used in machine tools in the future.
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1. Giris

Insanoglu ilk ¢aglardan beri ihtiyacini karsilayacak arag ve geregler iiretme ko-
nusunda, giiniimiizdeki talasli imalat islemlerinin temeli olan yontma islemini
kullanmistir. Bu islemin tas veya ahsap malzemeler lizerinde uygulanmasi ile;
kap ve canak gibi beslenmede kullanilan gereclerden, bigak ve mizrak gibi sa-
vunma veya avlanma i¢in kullanilan gereclere kadar birg¢ogunun eldesi miimkiin
olabilmistir. Onceleri yontma islemi kesici bir alet ve insan giicii ile gerceklesti-
rilirken, sonraki ¢aglarda insan giiciiniin yerini alacak yeni enerji kaynaklarinin
kesfiyle yontma islemi icin tasarlanan ve adina takim tezgahi denilen sistemler
tarafindan gerceklestirilmistir.

Takim tezgahlari, hedef malzemenin sekillendirilebilmesi icin kesici aracin gii¢ ve
hareketini saglayan sistemler olarak tarif edilebilir. 12. yiizyilda kullanilmaya bas-
lanan bu sistemlerde gii¢ icin su veya riizgar gibi dogal kaynaklarin gesitli enerji
tipleri kullanilmis; sonraki ylizyillarda buhar kazanlarinin icadiyla buhar basin-
cinin enerjisinden faydalanilmistir. Elektrigin bulunmasi ve elektrik motorlarinin
icadu ile birlikte takim tezgahlari ihtiya¢ duyduklar giicii elektrik enerjisinden kar-
silamaya baslamistir (Strassmann, 1963; Woodbury,1963). Giliniimiizde var olan
takim tezgahi sistemlerinde de bu enerji tiiri kullanilmaya devam etmektedir.
Gelecek yiizyillarda daha ekonomik, daha verimli ve daha ¢evreci yeni enerji kay-
naklarinin kesfiyle, takim tezgahlari i¢in kullanilan enerji tirtiniin de degisecegi
degerlendirilmektedir. Kesicinin hareketi konusunda ise, ilk ¢aglarda insanin kas
glicii ile saglanan hareket; sonralar1 kullanilmaya baslanan takim tezgahlari saye-
sinde mekanik sitemlerle uygulanabilmistir. Takim tezgahi teknolojisindeki gelis-
meler ile mekanik sistemler de gelismistir. Giiniimiizde kullanilan takim tezgahlari
ise, mekanizasyon 6zelliginin yaninda, otomasyon 6zelligine de sahiptir. Yani bu
sistemler; kesici takimin hareketi icin hem insan kas giicti yerine elektrik enerjisini
kullanmakta, hem de insanin karar alma kabiliyetine benzer sanal bir karar alma
giicine sahip olabilmektedir (Altintas, 2012; Koren, et al., 1970).

Son yillarda 6zellikle savunma, havacilik ve uzay gibi alanlar i¢in yiiksek 1s1l ve
mekanik dayanima sahip olan ve siliper alasimlar olarak tanimlanan yeni nesil
0zel mithendislik malzemelerine olan ihtiya¢ artmistir. Bu tiir malzemelerin ta-
lasli imalatla sekillendirilebilmesi ise ancak ileri teknolojiye sahip takim tezgah-
lar1 ve kesici takimlarla miimkiin olabilmektedir. Bu sebeple, teknoloji ilerledikge
takim tezgahi teknolojisinin bu ilerleyise paralel gelismesi bir zorunluluk haline
gelmistir. Giinlimuzde yiliksek hiz takim tezgahlari ad1 verilen bu tezgahlar daha
seri, hassas, giivenli, temiz liretim yaparken; en zor malzemeleri bile hatasiz
sekillendirebilen hareket iletim sistemleri, sogutma sistemleri, 6l¢me sistemle-
ri, gii¢c sistemleri ve otomasyon sistemleri ile donatilmistir (Erer, 2011; Singh,
1996). Ayrica yapay zekanin her alanda kullanilmaya baslamasi, takim tezgahla-
rini da akilli birer makine haline getirmeye baslamistir.

Bu c¢alismanin amaci, takim tezgahlarinin tarihsel gelisim siireci ile mevcut
teknolojik diizeyini ortaya koymak ve gelecekte ortaya ¢ikabilecek muhtemel
yansimalarini biitlinciil bir bakis acisiyla degerlendirmektir. Bu sayede, konu-
ya ilgi duyan arastirmacilarin ge¢misten ilham alarak, takim tezgahi teknoloji-
lerinin gelecegini daha genis bir perspektiften ele almalarina katki saglanmasi
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hedeflenmektedir. Arastirma ve yayin etigi ilkelerine bagh kalinarak yiriitiilen
bu ¢alismada, dncelikle tarihsel stirecte kullanilan ilk takim tezgahlarina iliskin
bilgiler, kronolojik sira gozetilerek ayrintili bicimde sunulmustur. Bunu takiben,
takim tezgahi teknolojisindeki gelisim asamalari ele alinmistir. Ardindan NC ve
CNC tezgahlarina yonelik otomasyon sistemleri kapsamli sekilde incelenmis ve
bu sistemler glinimiizdeki geleneksel takim tezgahlariyla ¢esitli yonlerden kar-
silastirilmistir. Devam eden boliimlerde ise, CNC teknolojisindeki giincel gelis-
meler ve bu gelismelerin gelecekteki tiretim teknolojilerine olasi etkileri deger-
lendirilmistir. Sonu¢ béliimiinde, ¢calismadan elde edilen bulgular dogrultusunda
¢ikarimlara ve ileriye dontik 6nerilere yer verilmistir.

2. Tarihte ilk Kez Kullanilan Takim Tezgahlar1

Takim tezgahi adi1 verilen sistemlerden ilk faydalanma zamani 12. ytlizyilin bas-
larina kadar dayanur. ilk takim tezgahi sistemleri metalin heniiz yeterince sekil-
lendirilemedigi bu donemde ahsaptan yapildig1 bilinmektedir. Ahsap islemede
kullanilan bu tiir tezgahlar torna tipinde olup, is pargalari ilk zamanlarda pedal
kullanilarak déndiiriilmekteydi. Daha sonraki formlarinda parca déndiirme ha-
reketi riizgar ve su enerjisinden faydalanarak gerceklestirilebilmistir. Degirmen
yardimiyla dondiirtilen testere (icat y1ili: 1550) ve su ile dondiiriilen delik isleme
tezgahi (icat yili: 1662) bu tezgahlara drnek olarak verilebilir (Eskicioglu, 2010;
Woodbury, 1963). Sekil 1'de tarihte takim tezgahlarinin atasi olarak adlandirila-
bilecek ilk icatlarin gorselleri verilmistir.

J—

Sekil 1. Tarihte takim tezgahlarinin atasi olarak adlandirilabilecek ilk icatlar
(Woodbury,1963)

18. Yiizyilin basinda James Watt tarafindan buhar makinasinin icadi ile ilk en-
diistri devrimi baslamis ve bu gelismelerden sonra ahsap tezgahlarda metal par-
calar kullanilmaya baslanmistir. Buhar makinasindan saglanan enerji ile metal
alasimlarin daha kolay sekillendirilebilmesi ile birlikte, takim tezgahlarina ait
makine elemanlarinin tamami metal malzemelerden imal edilebilmistir. 18. ytiz-
yilda gelistirilen bu tezgahlar metal takim tezgahlar1 ¢aginin baslangici olarak
degerlendirilmektedir (Eskicioglu, 2010). Sekil 2’de metal takim tezgahi olarak
kullanilan sistemlerin ilk 6rneklerine ait gorsellere yer verilmistir.
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Sekil 2. Tarihte metal takim tezgahi olarak kullanilan sistemlerin ilk 6rnekleri (
Woodbury,1963).

Enerji iletimindeki zorluklar metal malzemelerin seri imalatla sekillendirilme-
sinin en 6nemli engellerdendir. Bu engeli asmak amaciyla buharli makineler sa-
yesinde tretilen gii¢, transmisyon-kayis/kasnak sistemleri araciligi ile bir mer-
kezden atolyedeki tiim tezgahlara iletilebilmistir (Carlsson, 1984). Boylece seri
liretim ad1 altinda yeni bir yaklasim ortaya konabilmistir. Elektrik bulunmadan
once buharl kazanlar aracilifiyla takim tezgahi sistemlerinde gerceklestirilen

Sekil 3. Elektrikli motorlardan 6nce takim tezgahi sistemlerindeki gii¢ transmis-
yonu (Goldsmiths’ College, 1894; Pixels, 2016).

3. Takim Tezgahi Teknolojisindeki Gelisim Asamalari

Takim tezgahlarinin tarihsel gelisimine bakildiginda, gelisimin iki farkli kulvarda
oldugu goriiliir. Bunlar, mekanizasyon ve otomasyon olarak kisaca ifade edilebi-
lir. Takim tezgahlarinin gelisiminde ilk 6nemli adim mekanizasyondur. Mekani-
zasyon asamasl, en yalin haliyle, insanin fiziksel is giiclinlin yerini makinelerin
almasi siireci olarak tanimlanabilir. Bu asamada, is¢ilerin el becerisi ve deneyim-
lerine dayali olarak kas giiciiyle gerceklestirdigi isler, belirli adimlara ayrilarak
tekrarlanabilir hale getirilmis ve bu isler makineler ya da mekanik sistemler ara-
ciligiyla yapilmaya baslanmistir. Boylece, tliretim stireclerinde kullanilan takim
tezgahlarinda mekanizasyon saglanmistir. (Cetin, 2011). Takim tezgahlarinin ta-
rihsel gelisiminde otomasyon asamasi ise mekanizasyondan sonra gelir. Otomas-
yon insanin karar verme kabiliyetinin ¢esitli mekanik, elektromekanik ve elekt-
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ronik elemanlar ve bilgisayarlar vasitasiyla taklit edilmesi olarak tarif edilebilir.

Giinlimiizde mekanizasyon ve otomasyon kavrami birbirinden ayrilmaz bir bii-
tiin olmustur. Ciinkii sayisal denetimli tezgah sistemlerinde mekanizasyon ha-
reketi, otomasyon ise karar vermeyi karsilamaktadir. Bu tiir tezgahlar degisen
oranlarda mekanizasyon ve otomasyonun 6zelliklerine sahiptir. Mekanizasyon
seri imalat tezgahlarinda daha fazla kullanilirken, otomasyon tiretim miktarinin
degisken ve daha ¢ok talebe gore degistigi kiiclik parti imalatlarinda kullanilan
tezgahlarda daha fazla kullanilmaktadir (Eskicioglu, 2010). Takim tezgahlarinin
tarihsel gelisimi Sekil 4’te belirtilen asamalardan gecerek gerceklesmistir.

MEKANIZASYON OTOMASYON
1800 Mekanik  Kopyalama oo,
ilerleme " Tezgahlari
v :
. Ardisik
1850 Kontrol

Programlanabilir
Ardisik Denetim

Sayisal Denetim

Bilgisayarli Sayisal
Denetim

Sekil 4. Takim tezgahlarinin tarihsel gelisim asamalar1 (Cetin, 2011).

Son yillardaki gelismeler de dikkate alindiginda takim tezgahi (TT) teknolojisin-
de gelismeler, hareketin gerceklestirilme, kontrol edilme ve yonetilme sekline
gore genel olarak dort devire ayrilabilir. Bu devirler, tezgahlarin mekanizasyon
teknolojisine ulastig1 asama ile baslar ve TT 1.0, TT 2.0, TT 3.0 ve TT 4.0 olarak
adlandirilirlar (Xu, 2017). TT 1.0 tezgahlardaki hareketin biiyiik 6l¢ciide meka-
nik sistemlerle saglandig1 fakat manuel olarak kontrol edildigi devri tarif eder.
TT 2.0 tezgah hareketlerinin elektronik sistemlerle tetiklendigi ve sayisal olarak
kontrol edilebildigi devri ifade eder. TT 3.0 tezgah hareketlerinin bilgisayarl sa-
yisal denetimle kontrol edildigi ve bilgisayar teknolojisi ile iiretim otomasyonu-
nun yapilabildigi devire karsilik gelir. TT 4 ise siber-fiziksel yapidaki akilli takim
tezgahlari ile bulut tabanli ¢éziimler ulasilabilen, hentiz basinda bulundugumuz
devri ifade eder (Xu, 2017). Sekil 5’te zamana gore bu gelisim evrelerini anlatan
gorsele yer verilmistir.
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Sekil 5. TT 1.0°dan TT 4.0’e takim tezgahlarindaki gelisim evreleri (Xu, 2017).

Takim tezgahi teknolojisindeki gelisim siireclerini daha genis bir perspektifle de-
gerlendiren yaklasimlar da s6z konusudur. Ornegin, mekanizasyon éncesindeki
ilk takim tezgahlarindaki gelisimler ile gliniimiiz ve gelecekteki tezgahlari bekle-
yen gelisimleri de kapsayan bir yaklasim, takim tezgahi teknolojinin gelisim sii-
reglerini 7 asamali olarak degerlendirir (Guergov, 2018). 1. Asama ilk ¢aglardan
baslayip 1500 yillarina kadar olan zanaatkarlik déonemini ifade eder. Bu dénem
herhangi bir tezgah sisteminin olmadigi, daha ¢ok el aletlerinin basit sistemlerle
kullanildig1 ve el becerisinin 6n planda oldugu dénemdir. 2. Asama 1500’11 yil-
lardan baslayip 1850’li yillara kadar uzanan kavramsal gelistirme asamasidir. Bu
asamada insan giiclinlin su ve riizgar enerjileriyle desteklendigi tezgah sistem-
lerinin ilk 6rnekleri ahsap formlarda karsimiza c¢ikar. 3. Asama 1850’1i yillardan
baslayip 1950’1i yillara kadar olan mekanizasyon ve otomasyon asamasidir. Bu
asama buhar makinalarinin bulunmasiyla daha giiclii tahrik sistemlerine sahip
aksamlar1 metalden olan takim takim tezgahlarini ve tezgahlarin hareketlerinin
ilk kontrol edilme yontemlerini icerir. 4. Asama 1950’li yillardan baslayip 1990’a
kadar devam eden NC/CNC (Numerical Control / Computer Numerical Control),
Dijitallesme ve Robotik sistemler asamasidir. Bu asama takim tezgahlari ile ilgili
her tiirlii hareketin ve fonksiyonun dnce analog sonra dijital teknolojilerle sayisal
denetimli olarak kontrol edildigi, donemdir. 5. Asama 1990l yillardan baslayip
2000’li yillara uzanan PC/CNC (Personal Computer / Computer Numerical Cont-
rol), tezgahlari bilgisayarlastirma ve entegrasyon donemdir. Bu dénem, torna ve
freze tezgahlarinin birlestirilerek ticten fazla eksene ve daha teknolojik kinema-
tik sistemlere sahip isleme merkezi tezgahlarinin gelistirildigi donemdir. Ayrica
bu donem, takim tezgahlarina ait bilgisayarlar olan kontrol panolarinin hem ya-
zilim hem de donanim olarak gelistirildigi dénemdir. 6. Asama 2000’li yillardan
baslayip 2013 yillarina uzanan islemede esneklik ve ¢ok islevlilik donemidir. Bu
dénemde otomatik takim yolu olusturan yazilimlar ile tezgahlarin daha karma-
sik islemlerde bile daha kolay programlanmasi (CAD-Computer Aided Design /
CAM-Computer Aided manufacture / CNC-Computer Numarical Control), sanal
prototipleme simiilasyon fonksiyonlarinin 6n plana ¢iktigl, ayrica tretim stireg-
lerinin tamaminin bilgisayar teknolojisiyle yonetildigi (CIM - Computer Integ-
rated Manufacture / CAPP - Computer Aided Process Planning) dénemdir. 7.
Asama 2013’ten sonraki akilli tezgahlar donemini ifade etmektedir. Bu donem
kendi kendine organizasyona dayali endiistri 4.0 ile baslayan, yapay zeka ve akilli
teknolojilerin ilke ve bilesenlerinin gelistirilmesiyle takim tezgahlarimin karma-
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sik, akilli sistemler haline getirildigi donemdir (Guergov, 2018). Bu asamalardaki
yillara gore gelisimi anlatan sema Sekil 6’da verilmistir.
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Sekil 6. Takim tezgahi teknolojilerindeki ilerleme asamalarinin sematik gosteri-
mi (Guergov, 2018).

Takim tezgahlarinin mekanik, elektronik ve yazilim bilesenlerinin ilk ortaya
cikisi ve gelisimi farkl yillarda gerceklestigi gibi, yillara gore gelisime oranlari
da farkhlik gostermistir. Ornegin takim tezgahlarinin mekanik sistemlerindeki
gelisme oranlar1 1500-1850 yillarinda ¢ok ytiksek bir ivme gdstermistir. 1850
yilindan sonra da mekanik bilesenlerde gelisme olmustur. Fakat daha bu gelisim
orant ilk doneme kiyasla daha diisiik seyretmistir. Benzer sekilde takim tezgah-
larinin elektrik-elektronik sistemlerindeki gelismeler 1900- 1950 yillarinda ¢ok
kritik artislar sergilemistir. Bu sistemlerdeki gelismeler 1950 yillarindan giinii-
miize de devam etmesine karsilik, ilk donemlere kiyasla daha diisiik oranlarda
gerceklesmistir. Ancak, 1970 yilindan sonra takim tezgahlarinin programlama ve
yazilim araglarinda baslayan gelismeler, giiniimiizde de dikkate deger bir ivmey-
le artarak devam etmektedir. Takim tezgahlarinin mekanik, elektronik ve yazilim
bilesenlerinin yillara gore gelisim oranlar1 Sekil 7°de goriilmektedir.
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Sekil 7. Takim tezgahlarinin mekanik, elektronik ve yazilim bilesenlerinin yillara
gore gelisim oranlar1 (Guergov, 2018).

4.NC ve CNC Takim Tezgahlarina Ayrintili Bir Bakis
4.1. NC (Numerical Control) Takim Tezgahlar1

Sayisal denetimli (Numerical Control - NC) tezgahlara ait ilk tasarim fikri John T.
Parkinson’un 1940l yillarda bir freze ¢akisinin bir egriyi dogru bir sekilde isle-
yebilmesi i¢in yeni bir yontem dnermesine dayanir. Bir karta freze ¢akisinin izle-
yecegi yolun koordinatlar1 delinmek suretiyle yansitilarak, tezgah denetim biri-
minin bu koordinatlar takip ederek kesicinin tarif edilen yol iizerinde hareketi
saglanmistir (Carlsson, 1984). 1949 yilinda, ABD Hava Kuvvetleri, Massachusetts
Teknoloji Enstitiisii'nde (MIT) John T. Parkinson’un fikirlerine dayanan bir NC
sistemi lizerine ¢calismalar baslatti. Bu ¢alismalar sonucunda, 1952 yilinda delikli
kagit serit ile calisan ilk takim tezgahi prototipi basariyla test edildi. Gelistirilen
bu teknoloji, 1957 yilina gelindiginde endiistriyel alanda kullanilmaya baslana-
rak liretim siire¢lerinde 6nemli bir doniisiimiin éniinii act1 (Eskicioglu, 2010).

NC tezgahlar giintimiizde kullanilan CNC (Computer Numerical Control) tez-
gahlarina ait otomasyon sistemlerinin temelini olusturur. Sayisal denetim, takim
tezgahlarinin 6nceden belirlenmis ve sayisal karakterlerle ifade edilen kodlar
araciligiyla otomatik olarak kontrol edilmesi siirecidir. Bu kodlanmis veriler,
kesici takimin veya is tablasinin izledigi yoriingenin, is parcasinin hedeflenen
boyutlara ulasmasini saglayacak sekilde diizenlenmesini; ana milin devir sayisi,
ilerleme hiz1 ve benzeri operasyonel parametrelerin hassas bir bicimde denet-
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lenmesini miimkiin kilar (Eskicioglu, 2010). Manuel olarak kontrol edilen ti¢ ek-
senli bir tezgaha NC kontrol sistemi eklendiginde her eksendeki hareket i¢in bir
adim veya dogru akim motoru tezgahin kontrol iinitesinden aldig1 sinyale gore
hareket eder. Nasil hareket edecegi ise dzel bir standarda gore delinmis delikli
yada manyetik bantlar ile belirlenir (Uyanik, 2006).

Delikli bantlar, bant okuyucu tarafindan okunarak kontrol linitesine her kodun
ne anlama geldigi bildirilir. Kontrol tinitesi de bu komutlara bagl olarak dogru
akim motorlarina ve diger birimlere gerekli sinyalleri gonderir. Bu sekilde eksen-
lerdeki hareketlerin yaninda, fener milini dondiirme, sogutma sivisini a¢ip kapa-
ma gibi istenen hareketler yaptirilir. Sekil 8 (a)’da NC tezgahlarinda kullanilan
ornek bir delikli serit, Sekil 8 (b)'de ise delikli seritlerin hazirlanarak tiretildigi
Flexowriter adli cihaz goriilmektedir.

Sekil 8. NC tezgahlarinda kullanilan delikli serit (bant) 6rnegi (a) ve Delikli kagit
serit hazirliginda kullanilan bir makine (Flexowriter) (Giilesin 2006; Uyanik,
2006).

Her biri digerinin aynisi olan parg¢alarin seri tiretiminde delikli bant kullanilan
NC teknolojisiyle ilgili iki kisit vardir. Bunlar, bandin mevcudiyeti ve bandin y1p-
ranmamis olmasi seklinde ifade edilebilir. Bircok ayni parganin tekrar tiretimin-
de delikli bandin kotii etkilenmesi, asinmasi (6zellikle bant okuyucusunda kulla-
nilan deliklerin asinmasi) bu tezgahlarin en biiyiik dezavantajidir.

Kaset seklindeki manyetik bantlar ise, delikli bantlarin dezavantajlarina karsin
¢6zlim olarak gelistirilmistir. Manyetik seritlerin uygulamasi, elle veri girisinin
bir benzeri olan kontrol konsolundan ilk par¢anin manuel olarak islenmesi sira-
sinda islemin manyetik banda kaydedilmesi seklindeydi. Sekil 9°da NC tezgahla-
rinda kullanilan manyetik bantlara ait bir gorsele yer verilmistir.

Sekil 9. NC tezgahlarinda kullanilan manyetik bantlar (Parkurda, 2024).
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Manyetik bantlarin avantajlar1 asagidaki gibi listelenebilir:
e Manyetik bantlarin temini kolaydir.
¢ Manyetik bantlar delikli bantlara gére hizli yazilir ve hizli okunur.

e Gerekli durumlarda manyetik banttaki programin silinip tstiine yeniden
program kaydi yapilabilir.

¢ Manyetik bantlar benzer uzunluktaki delikli banda kiyasla daha biiyiik bellek
kapasitesine sahiptir.

e Manyetik bantlar delikli bantlara kiyasla daha dayanikli ve dolayisiyla uzun
omirladir.

Bu sistemin en biytik kisiti agma, kapama ve ayarlama zamanlar1 dikkate alindi-
ginda modern tekniklere gore oldukca yavas olmasiydi. Yine de manyetik bant ile
veri aktarimi, NC kontrolli delikli banttan CNC kontrolliit modern sistemlere bir
gecis basamagi olarak degerlendirilebilir.

4.2. CNC (Computer Numerical Control) Takim Tezgahlari

CNC (Computer Numerical Control) sistemi, delikli ya da manyetik seritler gibi
kontrol ortamlarinin yerine bilgisayar tabanli komutlarin kullanilmas1 esasina
dayanan bir sayisal kontrol sistemidir. Bu teknoloji, takim tezgahlarinin; sayi,
harf ve sembollerden olusan, belirli bir mantiksal yapiya gore dijital ortamda
kodlanmis komutlarla ¢alistirilmasini saglar (Singh, 1996; Smid, 2000). Sekil
10’da 6rnek bir CNC torna tezgahi, 6rnek bir CNC paneli ve dijital kodlardan olu-
san parca programi 6rnegi verilmistir.

GOOZ0.05
EO0KD.0¥0.0
G012-0.3 F1

GOOZO. 05
X0.2774¥-0.2362

G01Z-0.05EL.0
GOIX0.8774Y-0.23621-0.18.J0.0F4.0

CNC Tezgahi CNC Kontrol Paneli CNC Parga Programi

Sekil 10. CNC torna tezgahi, CNC kontrol paneli ve dijital kodlardan olusan parca
programi

CNC tezgahlarinda kullanilan bilgisayarlar yardimiyla programlarin saklanmasi,
parc¢a iiretiminin her asamasinda programi durdurma, programda istenilen degi-
siklikleri yapabilmek, programa istenilen noktadan devam edebilmek miimkiin-
diir. CNC sistemlerinin yazilimlar1 “Par¢a Programi”, “Servis Program1” ve “Kont-
rol Programi1” olmak tizere 3 ana boliimden olusur. CNC takim tezgahlarindaki bu
denetim liniteleri 3 asamada kontrol faaliyetini yiiriitiir. Bu asamalar:

1. Asama: CNC tezgahlarinin fonksiyonlarini yerine getirebilmesi icin bilgisayar
ortaminda verilerin toplanmasi ve saklanmasi,

2. Asama: Kontrol {initesi ve arayiiz tarafindan, tezgah kontrol {initesi ile bilgisa-
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yar arasinda iletisimin ve bilgi akisinin saglanmasi,

3. Asama: Hiz ve ilerleme kontrollerinin, servo birimlerinin ve tezgah boliimleri-
nin (fener milj, tabla, takim degistirici) harekete gecirilmesi (Akkurt, 2012; Bakir,
2006) seklinde 6zetlenebilir.

Sekil 11'de bu asamalari agiklayan gorsele yer verilmistir.

- =

Kontrol paneli Giic¢ ve kontrol panosu Tezgah tahrik elemanlar

Sekil 11. Bir CNC takim tezgahindaki denetim akisi

Giinlimiizde bilgisayar destekli imalat (CAM), yaygin olarak CNC tezgahlari ve is-
leme merkezleri kullanilarak gerceklestirilmektedir. Bu tezgahlar, sahip olduklari
hareket serbestligine gore 2, 3, 4 veya 5 eksenli olarak siniflandirilir. Eksen sayisi,
kesici takimin ve is parg¢asinin yer aldigi tablanin hangi yonlerde hareket edebil-
digini ifade eder. Diizlemsel ve basit geometrilere sahip parcalarin islenmesi icin
genellikle 2 eksenli tezgahlar yeterli olurken, daha karmasik, ¢ok yiizeyli ve eg-
risel formlara sahip parcalarin islenebilmesi icin 5 eksenli CNC tezgahlari tercih
edilir. Bu tezgahlar, ayni anda birden fazla yonde hareket edebildikleri i¢in daha
hassas, hizli ve karmasik islemleri miimkiin kilar (Akkurt, 2012).

Milimetrenin binde biri diizeyinde hassas ¢alisabilen CNC tezgahlar, yiiksek
dogrulukta frenleme performansi gosterir. Bu yiiksek hassasiyet ve ani hareket
kabiliyeti, sistemde yer alan motorlar, lineer kizaklar ve doner millerin daha has-
sas bir yapida olmasini gerektirir. Bunun i¢in denetim ve kontrol tnitelerine ih-
tiya¢c duyulmus ve bu tniteler tezgah sistemine dahil edilmislerdir (Bakir, 2006).
Bu sekilde CNC takim tezgahlari, mekanik ve elektronik sistemlerin yiiksek uyum
icinde entegrasyonu ile olusturulmus yazilimlarin denetimi altinda ¢alisarak he-
deflenen islemleri gerceklestirir. Bu sistemlerin istenilen hassas hareketleri ek-
siksiz sekilde yerine getirebilmesi icin, kontrol {initeleri ve programlama yon-
temlerinin dogru sekilde belirlenmesi biiytik 6nem tasir (Smid, 2000).

4.3. CNC Takim Tezgahlariyla Geleneksel (Klasik) Tezgahlarin Kiyaslanmasi

Teknoloji gelistikce karmasik pargalarin, daha seri ve daha hassas imal edilme-
si gerekmistir. CNC tezgahlar1 bu gereksinimleri sadece miikemmel otomasyona
sahip olma yoniiyle degil, ayn1 zamanda bu otomasyonla tam bir uyum icerisinde
miikemmel bir mekanizasyona sahip olmasiyla saglar (Kalpakjian, 2014). Orne-
gin takim tezgahlarinda ilerleme hareketini saglayan ana mil (vidali mil) - somun
sitemi CNC tezgahi ile geleneksel tezgahta ciddi farklhiliklar gosterir. Sekil 12’de
bu iki tezgah tiiriine ait ana mil-somun sistemleri gosterilmistir.
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Sekil 12. Geleneksel ve CNC tezgahlarda kizak hareketleri

Sekil 12’'deki A kesitinde goriildiigii gibi, geleneksel tezgahlarda ana mil somun is-
teminin vida yapisi trapezdir. Bu sebeple tezgah hareketinde makine elemanlari
arasinda daha ¢ok siirtiinme, buna bagli olarak da hareket i¢cin daha ¢ok gii¢ gerek-
tirir. Geleneksel tezgahlardaki trapez vida profilinden dolay: hareken hizlarinda ve
araliklarinda geometriye bagh kisitlar s6z konusudur. Disler arasindaki bosluklar
ise parca hassasiyetinde olumsuzluklara sebep olur. Geleneksel tezgahlarda ope-
ratoriin becerisi sonucu istenilen hassasiyette parcalarin imal edilmesi miimkiin
olsa bile, seri liretim i¢in ayn1 hassasiyette ve daha kisa siirede parca imal edilmesi
miimkin degildir. Sekil 12’deki B kesitinde goriildiigi gibi, CNC tezgahlarinda siir-
tlinme kuvvetlerini azaltmak ve hareket hassasiyetini artirmak i¢in kayma hareketi
yerine yuvarlanma hareketinin tercih edildigi bilyeli vidalar kullanilir. Bilyeli vida
dis profili (dolayisiyla temas yiizeyleri) yari dairesel veya gotik yay seklindedir. Bil-
yeler karsilikli iki noktadan temas eder. Boylece hem siirtiinme hem de olusabile-
cek bosluk dnemli 6l¢iide ortadan kaldirilir (Akkurt, 2012). Hassas takim tezgah-
lar1 uygulamalarinda mil etrafinda doénen silindirik bilyeli vidalar kullanilir. Bosta
bilye olmadigindan daha yiiksek devir sayilarina erisilebilir. Ana mil somun sistemi
gibi, diger (kayit-kizak sistemi, takim tasima ve degistirme sistemi vb.) mekanik
sistemlerde de performansi etkileyen ciddi yapisal farkliliklar vardir. Bu ve benzeri
mekanik ve dahi otomasyon farkliliklar1 sayesinde CNC tezgahlari geleneksel tez-
gahlara gore pek cok tistiinliiklere sahip olabilmektedir (Cetin, 2011).

CNC Tezgahlarinin geleneksel tezgahlara gore tstiinliikleri:
¢ Yeni teknolojik gelismelerin tezgaha aktarimi miimkindir.

¢ Daha karmasik pargalarin ayni hassasiyette ve seri liretimini mtimkiin kilar.
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¢ Daha ucuz ve yliiksek verimde tiretim yapilmasini saglar.
¢ (Cok sayida takim kullanabilir ve bu takimlarin degistirilmesi kolaydir.

¢ Operator birden ¢ok tezgahi yonetebilir ve operatérden kaynaklanan hatalar
daha azdir.

¢ Similasyon ozelligi ile hatalar 6nceden belirlenebilir.

e Mevcut program tizerinde degisiklikler kolayca yapilabilir.

¢ Verilerin saklanmasi ve transferi miimkiindiir.

¢ Kesme parametrelerinin ayar aralig1 genistir.

¢ Kesme hiz1 sabit tutularak degisken devirlerde ¢alismasi saglanabilir.
e Daha temiz ve giivenli calisma ortami saglar.

Giintimiizde hala geleneksel tezgahlar talasl imalat isleminde aktif olarak kulla-
nilmaktadir. Clinkii CNC tezgahlarinin geleneksel tezgahlara gore bazi eksiklikle-
ri de s6z konusudur (Cetin, 2011). CNC tezgahlarinin geleneksel tezgahlara gore
eksiklikleri:

¢ Sayisal denetimli tezgahlarin ilk yatirim maliyetleri ytiksektir. Buna bagh ola-
rak bu tezgahlarin saat tlicreti de yiiksektir.

e Sayisal denetimli tezgahlar i¢in geleneksel tezgahlara gore daha ayrintili bir
imalat plani gerekir.

¢ Sayisal denetimli tezgahlarda daha pahali aparat ve kesiciler kullanilir.

e Sayisal denetimli tezgahlar karmasik bir yapiya sahip oldugu icin daha titiz
kullanim ve bakim isterler. Buna baglh olarak bakim maliyetleri yiiksektir.

e Bu tip tezgahlarin periyodik bakimlari diizenli olarak ve uzman Kkisiler tara-
findan yapilmalidir. Yapilmadig taktirde arizalanma durumu sonucu yiiksek ma-
liyetler ortaya c¢ikarir.

4.4. CNC Takim Tezgahlar ile ilgili Giincel Gelismeler

Giinlimiizde malzeme, elektronik, bilgisayar donanimi ve yazilimi alanlarindaki
gelismeler dogal olarak takim tezgahlari teknolojisine de yansimistir. Bu sekil-
de ilk nesil CNC tezgahlarina gore ¢ok daha ileri teknolojilerin kullanilmasiyla
hem otomasyon hem de mekanizasyon agisindan miikemmellik artirilmistir. Or-
negin, daha 6nce farkl operasyonlar i¢in farkli takim tezgahlar: (torna tezgah-
lar1, matkap tezgahlari ve freze tezgahlar1 vb.) kullanilirken, gliniimiizde “CNC
Isleme Merkezi” olarak adlandirilan takim tezgahlarinin hemen hemen biitiin
fonksiyonlar: yerine getirdigini gérmek miimkiindir (Erer, 2011). Ayrica, geli-
sen teknolojiyle birlikte bu tezgahlardaki 5 eksen hareketleri takim yada is par-
¢asl tarafinda bir uyum icerisinde ayni anda (simiiltane) gerceklesebilmektedir.
Tezgahlardaki bu kabiliyet, olduk¢a karmasik parcalarin rahatlikla islenmesini
miimkiin kilmaktadir. Sekil 13 (a)’da bir CNC isleme merkezine ait eksenler, Se-
kil 11 (b)’de ise bir is parcasinin 5 eksen isleme merkezinde islenmesi siirecine
ornek gorsel verilmistir.
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(a) (b)

Sekil 13. CNC isleme merkezi eksenleri (a) ve bu dzellikteki bir tezgahta parca
isleme

Bu gelismelere ilave olarak, son yillarda triin sekillendirme konusunda ekleme-
li imalat ilizerindeki arastirmalar ve uygulamalar artmaya baslamasina ragmen;
ylzey kalitesi, 0l¢ii toleransi isleme hizi ve ekonomisi gibi acilardan eksiltmeli
imalat prensibine sahip talash imalata gore ciddi dezavantajlar barindirmakta-
dir. Diger taraftan, eklemeli imalatta karmasik sekillerin takim sarfiyati olma-
dan risksiz imali, malzeme atiginin (talas) olmamasi gibi avantajlar s6z konu-
su oldugu i¢in, giniimiizde eksiltmeli imalat ile eklemeli imalatin avantajlarini
birlestirmek amaciyla her iki imalat yonteminin ayni tezgahta yapilabildigi CNC
hibrit imalat tezgahlari tiretilmeye baslanmistir (Tezel, vd., 2018; Siemens, 2024;
Wright, 2018). Sekil 14’te CNC hibrit imalat tezgahlari i¢in 6rnek bir gorsel pay-
lagilmistir. Sekil 14 (a) da eklemeli imalat yapan nozullar ile talash imalat yapan
kesici takimlarin bulundugu tezgah magazini, Sekil 14 (b) ve Sekil (c)’de sirasiyla
tezgahta gerceklestirilen eklemeli ve eksiltmeli (talash) imalat islemleri veril-
mistir.

(a) (b) (©

Sekil 14. CNC Hibrit imalat tezgahlarina ait magazin (a), tezgahta uygulanan
eklemeli imalat (b) ve talash (eksiltmeli) imalat (c) siiregleri (Wright, 2018).

Parga tasariminin ve imalatin bilgisayar teknolojisiyle yapilmasi, siirecin daha hizh
ve daha hatasiz yiriitiilmesine ek olarak, imalat y6temlerinin her tiirli gelismeye
miisait hale gelmesini saglamistin Ornegin giinlimiizde, tasarim alaninda tersine
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miihendislik yoluyla iiriinler kolay bir sekilde tasarlanabilmektedir. imalat alaninda
da bir 6rnek verilecek olursa, 6nceleri [SO (International Organization for Standardi-
zation) kodlarinin elle kontrol paneline girilmesi suretiyle takim ve tezgah hareket-
leri belirlenirken, giiniimiizde CAM (Computer Aided Manufacturing) teknolojisini
destekleyen gelismis paket programlar sayesinde takim ve tezgah hareketleri otoma-
tik olarak iiretilip tezgaha aktarilmasi miimkiin olabilmektedir (Sekil 15).

Sekil 15. Bilgisayar destekli tiretimde (CAM) takim yolu olusturma

Daha 6nce ayr1 ayr1 yapilan bilgisayar destekli tasarim (CAD -Computer Aided De-
sign) ve bilgisayar destekli imalat (CAM - Computer Aided Manufacturing) islemle-
ri bu sekilde birlestirilerek, CAD/CAM biitiinlesik uygulamalari imalatta kullanilir
hale gelmistir (Singh, 1996). Bunun yaninda CAM ig¢in kullanilan paket programla-
rina entegre edilen veri kiitiiphaneleri sayesinde en dogru kesme parametrelerinin
akilli sistemlerle secimi de bazi ilave yazilimlarla miimkiin olabilmektedir, Tasarla-
nan is pargasina ve stoga gore kullanilacak takimlar, operasyonlar, takim yollar1 ve
kesme parametreleri gibi imalat girdilerine bu yazilimlarin karar verdigi bilgisayar
destekli siire¢ planlama (CAPP - Computer Aided Process Planning) araglari bun-
lara 6rnektir (Mauthner, at al., 2022; Zhou and Camba, 2021). CNC ile CAD / CAM /
CAPP entegrasyonunun evrimi Sekil 16’da sematik olarak verilmistir.
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CAD-CAPP-CNC

CAD-CAPP-CAM-CNC

Ek entegrasyon ugraslari

Sekil 16.CNC ile iliskili diger iiretim araglarinin entegrasyonunun evrimi (Xu, 2017).
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Bu kapsamda CNCII], bir tasarim (CAD) modeline gore hareket ederken, 6nce CAM
ve sonra CAPP islevlerini birlestiren CNC'ler i¢in uyarlanabilir ve aninda akill ka-
rarlar verme yetenegine sahip olan nihai senaryoyu anlatmaktadir (Xu, 2017).

Dogru bir CNC programlama stireci i¢in en 6énemli hususlardan biri parga sifirla-
madir. Parganin tezgah tablasindaki yerinin tespiti, giiniimiizde gelistirilen ¢esitli
teknolojilere sahip proplarla ¢ok daha kolaydir. Ayrica iiretilen parcalar i¢in 6n-
celeri farkli bir 6l¢me tezgahinda (CMM - Coordinate Measuring Machine) yapi-
lan temash 6l¢ii kontrolleri giiniimiizde isleme merkezlerine entegre olan 6lgme
sistemleriyle yapilamaya baslanmistir. Ozellikle son yillarda imalat alaninda ge-
listirilen ¢evre ekipmanlari ile; kontrolii kolay, cok daha seri ve hatasiz iiretimin
miimkiin oldugu séylenebilir. Yeni nesil CNC isleme merkezlerinde kullanilan en
o6nemli ¢evre ekipmanlarini asagidaki gibi listelemek miimkiindiir.

e Parcga ylikleme, siirme ve ¢ikarma robotlari

¢ Kesici takimlar1 depolardan tezgahin magazinine ytikleme ve ¢ikarma robotlari
¢ Ham malzeme ve bitmis parca tasima ve istifleme arabalari

¢ Parcalar ve talas icin ayr1 ayr1 kullanilan konveyorler.

CAD / CAM / CNC teknolojisindeki hizli gelismeler, yalnizca iiretim siirecinin ken-
disini degil, ayn1 zamanda bu stireglere entegre ¢alisan cevresel ekipmanlarin da
iyilestirilmesini ve ilgili takim tezgahlariyla biitlinlestirilmesini zorunlu hale ge-
tirmistir. Bu ihtiya¢ dogrultusunda, tiretim siireglerine esneklik ve uyarlanabilirlik
kazandiran esnek imalat sistemleri (FMS - Flexible Manufacturing Systems) ge-
listirilmistir. Giinlimiizde ise, yalnizca iiretim siirecinin degil, ayn1 zamanda kalite
kontrol, stok yonetimi, muhasebe, tedarik ve genel yonetim gibi isletmenin diger
temel bilesenlerinin de bilgisayar destekli olarak entegre bir bicimde yonetilmesi-
ne olanak taniyan Bilgisayar Destekli Tiimlesik Imalat Sistemleri (CIM - Computer
Integrated Manufacturing) yaygin olarak kullanilmaktadir. Bu sistemler, modern
liretim anlayisinin temelini olusturarak, isletmelerin verimlilik, esneklik ve reka-
bet giiciinii artirmalarinda 6nemli bir rol oynamaktadir (Scheer, 2013).

Endistri 4.0 ile birlikte takim tezgahi 4.0 (TT 4.0) olarak adlandirilabilecek yeni
nesil akilli takim tezgahlari, diger makinelerle, sistemlerle, veri kaynaklariyla ve
insanlarla (imalat ve kalite kontrol operatorleri ile imalat ve sistem miihendis-
leri vb.) birbirine baglayan bir platformun parcasi haline gelmistir. Bu anlamda
imalat siirecinin bilesenleri olan takim tezgahlari, veri kaynaklar1 ve insanlarin
fiziki asillarinin yaninda sanal kopyalari (ikizleri) da tanimlanarak siire¢ yapay
zeka gibi araclarla yonetilebilir hale gelmistir (Zhu ve Zhang, 2018). Bu yaklasim,
bilgisayarla tlimlesik imalat (CIM) sistemleri gibi mevcut sistemlerin daha akilli
ve etkilesimli hale gelmesi acisindan 6nemli bir zemin sunmaktadir (Liu, at al.
2018). Sekil 17’de gerekli goriildiigiinde global kaynaklardan giincelleme yapila-
bilen ve sanal ikizler sayesinde her tiirlii siirecin programlanabildigi akilli tiretim
sistemlerinin isleyis akis1 sematik olarak verilmistir.

525



Miithendis ve Makina / Engineer and Machinery 66, 720, 507-531, 2025

Endiistriyel Internet - =
FIZIKSEL DUNYA

Takim Tezgahlari

Bilgi modeli
ve kapasitesi

B Moakine Durumu Optimum Karar [
: Anatitgi [land Dectek Analitizi [

Akill Servis ve Uygulamalar

Alalli Makinalar

Bilgi Tabam | % g

283

.........................

Sekil 17. Yeni nesil akilli takim tezgahlariyla entegre liretim sistemi semasi (Xu,
2017).

Tim bu gelismeler son yillarda makine ve imalat alaninda Ar-Ge, iiretim, perso-
nel ve harcama kalemlerinde ciddi degisimlere zemin olusturmustur. TIAD (Ta-
kim Tezgahlari Sanayici ve Is Insanlar1 Dernegi)’in 2019 yilina ait “Tiirkiye Takim
Tezgahlar1 ve Ekipmanlar1” baslikli raporundan alinan verilerin gosterildigi gra-
fik Sekil 18’deki gibidir.
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Sekil 18.2014-2018 yillarinda makine ve ekipman imalatinda Ar-Ge ve isgiicii
harcamalan (TIAD, 2019).

Grafikte 2014-2018 yillar1 arasinda Ar-Ge harcamasinin ve personel sayisinin
arttig1 goriilmektedir. Bu rakamlar, makine ve imalat alaninda gelisen teknoloji
ve artan imkanlar paralelinde sektdriin yayginlasmasinin bir gdstergesi oldugu
kadar, bu alandaki inovasyon potansiyelinin artarak genislediginin de bir goster-
gesidir (TIAD, 2019). Diger taraftan gelecek yillarda personel sayisindaki artisin
duragana, hatta azalmaya donecegi de dngoriilmektedir. Ciinkd, endiistri 4.0’dan
sonra insansiz fabrikalarin yayginlasacagi da yadsinamaz bir gercgektir. Bunun bir
gostergesi olarak, gliniimiizde kullanilan bilgisayarla tiimlesik imalat (CIM) sis-
temlerinde yapay zekanin kullanilmaya baslandig1 goriilmektedir. Gortintii isle-
me teknolojisinden, veri madenciligine CIM stirecindeki her asamada karar alma
mekanizmalari1 yapay zeka ile desteklenen sistemlerle donatilmaya baslanmistir.
Gelecek yillarda yapay zekanin tretim siire¢lerindeki karar alma asamalarinda
¢ok daha yaygin bir sekilde kullanilacag1 degerlendirilmektedir.
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Ayrica, siirdiiriilebilirlik hedeflerinin iiretim stireclerine entegre edilmesi, siber-
fiziksel liretim sistemlerinin tasariminda giderek daha fazla 6nem kazanmakta-
dir. Siirdiiriilebilirlik odakl siber-fiziksel tiretim yaklasimlari, yalnizca teknolojik
yenilikleri degil, ayni zamanda stirdiiriilebilirlik ilkelerini de tretim sistemleri-
nin temel yap1 taslar1 haline getirmeyi hedeflemektedir (Rogall, at al.,, 2022). Bu
veriler 15181nda, gelecekte takim tezgahi teknolojisinde yasanabilecek diger bir
onemli gelismenin kullanilan enerji tiriinde olacagl diisiiniilmektedir. Farkl
enerji kaynaklarinin kullanilmaya baslanmasi veya mevcut enerji kaynaklarin-
dan yiiksek potansiyele sahip enerji depolama sistemlerine ulasilmasi (yiiksek
verimli batarya ve pil teknolojileri gibi) takim tezgahlarinin enerji sistemlerinde
dontlistimlere sebep olacaktir.

Gelecekte imalat sektoriinde enerji tiiketimi, fosil yakitlarin yerini alacak daha
temiz ve stirduriilebilir kaynaklara dayali yeni bir yapiya kavusacagi tahmin edil-
mektedir. Bu doniisiimiin temelinde karbon nétr ve yenilenebilir enerji kaynak-
larinin iretim siireglerine entegrasyonu yer alacagi éngoriilmektedir. Konuyla
ilgili yapilan arastirmalar, 6zellikle yesil hidrojen, biyokiitle, biyogaz ve amonyak
gibi alternatif yakitlarin enerji tiretiminde kullanilmasi, hem karbon emisyonla-
rin1 azaltma hem de enerji glivenligini saglama acisindan kritik bir rol oynaya-
cagini isaret etmektedir (Mansoori, at al., 2021). Bu yakitlarin avantaji, birbirini
tamamlayici nitelikte olmalari ve farkl tiretim siireglerine uygun sekilde entegre
edilebilmeleridir (Stancin et al., 2020). Yine de bu enerji kaynaklari Tablo 1’deki
gibi cesitle acilardan karsilastirilabilir.

Tablo 1. Gelecekte imalat sektoriinde kullanilmasi muhtemel ener;ji tiirlerinin
karsilastirmasi

Enerji Tiiri Kullanim Alan1 Avantaji Durumu

Giines Enerjisi Fabrika catisi, kampiis Slﬁr. karbon,  disiik | Aktif klfllaplmda, gelis-
maliyet meye miisait

Ruzg.zflr. ve dalga Siirh miisait bélgeler Slflr. karbon, disiik | Aktif kl.lx.lla.mmda, gelis-

enerjisi maliyet meye miisait

Yesil Hidrojen Mobil atdlye, robotik Temiz, tasinabilir Gelistirilmekte

hiicre

Her sartta kesintisiz
uretim

Gelistirilmekte ve yay-

Yedekleme, siireklilik
ginlasmakta

Batarya Depolama

Biiyiikk endustriyel te- | Devamli  ve  yogun

Mikro Niikleer . -
sisler enerji

Gelecek vaat etmekte

Biyo Gaz ve Biyo | Kirsal atdlye, tarim

Kiitle entegresi Atik degerlendirme Sinirh kaynak

Giines, riizgar ve dalga enerjisi gibi yenilenebilir kaynaklar, dogrudan elektrik
liretimiyle imalat tesislerinde enerji ihtiyacini karsilayabilecek kapasiteye sahip-
tir. Ozellikle giines enerjisinin dogrudan iiretim siireclerine entegrasyonu, enerji
maliyetlerini azaltmak ve karbon ayak izini diisiirmek agisindan 6nemli firsatlar
sundugu cesitli arastirmalarda ortaya konmustur (Renna et al., 2021). Bu aras-
tirmalarda, riizgar enerjisi ise 6zellikle yiiksek enerji tiiketimi olan agir sanayi
alanlarinda potansiyel bir ¢6ztim olarak degerlendirilmektedir. Bu enerji tiirleri-
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nin etkili sekilde kullanilabilmesi i¢in yapay zeka (Al) ve dijital ikiz teknolojileri
devreye girmektedir. Bu teknolojiler, enerji yonetim sistemlerinin verimliligini
artirarak tiretim stire¢lerini gercek zamanl olarak optimize edebilecegi, boylece
enerji kayiplarini minimize edebilecegi tahmin edilmektedir (Feyz Abdi, et al.,
2025). Gelecegin enerji sistemlerinde bu dijital ¢éztimlerin, yakit sentezi ve ener-
ji talep tahmini gibi alanlarda 6nemli katkilar sunmas1 beklenmektedir.

5. Sonuglar ve Oneriler

Bu calisma ile, yapilan arastirma ve degerlendirmeler sonunda talash imalat sek-
toriinde kullanilan takim tezgahlari ve bu tezgahlara ait teknolojiler ile ilgili ilk
¢aglardan baslayip giiniimiize uzanan gelisim siirecleri genis bir perspektifle or-
taya konmustur. Ayrica takim tezgahi teknolojisindeki bu gelismelerin gelecege
uzanacak muhtemel yansimalari bu ¢alismada etraflica tartisiimistir. Elde edilen
sonuglara gore, kesici takimlarin sabitlendigi ve bu takimlarin kesme yapabil-
mesi icin gerekli giicii ve hareketi aldig1 takim tezgahlari, dncelikle giiciin karsi-
landig1 enerji kaynagina (sirasiyla su, riizgar enerjisi, buhar basinci ve elektrik
enerjisi) gore gelisme gostermistir. Bu gelismeleri mekanik sistemler tasarla-
narak hareketin aktarilabilmesi izlemistir. Yillar gectikce takim tezgahlarindaki
mekanik sistemler de gelismistir. Mekanizasyon teknolojisindeki gelismeyi, oto-
masyon sistemindeki gelismeler takip etmistir. Ciinkii mekanik sistemlerle sade-
ce insanin kas giicii ve hareketi taklit edilebilmistir. Otomasyon sistemleriyle ise
insanin karar alma giicii de takim tezgahlarina aktarilabilmistir.

Tasarimda ve lretimde bilgisayar teknolojisinin kullanilmaya baslanmasi, bu
alandaki teknolojinin gelisme potansiyelini daha da artirmistir. CAD/CAM/CNC
teknolojileri yayginlasmis, hatta bu sayede tersine mithendislik ¢éziimlerine ula-
silabilmistir. [laveten, yardimci robotlar olarak adlandirilan gevre ekipmanlari ve
karar alma stireclerini destekleyen uzman sistemler yeni nesil CNC tezgahlariyla
entegre kullanilmaya baslanmistir. Bu genis kontrol ve karar alma sistemi bilgisa-
yarla tiimlesik imalat (CIM) olarak adlandirilmistir. Baglangicta torna, freze gibi
farkli islemler i¢in ayr1 CNC tezgahlarinin kullanilmasi gerekliyken, gelistirilen ve
“CNC isleme merkezleri” olarak adlandirilan makineler sayesinde bu durum de-
gismistir. Bu tezgahlar, licten fazla ekseni ayni anda ve koordineli sekilde hareket
ettirebildikleri i¢in, bir¢ok talasli imalat islemi tek bir makine tizerinde, yiiksek
hassasiyet ve verimlilikle gerceklestirilebilmektedir. Bu tezgahlar, en zor malze-
meleri bile hatasiz sekillendirebilen hareket iletim sistemleri, 6l¢me sistemleri,
sogutma sistemleri ve giic sistemleri ile donatilmistir. Ozellikle sekillendirilmesi
zor, yeni nesil siiper alasimlarin islenebilmesi i¢cin bu isleme merkezleri siirekli
gelistirilmis, boylece daha seri, hassas, giivenli, temiz iiretim yapabilmislerdir.
Ayrica, son yillarda hibrit takim tezgahlarinin kullanilmaya baslandig goriilmek-
tedir. Bu tezgahlar ile, parca tizerinde talash imalat islemiyle birlikte baska imalat
islemlerinin de (eklemeli imalat, kaynak vb.) ayni tezgahta gerceklestirilebilmesi
miimkiin olmaktadir. Fakat, ileri teknolojiye sahip CNC takim tezgahlari sinirsiz
bir tstiinliige sahip degildir. ilk yatirim ve bakim gibi maliyet kalemlerinde ek-
siklikleri de oldugu i¢in giintimiizde hala geleneksel tezgahlar aktif bir sekilde
kullanilmaktadir.

Yapilan arastirmalar, takim makine ve ekipman imalatinda Ar-Ge ve isgiicii har-
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camalarinin son yillarda artarak devam ettigini ortaya koymustur. Endiistri 4.0
ile birlikte yeni nesil akill takim tezgahlari, diger makineleri, sistemleri, veri
kaynaklarini ve insanlar1 (operatorler, teknisyenler, mithendisler vb.) birbirine
baglayan bir platformun pargasi haline gelmistir. Her alanda oldugu gibi, CIM ala-
nindaki karar alma siiregleri de, gelecek yillarda, tamamen yapay zeka destekli
uzman sistemler aracigiyla gerceklestirilecegi diisiiniilmektedir. ileri teknoloji
takim tezgahlariyla senkron ¢alisan bu akilli sistemlerin ve endiistriyel robotla-
rin yayginlasmasiyla insansiz fabrikalarin sayisini artiracagi tahmin edilmekte-
dir. Uzun vadede ise, bu gelismelerin sektorde ara eleman olarak ¢alisacak perso-
nel sayisinin azalmasina sebep olacagi degerlendirilmektedir.

Ayrica, gelecekte verimli ve cevreci yeni enerji kaynaklarinin takim tezgahlarin-
da kullanilmaya baslanacag1 ongoriilmektedir. Ozellikle giines, riizgar ve dalga
gibi yenilenebilir enerji kaynaklarini yiiksek potansiyelle depolayabilen ener-
ji sistemlerinin daha da gelisecegi ve takim tezgahlarinin enerji ihtiyaci i¢in bu
kaynaklarin kullaniminin yayginlasabilecegi degerlendirilmektedir. Bu kaynakla-
ra ek olarak, yesil hidrojen, biyoyakit ve mikro niikleer yakith piller gibi alterna-
tif enerji kaynaklarinin kullanilabilmesi amaciyla tezgahlarin ilgili sistemlerinin
dontistiiriilecegi tahmin edilmektedir.

Cikar Catismasi

Yazar tarafindan herhangi bir ¢ikar catismasi beyan edilmemistir.
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