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ABSTRACT

Through the purification technology of flue gas desulfurization, ultralow emissions of SO, flue gas in
industrial flue gas can be achieved. In this article, wet flue gas desulfurization (FGD) processes using
limestone (calcium carbonate CaCOs) and caustic (sodium hydroxide NaOH) as absorption solutions are
introduced in terms of fluid mechanics and mass transfer phenomena as well as absorption unit processes.
Also, initial investment and operation costs are compared for wet flue gas desulfurization processes using
limestone and caustic.

Keywords: Flue gas desulfurization; Wet desulfurization process; Fluid mechanics; Mass transfer;
Absorption unit processes

Agir Dizel Yakma Tesislerinde Atik Gaz Kiikiirt Giderme Uniteleri

0z

Baca gaz1 kiikiirt giderme saflastirma teknolojisi sayesinde, endiistriyel baca gazinda son derece diisiik
SO, baca gazi emisyonlari elde edilebilir. Bu makalede absorpsiyon ¢ozeltisi olarak kire¢ tast (kalsiyum
karbonat CaCOs) ve kostik (sodyum hidroksit NaOH) kullanan islak kiikiirt giderme prosesleri,
absorpsiyon {initesi proseslerinin yani sira akiskanlar mekanigi ve kiitle transferi fenomenleri agisindan
tamtilmaktadir. Ayrica kirectasi ve kostik kullanilan islak baca gazi kiikiirt giderme proseslerinin ilk
yatirim ve igletme maliyetleri karsilagtirilmistir.

Anahtar Kelimeler: Atik gaz kiikiirt giderme; Islak kiikiirt giderme prosesi; Akigkanlar mekanigi, Kiitle
transferi; Absorpsiyon tinite islemleri
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1. INTRODUCTION

As a result of the combustion of high-sulfur fossil fuels in cogeneration and diesel engines or steam boiler
plants, flue (waste) gas containing SO; is released. SO, emissions are known to have detrimental impacts
on human health and the environment [33]. On the other hand, waste gas containing SO, must be passed
through a flue gas treatment unit before it is released into the atmosphere, thus preventing acid rains that
may reach the earth. Separation of sulfur dioxide (SO,) from the flue gas is possible by dry or wet
absorption processes using alkaline absorption solutions [1-4, 6, 20]. It is obligatory to treat other flue
gases from combustion processes and heavy metals and ashes in the fuel up to the permissible emission
values [7, 17]. Many clinical studies have shown that the correlation between atmospheric air pollutants
(including acid aerosols and sulfates) and respiratory diseases is highly complicated [27-29]. The serious
health concerns associated with exposure to high SO, concentration include breathing difficulty,
respiratory illness, and aggravation of existing cardiovascular disease [33]. Strong inorganic acid mists
containing sulfuric acid (H2SO4) have been reported to correlate with lung and laryngeal cancer in humans
[30-32].

As is known, wet, dry, and semi-wet processes are used for SO, removal [7]. In this article, wet systems,
which are seen as the most suitable solution for Turkish situations, will be examined. The final products
resulting from the dry process are rarely or only obtained as usable raw materials at great expense. The
end products from dry absorption plants are sometimes only sent to a solid waste warehouse, but often to a
hazardous solid waste warehouse, resulting in increased waste disposal costs. On the other hand, the use of
excess absorption solution, which adversely affects operating costs, should be reduced as much as possible
in providing the sulfur dioxide emission value limited by the emission regulation. The use of excess
absorption solution will eventually considerably increase the amount of end product that must be further
disposed of. For this reason, dry systems that use a large amount of absorption agent as a process

requirement are not very attractive.

This paper analyses the advantages and disadvantages of two wet FGD scrubbers to their environmental
and financial aspects. Total costs of FGD systems include both capital and annualized costs. The major
capital cost components of an FGD system consist of plant equipment, installation, site development, and
indirect costs. In the FGD scrubber market throughout the world, wet FGD limestone scrubbers take the
lead, the byproduct of which is a marketable gypsum. Most of the second wet FGD scrubbers cover a

similar process but produce a disposal product (waste).
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2. WET FLUE GAS DESULFURIZATION PROCESSES

Two groups of absorption solutions for the wet FGD absorption process are widely used [1-4, 6-12, 24-
25]:
o Sodium hydroxide (caustic) or sodium carbonate, where a diluted solution or a crystalline sodium
sulfate/sulfite mixture is formed as the final substance or
e Calcium oxide (lime), calcium hydroxide (slaked lime), or calcium carbonate (limestone); here, the
final product is exposed as gypsum raw material.

In this article, both alternative processes will be examined in detail.
2.1. Wet FGD process with caustic or sodium carbonate

If these absorption solutions are used in the absorption of sulfur dioxide, sodium sulfide (Na:SOs) is
formed in the first step in the absorption solution. The caustic soda (NaOH) slurry can produce Na,SO3 by

Eq. (1) which can be further oxidized by Eqg. (2) to produce marketable Na.SO. (sodium sulfate) by Eqg.
(3) [14]:

2NaOH + SO, - NaS0; + HO, (1)
NaSO; + 10, - NaSo, )
2NaOH + SO, + 20, » NaSO, + HO, (3)

At the same time, heavy metals such as vanadium and nickel and soot particles in the waste gas are
retained during washing and pass into the absorption solution. As a result of the excess oxygen present in
the flue gas in the absorption zone of the washer, some sodium sulfite is oxidized and turns into soluble
sodium sulfate again. To complete the oxidation of the remaining sodium sulfite, air must be blown into
the solution at the bottom of the washer with the help of a blower fan. Another alternative is to complete
this oxidation process with air in a separate tank. In both systems, it is not possible to obtain sodium
sulfate by performing a perfect oxidation. In any case, up to 20% sodium sulfide can be found in the
discarded washing solution. It is also not possible to deliver this amount of sodium sulfide, which is toxic
and fatal for living creatures in the receiving environment, to a wastewater treatment plant.

The washing solution contains some toxic sodium sulfide, as well as heavy metals and soot/particles
retained during washing. For this reason, a precaution must be taken to separate these heavy metals from
the washing solution. Likewise, the soot/particles that pass into the solution during washing should be
separated and removed by a filtering device. Even if the sulfide is completely converted to sulfate, the
resulting sulfate concentration is well above the permissible value. It is forbidden to give sulfate to the
receiving environment at this rate, and it cannot be discharged into a sewer system as it will destroy the

concrete. A crystallization process is required so that the sodium sulfate formed can be used as a raw
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material, for example in glass production. Again, in this case, it is necessary to separate heavy metals and
soot/particles. Because soot/particles and heavy metals cause undesirable color changes on the glass.
Crystallization is mainly achieved by cooling/evaporation crystallization or by evaporation of the waste
washing solution in a spray dryer with hot waste gas. The spray dryer is followed by a bag filter. The
crystallization process with these two techniques causes additional investment and operating costs, as well
as a very serious increase in operating effort.

Also, caustic or sodium carbonate is much more expensive than calcium-based sorbents. Chemical
consumption, on the other hand, significantly affects the operating costs of desulfurization plants. This
issue is explained in more detail in the section on operating cost comparison. Due to the disadvantages
mentioned here, the wet absorption process with sodium hydroxide (caustic) or sodium carbonate for the
removal of sulfur dioxide from the flue gases of combustion plants has little use and can only be used in
small power plants. Fig. 1 adapted from [2, 11] shows the simplified process flow diagram of flue gas

desulfurization and wastewater treatment with sodium hydroxide/sodium carbonate.
2.2. Wet FGD process with calcium-based alkalis

Because of the many disadvantages of wet absorption of sulfur dioxide with caustic or sodium carbonate,
almost all desulfurization plants today use cheaper calcium-based alkalis as absorption solutions. As a first
step in this process, either partially soluble calcium hydrogen sulfide or sparingly soluble calcium sulfide
is formed. The limestone-forced oxidation (LSFO) of calcium hydrogen sulfide to insoluble calcium
sulfate (gypsum) begins with the excess oxygen in the flue gas in the absorption zone of the washer [1-2,
6, 9-10]. LSFO is a newer process based on wet limestone scrubbing which reduces scale. In LSFO, air is
added by a blower fan to the reaction tank which oxidizes the spent slurry to gypsum [23]. Since the
reaction product gypsum is removed as a continuous solid based on mass balance, a high oxidation rate is
still reached in the absorption zone. The remaining oxidation is provided by the introduction of air into the
liquid solution at the bottom of the washer using a blower fan. Thus, perfect oxidation is achieved. This
process is very important for the released gypsum to be used as raw material [6]. Fig. 2 adapted from [2,
9-10] shows a simplified flow chart of a lime flue gas desulfurization plant with gypsum raw material as
the final product.

The reactions that take place in wet absorption with calcium components are briefly represented by Eq. (4-

6) in the example of calcium carbonate CaCOs (limestone) [1-2, 6]:

CaCOs + SO, > CaSO0; + CO, (4)
CaS05; + 30, > CaS0, (5)
CaC0; + SO, + 10, » CaS0, + CO, (6)
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The gypsum (CaSO,) formed during absorption is present as a solid in the washing solution and is
continuously separated and dewatered in a filter press, vacuum band filter, or drum filter. The amount of
residual water (moisture) in the dewatered gypsum is around 10% and does not constitute any obstacle to
its use as raw material. The only thing to be considered is that heavy metals coming from the fuel, such as
nickel and vanadium, in the filter permeate water that does not contain any other toxic and harmful

substance (such as sulfate) are precipitated by a simple chemical treatment.

Droplet Sepamtor

Washing o
Nozzles .0

Dosing
Pumps

Caustic Tank

Circulation

Absorber, Wet
Scrubber

Heavy Metal
Separator Belt Filter

Neutralization
Tank

Pump

Wastewater

Figure 1: Simplified process flow chart of flue gas desulfurization and wastewater treatment (heavy metal) with
sodium hydroxide (caustic) which is adapted from [2, 11].
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Droplet

Separators Lime Silo

Washing
Nozzles

Circulation
Pumps

VA\_‘
90

Fan

Pump

Absorber. Wet Vacuum Belt Filter
Scrubber {Gypsum Dchydration)
Blower for
Oxidation Air W
Gypsum
Contamner

Figure 2: Simplified process flow chart of a lime flue gas desulfurization plant with gypsum raw material as the
final product which is adapted from [2, 9-10, 20].

The permeate water, which is purified from heavy metals, is fed back to the absorption plant as a
rewashing solution and in this way a closed cycle is provided. In this process, there is no wastewater that
must be treated and removed. The soot/particles in gypsum do not affect the use of gypsum as a raw

material in the cement industry. The flue gas problem in the capture of sulfur dioxide with calcium
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compounds does not create a new environmental problem. On the contrary, a raw material (gypsum) that

has no wastewater problem and has economic value emerges [6-7].

3. FACILITY FEATURES
3.1. Wet FGD scrubber with sodium hydroxide/carbonate
The flue gas desulfurization plant based on sodium hydroxide or sodium carbonate mainly consists of the
following equipment [2, 9-10].

»  Washer (with circulation/reaction tank and droplet trap)

« Circulation pumps

» Chemical tank and dosage unit

» Purification of wastewater
The washer system is generally designed in two ways either filled (packed tower) washer/scrubber or
unfilled washer/scrubber type. The advantage of the filled washer/scrubber over the unfilled
washer/scrubber is that it has a smaller diameter washer due to the filler material and therefore a larger
contact surface [9, 15]. However, in the filled type of washer/scrubber, the ash/particles in the flue gas
accumulate on the filling material and cause the risk of clogging. Cleaning the filling materials costs a lot
of money. This is why the electric power plant, or the motors will have to be out of order frequently.
On the other hand, the initial investment cost of the filled washer/scrubber remains at the same level as the
unfilled washer/scrubber due to the cost of the filling material, despite its smaller size [15]. Stainless steel,
plastic materials, rubber-coated steel, or plastic-coated concrete washers/scrubbers can be used as
washer/scrubber material. If stainless steel material is used, the chloride in the washing solution passing
from the feed water to the system causes corrosion and wear. Therefore, the use of stainless steel is limited
to some special cases. The initial investment cost of a stainless-steel washer/scrubber may equal the cost
of washers/scrubbers made of other materials, depending on the appropriate price of the stainless steel to
be used.
Due to the risk of corrosion, plastic scrubbers, rubber-coated steel, or plastic-coated concrete scrubbers are
often used in flue gas treatment plants. Their initial investment cost is as high as stainless steel washers.
Of these washers, the lowest initial investment cost is plastic-coated concrete washers, followed by plastic
washers and rubber-coated steel washers. Concrete type washer has great advantages over other systems
due to both operational safety and initial investment cost advantages. Concrete is protected against
corrosion by mechanically fixing plastic plates to the concrete. The mounting of the plastic plates to the
washer is done at the construction site, thus eliminating huge transportation work. Plastic plates are
mounted together with the concrete as an inner wall. Then, each plate is welded on top of each other at the

joints. If a possible leaking problem occurs during operation, it can simply be repaired locally. Fig. 3
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shows the scheme of covering concrete with a Bekaplast plastic plate [8]. PP, PE, PVC, or PVDF are used
as plate material.

A droplet trap is mounted on the upper outlet side of the washer, which allows the holding of small
droplets carried by the gas flow. Since the flue gas is carried in solid particles, the particles are kept in the
droplet holder. On the other hand, the droplet trap is equipped with a water spray system. Thus, solid
particles are removed with the occasional spray water, and clogging is prevented. Chemically resistant
pumps are used as circulation pumps and the washing solution is continuously pumped into the absorption
zone. The spray nozzles mounted on the pump delivery line ensure that the washing solution is distributed
homogeneously to the cross-sectional area in the washer absorption zone and sprayed. Since the spray
nozzles do not contain internally connected parts, the danger of clogging is thus eliminated.

The absorption agent is circulated from the chemical storage tank to the washing solution depending on
the pH value of the washing solution. In this way, the pH value of the washing solution is kept in the weak
acid range and the chemical consumption is reduced as much as possible. The sodium sulfate/sodium
sulfite solution formed during SO, capture is withdrawn from the system depending on the dosed chemical
amount and sent to wastewater treatment. This treatment system requires a high-cost advanced treatment

process as described above [1, 9, 20].

Concrete

echanic Anchors in a Conical Shape

Figure 3: Covering concrete with plastic plate [8].
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3.2. Wet FGD scrubber with calcium-based alkalis
By using calcium oxide (lime), calcium hydroxide (slaked lime), or calcium carbonate (limestone) as the
absorption solution, gypsum is formed as a solid material in flue gas desulfurization and only unfilled
scrubbers are used. The same limitations on the choice of washer material used in wet washers that used
sodium-based alkali apply to calcium-based wet washers. The flue gas desulfurization plant with the
calcium-based alkali process consists of the following equipment [2, 11]:

» Unfilled washer (with circulation/reaction tank and droplet trap)

« Circulation pumps

» Lime silo and dosing unit

»  Gypsum dewatering

»  Separation of heavy metals (if necessary)
The structure of the unfilled free-flow washer/scrubber and the circulation pumps is practically the same
as the sodium component washer system. The washer size is slightly larger than the sodium component
washers, due to the considerably lower reaction rate of the calcium components. The droplet trap system is
the same in both processes. The scrubber solution is also kept in the weak acid pH range. Likewise, the
administration of calcium components is provided depending on the pH value of the washing solution.
While the sodium components are stored in the system as an agueous solution, the calcium components
are stored dry in silos. The introduction of calcium oxide (lime) into the system is usually accomplished
by dosing a pre-prepared suspension. Calcium carbonate (limestone) is fed directly from the storage silo
via a screw conveyor to the tank under the washer dry, where it is mixed with water to prepare a solution.
If necessary, it is also possible to feed dry in calcium hydroxide and calcium oxide. Circulation pumps and
spray nozzles are the same as described in Section 4.1.
The gypsum formed by the absorption of sulfur dioxide in the washing solution is dewatered to 10%
humidity in a continuous vacuum band filter. The gypsum obtained in this way is used as a raw material in
the construction industry, for example in cement production. The permeate water released from the
gypsum dewatering unit is sent back to the process and thus a closed water circulation is provided. The
disadvantage of the calcium component process compared to the sodium component is that it has a higher
initial investment cost. The initial investment cost of the calcium component desulfurization plant is 60-
70% higher due to the required plant/equipment technique, especially the vacuum belt filter and the silo,
as well as the slightly larger size of the scrubber. As can be seen from the comparison given below, this
high initial investment cost also pays for itself in a short period with considerably lower operating costs.
However, if the crystallization unit required for the caustic process is also used, this disadvantage is

eliminated.
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4. OPERATING COST COMPARISON OF WET FGD SCRUBBERS
To compare the operation costs of wet FGD scrubbers operating with a caustic and limestone process, a 60

MWh electric diesel power plant was investigated. As fuel, approximately 3.5% sulfur heavy fuel (No. 6

Fuel-Oil), which is consumed for this purpose in Tiirkiye, was used. The operating values and operating

expenses unit prices of a diesel power plant with a 60 MWh electric power plant at 8,000 hours annual

operation time are given in Table 1 and explained as follows:

The large diesel engine power plant requires an air intake flow rate in the range of 4-8 Nm3 per
KWh [12]. Assuming a wet air intake flow rate of 5.65 Nm%kWh, the hourly flue gas flow rate
will be Qfrye gaswer = 340,000 Nm?h for the wet air and Qe gasary = 310,000 Nm*h for
dry air for a 60 MWh diesel power plant. The flue gas temperature is assumed to be 200°C.

The SO inlet concentration in flue gas is Csoy inier = 3,900 mg/Nm?,dry based on burning a
heavy fuel with 3.5% sulfur content. The SO outlet concentration after scrubber in clean gas is set
to less than Csozoutier < 700 mg/Nm?®. The SO, emission limit for liquid fuel-burning power
plants between 50-100 MWh is 850 mg/Nm? in Tiirkiye (see page 5 in [17]). The SO, removal
efficiency (Esq,) of the wet scrubber can be calculated by Eq. (7):

mg
_ _ Cso,,outlet 0/ — _ 70ONm3 0 — 0
Eso, = (1 s ) 100% = <1 Soon | 100% = 8206 (7)

The SO, amount captured per hour (1iso, caprurea) in @ 60 MWh power plant can be calculated by

Eq. (8-9) as 992 kg/h:

7'hSOz,captured = (CSOZ,inlet - CSOZ,outlet)Qflue gas,dry (8)
3
Titso, capturea = (3900 % — 700 22 310000 - = 9922 = 1000 X2 9)

Average the capital installation cost of the limestone FGD process unit was $108.15 per kWh of a
electric power plant (101.66 Euro per kWh with an exchange rate of $1=0.94 Euro) in the year
2022 [13]. The capital cost of the limestone FGD unit of a 60 MWh power plant, including
installation, commissioning, and construction works, is approximately based on 2022 prices to be
6.0 million Euros for the limestone FGD process unit (101.66 Euro/kWh x 60,000 kWh = 6.0
million Euro).

The capital installation costs of the caustic FGD process unit with a filled packed-tower scrubber
are ranged from $23,000 to $117,000 per Nm®sec flue gas flow rate based on U.S. EPA
(Environmental Protection Agency) Air Pollution Control Technology Fact Sheet [15] which was
based on 2002 US Dollars. Assuming a capital cost of $26,500 per Nm?/sec flue gas flow rate is
appropriate for the Turkish market, the capital cost of a caustic FGD process unit for a flue gas
flow rate of 310,000 Nm®h, dry (86.11 Nm?®/sec) will be $2.28 Million in 2002 prices. Based on

246



Tevfik Gemci / Flue Gas Desulfurization Scrubbers in Heavy Diesel Combustion Plants

the Consumer Price Index (CPI) inflation calculation [16], $1 in 2002 is equivalent in purchasing
power to about $1.63 in 2022. So, $2.28 million in 2002 is equivalent to $3.72 million in 2022
(equivalent to 3.5 million Euros in 2022 with an exchange rate of $1=0.94 Euro). So, the capital
cost of the caustic FGD unit of a 60 MWh electric power plant, including installation,
commissioning, and construction works, is approximately based on 2022 prices to be 3.5 million
Euros for the caustic FGD process unit.

Table 2 shows the operating material consumption values for caustic and limestone FGD scrubbers

which are explained as follows:

Table 1: Operating values and unit prices of operating expenses of a 60 MWh power plant.

Operating Values Amount Unit
Flue gas flow rate 340,000 Nm?/h, wet

g 310,000 Nm3/h, dry
Flue gas temperature 200 °C

. mg/Nm?, dry

SO, Concentration, flue gas 3,900 (0=%12)
SO, Concentration, clean gas <700 mg/Nm3, dry
Amount of captured SO, 992=1,000! kg/h
Operation time 8,000 hlyear

Operating Expenses Unit Prices

CaCOs; — 100% 50 Euro/Ton
NaOH — 100% 500 Euro/Ton
Water 2.36° Euro/m?
Electric 0.15° Euro/kWh
Blower air 0.075* Euro/Nm?
Gypsum transport 4.5° Euro/Ton
NaSO, waste disposal 18.8° Euro/Ton

L' Calculated with Eq. (9).

22022 average industrial water price in Tiirkiye was 35 YTL/m?3 x 0.0676 Euro/YTL=2.36 Euro/m®,

3 In 2022 the average industrial electric price in Turkey was 0.2174 YTL/kWh x 0.0676
Euro/YTL=0.15 Euro/kWh [18].

4 Compressed air cost was $0.08 (0.075 Euro) per Nm? in Tiirkiye in 2022 [21].

> The cost of gypsum transport by truck was set as $0.19 per ton-mile (see page C-8 in [22]). For a
40 km (25 mile) transportation distance, the gypsum transport cost in Tirkiye will be
approximately $4.75 (4.5 Euro).

& NaSO, waste product disposal costs vary from $10/ton to $30/ton in 2001 (see page 2 of [23]). The
sodium sulfate (NaSO4) waste is a low hazardous waste and its disposal per ton is assumed to be
around $20 (18.8 Euro) in 2022 ($12 in 2001) with CPI inflation calculation [16].
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Table 2: Consumption of FGD operating materials.

Operating Materials Unit NaOH Scrubber CaCOs Scrubber
kg/h 1,000 1,000
Captured SO,
Tonlyear (1,000 kg/h) x (8,000 (1,000 kg/h) x (8,000

h/year) = 8,000 ton/year h/year) = 8,000 ton/year

kg/h - 1,600
CaCO;3 consumption
Ton/year - 12,800
kg/h 1,250 -
NaOH consumption
Ton/year 10,000 -
mi/h 52 25
Water consumption
m?/year 416,000 200,000
kWr/h 340 600
Electric consumption
kWh/year 2.72 million 4.8 million
Nmé/h - 31507
LSFO blower air
Nm?/year - 25.2 million
kag/h - 2,200
Produced gypsum
Ton/year - 17,600
kg/h 2,220 -
Produced NaSO4 waste
Ton/year 17,760 -

e Limestone consumption: 1 kmol (64.066 kg) SO2 removal requires 1 kmol (100.087 kg) CaCO3
per Equation 6 which is equal to 1562 kg CaCO3 is needed to capture 1,000 kg SO2 per hour.
With a chemical reaction efficiency of 97%, approximately 1,600 kg/h CaCO3 is needed for the
required SO2 removal amount.

e Caustic soda consumption:; 1 kmol (64.066 kg) SO removal requires 2 kmol (179.994 kg) NaOH
per Equation 3 which is equivalent to 1,248.62 kg (approximately 1,250 kg) NaOH is required to
capture 1000 kg SO, per hour.

e Water consumption for CaCOs; scrubber: Typical makeup water consumption for limestone wet
scrubbers is 5.7-6.8 L/min (0.342-0.408 m*/h) per MWh (see Section 3.1 in [19]). By assuming
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6.8 L/min water consumption, a 60 MWh power plant needs 24.5= 25 m®h fresh water per hour

for its limestone wet scrubber unit.

Table 3: Comparison of wet FGD scrubbers’ operating costs.

Operating Expenses Unit NaOH Scrubber CaCOs Scrubber
Ton/year i 12,800
CaCOjz consumption Eurolyear - 0.64 million
Ton/year 10,000 )
NaOH consumption 5 million -
Euro/year
mélyear 416,000 200,000
Water consumption Eurolyear 0.982 million 0.472 million
KWhiyear 2.72 million 4.8 million
Electric consumption Eurolyear 0.408 million 0.72 million
Nmh - 25.2 million
Compressed air Eurolyear N 1.89 million
Ton/year i 17,600
Gypsum transport Eurolyear - 0.0792 million
Ton/year 17,760 )
NaSO,4 waste removal Eurolyear 0.3339 million -
T oral Cost Eurolyear 6.724 million 3.801 million

Water consumption for NaOH scrubber: Packed-bed scrubbers have a recommended liquid-to-gas

ratio (L/G) in the range of 1.2 to 1.5 gpm (gallon per minute) per 1000 cfm (cubic feet per minute)
of waste gas (0.16 to 0.2 L/Nm?®) per U.S. EPA Air Economics Group (see page 1-69 in [20].
Assuming an L/G ratio of 0.167 L/Nm®, the NaOH packed-bed scrubber requires approximately

52 m*/h water for washing out 310,000 Nm?*dry flue gas flow per hour.

Electric consumption for CaCOs scrubber: FGD limestone wet scrubber systems have a relatively

low auxiliary power consumption of around 1-2% of the power plant [24]. So CaCOj; scrubber

will consume around 600 kWh/h which is around 1% consumption of a 60 MWh electric power

plant.
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o Electric consumption for NaOH scrubber: Alkaline NaOH scrubber’s energy usage lies between
0.2-1.0 kWh per 1000 Nm%h flue gas flow [25]. By using a conservative value of 1.0 kwh/1000
Nm?/h, the NaOH scrubber will consume 340 kWh for 340,000 Nm?*h wet flue gas flow rate.

o LSFO blower air for CaCOs reaction tank: An LSFO blower air amount of 7.9 kg/h is used for a
flue gas SO- inlet amount of 2.38 kg/h in a U.S. EPA test for sludge oxidation in a limestone FGD
scrubber (see page 51 in [26]). The SO inlet amount (Cso, iniet szue gas,ary) for 60 MWh
electric diesel power plant is 1210 kg/h which requires an oxidation blower amount of 4,016 kg/h
(3,106 Nm®h with an air density 1.293 kg/Nm?). A blower size of 3,150 Nm?® h is suitable for this
limestone FGD reaction tank.

e Produced gypsum (CaS0.): 1 kmol (100.087 kg) CaCOs3 can produce 1 kmol (136.14 kg) gypsum
per Equation 6. A total of 1,600 kg/h limestone consumption will produce 2,176.35=2,200 kg/h
gypsum.

e Produced NaSO4 waste: 2 kmol (79.994 kg) NaOH can produce 1 kmol (142.04 kg) NaSO4 per
Equation 3. A total of 1250 kg/h caustic soda consumption will produce 2,219.54=2,220 kg/h
sodium sulphate waste.

Table 3 compares the two types of wet FGD scrubbers in terms of operation costs which were calculated

by multiplying the annual consumption values in Table 2 with the unit prices in Tablel.

4., CONCLUSION

As explained in detail before, the flue gas desulfurization process with calcium carbonate as the
absorption agent has more fundamental advantages over the caustic (sodium hydroxide) process, due to
the final gypsum raw material formation. In addition to the very low operating cost, the process using
limestone results in a final product that does not need treatment. In addition, since no wastewater is
generated, the very difficult and costly wastewater treatment process is eliminated. Fig. 4 shows a
limestone flue gas desulfurization plant.

NaSO,4 waste released in caustic desulfurization causes additional wastewater treatment investment and
operating costs. As can be seen from the above comparisons, the operating cost of the washer that uses
limestone as a chemical solution is 4.36 million Euros less per year than the caustic washer. As a result,
the limestone washer, whose initial investment cost is 2.5 million Euros higher than the caustic washer,
pays for itself within 10 months. Thus, the system with caustic and limestone reaches the same level
within 10 months in terms of initial investment cost. The most important thing is that 2.923 million Euros

will be saved every year.
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Figure 4: A limestone flue gas desulfurization plant [5].
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ABSTRACT

Proportional-Integral-Derivative (PID) controller is widely used in technical applications due to its
robustness and ease of application. The gain values of a PID controller have a strong impact on performance
criteria such as settling time, rise time, and overshoot. Systems that possess at least one of these criteria are
considered strong control systems. Adjusting the parameters to obtain the best step response of closed loop
control systems is a complex operation. While long known methods such as the Ziegler-Nichols (ZN)
method were initially used to compute parameter values, today, metaheuristic algorithms are employed.
This article focuses on the tuning of gain parameters of a PID controller using metaheuristic algorithms for
the control of a system with a third-order transfer function. The proposed algorithms are Fuzzy Logic (FL),
Genetic Algorithm (GA), and Particle Swarm Optimization (PSO). The comparison results concluded that
GA is the best algorithm for optimization.

Keywords: PID; PSO; GA,; Fuzzy Logic (FL); Metaheuristic

PID Kontroloriin Kazan¢ Katsayillarinin Optimizasyonu i¢in Farkh

Yontemlerin Karsilastirilmasi

oz

Orantili-Integral-Tiirev (PID) denetleyici, saglamligt ve uygulama kolayligi nedeniyle teknik
uygulamalarda yaygin olarak kullanilmaktadir. Bir PID denetleyicinin kazang degerleri, oturma zamani,
yiikselme zamani ve agsma gibi performans kriterleri tizerinde giiglii bir etkiye sahiptir. Bu kriterlerin en az
degerine sahip sistemler, giiclii kontrol sistemleri olarak kabul edilir. Kapali dongii kontrol sistemlerinin, en
iyi basamak tepkisini elde etmek i¢in parametrelerin ayarlanmasi karmasik bir islemdir. Parametre
degerlerini hesaplamak icin baslangigta Ziegler-Nichols (ZN) yontemi gibi uzun zamandir bilinen
yontemler kullanilirken, giliniimiizde metasezgisel algoritmalar kullanilmaktadir. Bu makale, tgiincii
dereceden transfer fonksiyonuna sahip bir sistemin kontrolii i¢in metasezgisel algoritmalar kullanan bir PID
kontrol cihazinin kazang parametrelerinin ayarlanmasima odaklanmaktadir. Onerilen algoritmalar,
Bulanik Mantik (FL), Genetik Algoritma (GA) ve Pargacik Siirii Optimizasyonudur (PSO).
Karsilagtirma sonuglart GA'nin optimizasyon i¢in en iyi algoritma oldugu sonucuna varmstir.
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1. INTRODUCTION

PID controllers are widely used in technical applications due to its robustness and ease of
applications [1]. The utilization of the PID algorithm does not guarantee the best control and even
stability of the system if the gain values are not adequately tuned. Its proper functioning is not
guaranteed; it can be significantly affected by dead times (the measured error may not arrive
instantly or the control action may not be applied right away). The response of a control system
can be defined in terms of the error, the degree to which the system exceeds a set point, and the
amount of oscillation around any set value. However, a PID controller, relying solely on the
measurable system variable rather than the underlying process information, is widely applicable
and has a long history of successful use in a in many applications [2-6]. A PID controller has three
gain coefficients to meet some system performance criteria. These are the proportional gain
coefficient Kp, integral gain coefficient Ki, and derivative gain coefficient Kd. In some
applications, only one or two of these parameters are used to achieve appropriate system control
(PI, P, or PD). However, the absence of one of the control effects leads to errors in achieving the
system's objective. Especially in nonlinear control systems, finding the optimal parameter values
for the PID controller is a challenging task [7]. One commonly used method for parameter tuning
is the Ziegler-Nichols (Z-N) method [8]. In many industrial systems, the Z-N method is not
acceptable as it fails to sufficiently improve performance criteria such as overshoot, settling time,
and rise time. The solution is to use metaheuristic solutions to optimize the step response of closed-

loop control systems.

Optimizing the step response of control systems aims to minimize overshoot or reduce settling time
and rise time. Metaheuristic algorithms are stochastic strategies that mimic the behavior of social
and ecological systems, commonly used to optimize problems of applied sciences. These
algorithms can be utilized to select the best combination of PID controller gain coefficients that
yield the optimal transient response. In this study, Particle Swarm Optimization (PSO) algorithm,
Genetic Algorithm (GA), and Fuzzy Logic (FL) rule-based PID controller parameter tuning
methods were employed, and the results obtained were compared with each other.
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The subsequent sections of the article are planned as follows: The method of the study is explained
in Chapter 2. Section 3 provides information about the simulations conducted after the description

of optimization algorithms. In Section 4, the results are presented.
2. MATERIAL AND METHODS

We can define the control problem as shown in Figure 1. The gain coefficients (Kp, Ki, Kd) of
the PID controller are desired to be optimized for the best control performance. The output of the

PID controller is calculated based on the time-varying error as shown in Equation 1.

de(t)
dat

u(®) = Kpe(t) + K; [, e(t)dt + K, (1)

Farametar's
optimization
(Kp, K, Kd)
iy P ut) | Plant [ YO
e(t) ConiyDller >

Figure 1: Structure of PID controller parameter optimization.

Performance indices are used as quantitative measures to evaluate the system performance of a PID
controller. This technique is commonly used to design an "optimal system™ and adjust a set of PID
parameters to meet the required specifications. For a system controlled by PID, there are typically
four performance indices that indicate the system performance: ISE, IAE, ITAE, and ITSE. They

are defined as follows:

ISE = [”e?(D)dt (2)
ITAE = [ tle(t)|dt (3)
IAE = ["le(t)|dt (4)
ITSE = [”te?(t)dt (5)
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Here, t represents time, and e(t) is the difference between the setpoint and the controlled variable.

ISE is used in this article to define the performance for different parameters.

The transfer function of the system to be controlled is a third-order system as given in Eq.6

s+2
$3+252+3s+5

G(s) = (6)

3. OPTIMIZATION METHODS
3.1 Optimization with Particle Swarm Optimization (PSO) Algorithm (PSO-PID)

PSO is an optimization algorithm based on evolutionary computation techniques. The basic PSO
algorithm was developed from swarm research such as fish schools and bird swarms [9]. After its
initial introduction in 1995 [10], the original PSO was modified in 1998 to improve its

performance.

The PSO algorithm is initialized with random particles and then iteratively updates generations to
search for the optimal solution. Each particle represents the proportional, integral, and derivative
gains of the PID controller. In each iteration, each particle is updated with two important values:
pbest and ghest. pbest represents the best-known position of the particle, while gbest represents the
best-known position of the swarm. Each particle updates its positions (x) and velocities (v) based

on the following equations 7 and 8 according to the best two values:
Vep1 = Wop + o111 (Pr — X¢) + €212(Ge — %) (7)
Xt41 = Xe T Vpqq (8)

The model created in Matlab/Simulink for the simulations of the optimization of PID controller

gain coefficients using the PSO algorithm is shown in Figure 2.

» 2 » 1 s ISE
Math Integrator2 To W orks pacel
Function
— » FID(s) b 2 Scope3
= o s 3425 2+ 3545
Step1 | PID Controller Transfer Feni

Figure 2: Control system Simulink model for PSO optimization
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The parameters for the PSO algorithm were selected as shown in Table 1. The variation of the
fitness index with respect to iterations can be seen in Figure 3. The best fitness index value was
calculated as ISE = 2.2247.

Table 1: PSO parameters

Parameters Value
Max. itearation 50
Swarm population 60
1= C, 2
Wmax 0.9
Whmin 0.4
Fitness index ISE

o 5 10 15 20 25 30 35 40 45 50
iteration

Figure 3: The best fitness values

Based on the fitness value in Figure 3, the PID controller gain parameters are determined as
follows: Kp = 23.866, Ki = 32.034, and Kd = 8.590.

3.2 Optimization with Genetic Algorithm (GA) (GA-PID)

Genetic Algorithm (GA) is a metaheuristic approach inspired by the natural selection process and
belongs to the class of evolutionary algorithms (EA). Genetic algorithms can generate high-quality
solutions inspired by biological processes such as mutation, crossover, and selection. Therefore, it

is used in many optimization and search problems [11-14].

Genetic Algorithm is an optimization method inspired by natural selection and genetics. The
algorithm starts with a randomly initialized population of potential solutions in the search space.
Individuals are represented by design variables or their encoded form (chromosome). Some

solutions from the initial population are used to generate a new population using genetic operators
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(crossover, mutation, etc.). This is motivated by the hope that the new population will be better
than the previous one. Solutions to be used for creating new solutions are randomly selected based
on their values (represented by an objective function specific to the problem at hand, to be
minimized or maximized): the better the individual, the higher its chances of survival and
reproduction until a convergence criterion is met (typically a fixed number of generations or a
target value reached by the objective function). Some advantages of genetic algorithms are listed
below [15]:

e Global search capability: Genetic algorithms can explore a wide range of solutions and are
not easily trapped in local optima.
e Robustness: Genetic algorithms can handle complex, non-linear, and multimodal
optimization problems.
e Population-based approach: By maintaining a population of solutions, genetic algorithms
provide diversity and allow for better exploration of the search space.
e Adaptability: Genetic algorithms can adapt to changing environments or problem
conditions by updating the population through selection and evolution.
o Parallelization: Genetic algorithms can be parallelized, allowing for faster computation by
evaluating multiple solutions simultaneously.
The most important step in the application of a genetic algorithm is the selection of objective
functions used to evaluate the fitness of each chromosome. Typically, there are four performance
indices used as objective functions (Equations 2-5). Here, the Integral of Squared Error (ISE) is
used as the performance index to minimize the error signal. Figure 4 summarizes the computation

steps of the control law.

Below, the genetic algorithm is characterized with a total of 50 generations. The population
crossover rate is 0.8, the population mutation rate is 0.08, and the number of individuals per

population is equal to 30.

First, the optimization interface is opened in Matlab by typing "optimtool™. Then, GA optimization
is selected, and the parameter settings are determined as shown in Table 2. Finally, the GA
optimization is started by clicking "Start". After optimizing fifty times, the obtained values for Kp,
Ki, and Kd are 49.70, 49.93, and 49.99, respectively.
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Figure 4: General structure of genetic algorithm

Table 2. GA Optimization Parameters

Parameters Value

Max. itearation 50

Population type 30

Creation function Uniform

Scaling function Rank

Selection function Tournoment
Mutation function Adaptive feasible
Crosover function Aritmetic

Plot function Best fitness
Level of display Iterative

The obtained optimal performance criterion value through iterations is determined as ISE =
0.01547.

3.3 Optimization With Fuzzy Logic (FL-PID)

In this section, Fuzzy Logic Controller (FLC) will be used for the optimization of PID gains. The
use of FLC brings adaptability to the controller and enhances its robustness. The Self-Tuning Fuzzy
PID (STFPID) controller can be formulated as follows:

F1(© = [Kp(©e®)] + [;[K; (D)e()]d () + L)

dt
= [kS + Aky(D)]e(t) + [ [k + Aky(D]e(D)d(7) + d[k&ﬂz:(ﬂ]e(t) )
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Here, K, (t)= k9 + Ak, (t); K; ()= k + Ak (8); K4 ()= k3 + Ak4(t); are the control gains with

some permissible variations.

kp, k?, k9 : They are the time-invariant constant gain values of the PID controller. Ak, (1),

Ak;(t), Ak4(t) are the time-varying controller gains during the simulation period.

An Adaptive Fuzzy Logic Controller (FLC) is proposed here to generate Akp(t), Aki(t), Akd(t).
FLC utilizes fuzzy linguistic variables NB (Negative Big), NM (Negative Medium), NS (Negative
Small), Z (Zero), PS (Positive Small), PM (Positive Medium), and PB (Positive Big) to represent
them. FLC has two inputs: the system error e(t) and the derivative of the error with respect to time.
To generate the controller gains, FLC requires three outputs. Thus, as shown in Figure 5, FLC has
two inputs and three outputs. The triangular (and zmf) membership functions for the inputs and
outputs are shown in Figure 6. The range of the input membership functions is (-3 3), and the range
of the outputs is (-0.3 0.3) for Kp, (-0.06 0.06) for Ki, and (-0.03 0.03) for Kd.

In cases where the error is large, a larger value of Kp should be chosen to achieve a faster response.
A smaller value of Kd can help avoid large instantaneous errors. A small value of Ki will assist in

preventing overshoot.

XX
XX

de el

F_PID

/ (mamadani)

B

Figure 5: Fuzzy Logic model for tuning PID parameters (Matlab)

NBE MM NS i P3 PM FB B NM NS z Ps P FB
1 1

(a) (b)

Figure 6: a) Input membership functions (e, de) b) Output membership function (for Kp)
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When the error is moderate, reducing Kp gain will help achieve a fast system response and
minimize overshoot. A large Kd value will increase the speed of the system response, while Ki
gain should be appropriate to reduce steady-state error. When the error is small, large values of Kp
and Ki should be used to ensure the system has ideal static performance. Taking these
considerations into account, fuzzy rules have been designed for Kp, Ki, and Kd as presented in
Tables 3, 4, and 5 respectively.

Table 3: FLC Rule Base for calculate AKp(t)

de NB NM NS Z PS PM PB

NB PB PB PM PM PS Z 7
NM PB PB PM PS PS Z NS
NS PM PM PM PS Z NS NS
7 PM PM PS Z NS NM NM
PS PS PS Z NS NS NM NM
PM PS Z NS NM NM NM NB
PB Z Z NM NM NM NB NB

Table 4: FLC Rule Base for calculate AKi(t)

NB NM NS yA PS PM PB
de

NB NB NB NB NM NM NS
NM NM NB NB NM NS NS Z
NS NS NB NM NS NS Z PS

N

Z Z NM NM NS Z PS PM
PS PS NM NS Z PS PS PM
PM PM Z Z PS PS PM PB
PB PB Z Z PS PM PM PB

Table 5: FLC Rule Base for calculate AKd(t)

de NB NM NS Z PS PM PB

NB NB PS NS NB NB NB NM
NM NM PS NS NB NM NM NS
NS NS Z NS NM NM NS NS
Z Z Z NS NS NS NS NS
PS PS Z Z Z Z Z Z
PM PM PB NS PS PS PS PS
PB PB PB PM PM PM PS PS

The block structure of the STFPID (Self-Tuning Fuzzy PID) created in Matlab/Simulink is shown
in Figure 7.
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4. RESULTS

The simulation results of the examined three optimization algorithms for the controlled system's
step response are shown in Figure 8. In terms of performance criteria such as rise time, overshoot,
and settling time, the best control performance is achieved by the PID controller with gain
parameters tuned by Genetic Algorithm (GA-PID). The second best controller in terms of
performance achievements is the PID controller with gain parameters tuned by Particle Swarm
Optimization algorithm (PSO-PID). The PID controller with gain parameters tuned by Fuzzy Logic
rule base (FL-PID), as shown in Table 6, ranks third in performance evaluation. In future studies,
simulations can be repeated with different performance indices (ITAE, IAE, ITSE) to further

investigate the results.

T T T T T T T T T
1.2 - 1 -
1 F
@ 0.8 GA-FID N
5 PSO-PID
= FL-PID
Hooe b .
&
o
w
wl 0.4 - 1
0.2 - -1
o .
1 1 1 1 1 1 1 1 1
a 1 2 3 4 5 & ¥ a8 9
Offset=0 Time (s)

N

Fuzzy Tuned PID

Figure 7: STFPID Matlab/Simulink Model

Figure 8: Step response of the system with proposed methods
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Table 6: Obtained parameters

S L Setling
Optimization . Overshoot Rise time .
Algorithm ~ KP K Kd 0 (ms) E'sr)“e ISE
GA-PID 49.70 49.93 49.99 5.851 30.573 3.423 0.015
PSO-PID 23.86 32.03 859 15.698 143.364 4.295 2.224
FL-PID 098 045 125 18.452 463.972 8.195 18.245
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ABSTRACT

The aim of this study is to realize the physical model of a robot arm with two degrees of freedom in the
MATLAB Simulink environment, to show that the physical model of the robot arm matches the
mathematical model and that the results of these models match. For this purpose, kinematic and dynamic
modeling of a two-degree-of-freedom robotic arm is performed in the MATLAB Simulink environment.
To ensure the accuracy of the physical model created in the MATLAB Simulink environment,
mathematical equations are defined to a function within the physical model, in other words, a
mathematical model is created. The kinematic equations of the robotic arm are examined in two steps as
forward kinematics and inverse kinematics equations, and the geometric approach is used when obtaining
the kinematic equations. The Lagrange-Euler method is used to obtain dynamic equations. The results
obtained show that the mathematical kinematic and dynamic equations match the physical model in the
MATLAB Simulink environment and reveal that the system is reliable.

Keywords: Forward kinematics; Inverse kinematics; Lagrange-Euler method; Robot arm

iki Serbestlik Dereceli Robot Kolunun Kinematik ve Dinamik Modelinin
Simulink Kullanilarak Benzetimi

0z

Bu ¢alismada amag iki serbestlik derecesine sahip bir robot kolun fiziksel modelinin MATLAB Simulink
ortaminda ger¢eklemesinin yapilmasi, robot kolun fiziksel modeli ile matematiksel modelinin uyustugunu
ve bu modellerin sonuglarinin eslestigini ortaya koymaktir. Bu amag¢ dogrultusunda, MATLAB Simulink
ortaminda iki serbestlik dereceli bir robot kolun kinematik ve dinamik modellemesi yapilmaktadir.
MATLAB Simulink ortaminda olusturulan fiziksel modelin dogrulugundan emin olmak igin fiziksel
modelin iginde bir fonksiyona matematiksel denklemler tanimlanmaktadir, diger bir ifadeyle matematiksel
bir model olusturulmaktadir. Robot kolun kinematik denklemleri ileri kinematik ve ters kinematik
denklemleri olarak iki adimda incelenmekte olup, kinematik denklemler elde edilirken geometrik
yaklasimdan faydalanilmaktadir. Dinamik denklemler elde edilirken ise Lagrange-Euler metodu
kullanilmaktadir. Elde edilen sonuglar, matematiksel kinematik ve dinamik denklemlerin MATLAB
Simulink ortamindaki fiziksel model ile eslestigini gdstermekte ve sistemin giivenilir oldugunu ortaya
koymaktadir

Anahtar Kelimeler: ileri kinematik; Ters kinematik; Lagrange-Euler metodu; Robot kol
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1. INTRODUCTION

Modelling with simulation enables problems to be prevented before they occur in real life to be solved
more easily and costless. To put it more clearly, system is necessary to ensure that it works correctly and
reliably before a it is implemented, in this way saving time and costs. In this study, it is aimed to
demonstrate that the physical model of the robot arm system matches the mathematical model and the
accuracy of the physical model to be used before proceeding with the controller design. Therefore, in this
study, the compatibility of the physical model and the mathematical model of the two degrees of freedom
robot arm is compared in MATLAB Simulink environment and it is ensured that the mathematical and
physical model outputs of the designed robot arm system match. Firstly, a robot arm with two degrees of
freedom was designed in Solidworks solid drawing program. This robot arm designed in Solidworks solid
drawing program was transferred to MATLAB Simulink environment. In this way, the basic block
diagram schematic required for the creation of the physical model of the system was obtained. Then,
mathematical calculations of the forward kinematic equations and inverse kinematic equations of the
system were performed. After kinematic calculations, dynamic equation mathematical calculations of the
robot arm system were performed. Mathematical calculations of kinematic and dynamic models are
explicated under the heading of materials and methods. Kinematic and dynamic calculations were coded
into function blocks in MATLAB Simulink environment and thus mathematical models of the system
were created. The creation of the physical model was obtained by creating the kinematic and dynamic
models with block diagrams on the basic block diagram scheme obtained by transferring the robot arm
system from Solidworks environment to MATLAB Simulink environment. Physical and mathematical
model outputs are described in the findings and discussion section. The results of the study are evaluated

in the last section.

2. LITERATURE REVIEW

Robot arm systems are systems that operate in many fields today. There are many types of robotic arms
for different areas and different needs. Robot arms can be generally analyzed under three headings:
industrial robots, mobile robots and robots with haptic systems (Yildirim, 2021). However, robot arms can
be classified in many ways according to their joint structures, usage areas, features, controller type and
methods used in their systems or working principles (Giirgiize & Tiirkoglu, 2019). Therefore, robotic arms
have been widely investigated in the literature. There are many academic studies on topics such as robot
arm kinematics, robot arm dynamics, controller design for robot arm systems, and the use of artificial
intelligence algorithms with controllers. And what these studies have in common is the frequent use of

modeling and simulation techniques.
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In (Sahay, Chattopadhyay, & Chowdhury, 2020), a solution for the dynamic equations of a robot
manipulator with two degrees of freedom was presented. The solution gives graphs showing how different
torque values applied to the joints of the robot arm affect the angular position and angular velocity of each
joint.

In (Kebria, Al-wais, Abdi, & Nahavandi, 2016), a different mathematical model for the kinematics and
dynamics of one of the robot arm models, UR5, was presented. The study was developed in MATLAB
Simulink environment and the SimMechanics model of the robot was created. According to the authors of
this research, this model is the most accurate kinematic and dynamic model for this robot to this day.

In (Ghaleb & Aly, 2018), modeling, simulation and control of a robot arm with two degrees of freedom
were studied. Forward kinematics, inverse kinematics and dynamic equations are investigated and then a

control design using a PID controller is carried out. The modeling is based on MATLAB Simulink.

In (Okubanjo, Oyetola, Osifeko, Olaluwoye, & Alao, 2017), mathematical modeling, control and
simulation of a two degrees of freedom robot arm were presented. The robot arm was simulated using
MATLAB Simulink and then controlled with a PID controller to reach and maintain a desired joint angle

position.

In (Mahto, Kaur, & Jain, 2022), MATLAB Simulink software was used to simulate a robotic arm created
in Solidworks environment. Tests of this robotic arm were performed for different input variables and

changes in outputs were observed.

In (Zhang, Ma, & Zhang, 2022), the XB7 robotic arm was modelled in MATLAB Simulink environment
and dynamic tests were performed. In this study, Newton Euler equation was used for inverse dynamic
modeling method and simulation analysis of robotic arm dynamics was performed in Simulink

environment.

In (Vivekanandan, Vishnu, Narayanasamy, & Yasodharan, 2019), mathematical modeling and kinematic
analysis were performed for the VISSNS robot arm model. The mathematical modeling of the robot arm
was done with the help of the Denavit Hartenberg (D-H) approach. The kinematic equations were
generated with the help of Jacobian matrix. Direction planning responses are generated and tested by

means of a simulation program.

In (Aydn, 2022), a solid model of the slider-crank mechanism was made in Solidworks and then
simulated with MATLAB/Simmechanics. The slider-crank mechanism has a single degree of freedom and

its position control was realized with the help of a PID controller and the results were presented.
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In (Aydin, 2022), real-time control of a three-degree-of-freedom RRR-type robot arm was realized. The
robot arm was designed using Solidworks and modelled in the MATLAB Simulink environment. As input
to the robot arm, the coordinates that the end point of the robot arm desired to reach were given and the

angle values required for these coordinate values were calculated.

In (Aydin, 2022), the speed control of a slider crank mechanism with one degree of freedom was
performed. The system using PID controller was simulated in the MATLAB Simulink environment and

the results were presented.
3. MATERIAL AND METHOD

In this section, it is explained how the kinematic and dynamic equations of the robot arm with two degrees
of freedom are constructed. The schematic representation of the robot arm is given in Figure 1 and the

physical parameters of the robot arm system are given in Table 1.

Vi Yo e

Figure 1: Two degrees of freedom robot arm.

Table 1: Physical Characteristics of the System

Parameters Symbols Magnitude Unit
Length of the link 1 I 0.2 Meter
Length of the link 2 L, 0.2 Meter
Weight of link 1 my 0.10060 Kg
Weight of link 2 m, 0.10139 Kg
Moment of inertia of link 1 I 427.226*107° Kgm?
Moment of inertia of link 2 L 435.274*107° Kgm?
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3.1. Robot Arm Kinematics

Robot arm kinematics refers to the relationship between the angles of the robot arm joints and the end
point of the robot arm (Barakat, Gouda, & Bozed, 2016), (Kigiik & Birgiil, 2006). Calculating the
endpoint of the robot arm by knowing the angle applied to the joints is called forward kinematics, and
calculating the angle to be applied for this coordinate by knowing the position of the robot endpoint is
called inverse kinematics. There is more than one way to calculate the kinematic equations (Kiigiik &
Bingiil, 2004). In this study, geometric method is preferred to calculate the kinematic equations. The
forward kinematics equations that allow finding the coordinates of the robot's endpoint in a system with

two degrees of freedom are given in equations (1) and (2).

x =1, *cosOy + 1, x cos(6; + 6,) 1)
y =1 *sin@; + I, * sin(6;, + 6,) (2

The inverse kinematic equations derived from the forward kinematic equations are given in equations (3)
and (5).

61= atan2 (K/p, /1 - (g)z > + atan2(x, y) ©

2,2 2_ 2

Ty +§lll) G) - K,K =p=*sin((6, + 6,) + 6,) ()
1

0,=atan2(y — l; * sinf,, x — I * cosf;) —6; (5)

The derivatives of the forward kinematic and inverse kinematic position equations give the velocity
equations. Forward kinematic velocity equations enable the linear velocity of the robot arm endpoint to be
found, and inverse kinematic velocity equations allow the angular velocity applied to the joints to be
found. In this study, Jacobian matrix was used to find the kinematic velocity equations. The forward
kinematic velocity equations of the robot arm with two degrees of freedom are given in equation (6) and
the inverse kinematic velocity equations are given in equation (7).

- [Vx] _ [—ll *sinf; — I, sin(f, + 0;) —I, *sin( 6, + 91)] . 6, (6)
vy l; xcosOy + 1, cos(0, +60,) I, *cos(0, +6;) 6,

0, _ [—11 *sinf; — I, sin(6, + 6,) —I, *sin(6, + 91)]*[145] @)
0, "l *cosBy +1,cos(0, +6;) lyxcos(6,+60,)] [V
3.2. Robot Arm Dynamics

Robot arm dynamics refers to the equations of motion of the robot arm. Thanks to the equations of
motion, it can be calculated how the position, velocity and acceleration of the robot arm change with the

force or torque applied to the joints (Hiseyinoglu & Abut, 2018).
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In this study, the Lagrange Euler (L-E) equation was used to establish the equations of motion. The L-E
equation is a method of generating the equations of motion from a scalar function obtained by subtracting
the potential energies from the kinetic energy of a mechanical system (Craig, 2014). The L-E equation is
obtained by taking the difference between the total kinetic energy and the total potential energy of the
system. The total kinetic energy of the system is obtained by calculating and summing the individual
kinetic energies of all links and the total potential energy of the system is obtained by calculating and
summing the individual potential energies of all links. The L-E equation for the robot arm system with
two degrees of freedom is given in equations (8-10).

L=YT-XU (8)
ST =[mlg,* + 1 + m,112]6,° + ~[malg,? + 1,92 + myly1y, 6,6 cos(@ — 6;) ©)
XU =[mygly, + mygli]sind; + mygly, sin® (10)

Based on the L-E equation, the equations of motion of the system are derived. The matrix form of these

equations of motion is given in equation (11).

I:T1:| _ [mllglz + Il + mzllz mzll g2 COS(® 91)] [01] (11)
T2 mylyly, cos(@ — 6;) A
_ [ 0 —(m2l1lg2)¢ sin(@ — 91)] [91]

mylyl,,6; sin(@ — 6;) 0 .

mygly, +mygly cos 6y
mygly, cos @

Finally, the matrix-vector representation of the equation of motion is given in equation (12).
T=M(q)j+C(q9)q+G(q) (12)
3.3. MATLAB/Simulink Modelling of the System

After the design of the robot arm system was completed in Solidworks program, the system was
transferred to MATLAB Simulink environment (MathWorks, 2003-2020). The appearance of the design

of the robot arm system created in Solidworks environment is given in Figure 2.
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Figure 2: 3D view of the robot arm.

By transferring the designed robot arm to the Simulink environment, the basic block diagram schematic of
the robot arm system was created by MATLAB Simulink. The basic block diagram of the robot arm

provided by Simulink is given in Figure 3.

mr
World
‘Q_.::D_—EF Fm_ne__jzg—cl: Fifl—]E j.-EI—EF
[ ¢ L
Base Joint 1 LK1 Joing 2 Link 2

s O —

Figure 3: Basic block diagram of the robot arm.

In the basic block diagram of the robot arm given in Figure 3, the blocks representing the parts of the
robot arm model can be expressed as follows; "Base" represents the base part of the robot arm system,
"Joint_1" represents the joint where the angle 6, is applied, "Link_1" represents the first link of the robot
arm system, "Joint_2" represents the joint where the angle 8, is applied and "Link 2" represents the
second link of the robot arm system. The angles 6, and 6, are controlled by sensors. Counterclockwise is

considered positive.

The forward kinematic physical model schematic of the robot arm with two degrees of freedom is given in

Figure 4.
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Figure 4: Two degrees of freedom robot arm forward kinematic modelling.

The forward kinematic mathematical modeling of the system was created by coding the forward kinematic
equations of the robot arm system into the "Matlab Function™ block in Figure 4. Physical model outputs
(x_ac, y-ac, vx_ac, vy_ac, vy_ac) and mathematical model outputs (X, y, vX, vy) were compared with the

help of scope blocks.

The inverse kinematic modeling of the robot arm system is given in Figure 5. For inverse kinematic
modelling, two different trajectories are designed in which the end point of the robot arm is desired to
follow. One of these trajectories allows the end point of the robot arm to move in a straight line, while the
other allows it to move in a circle. In this way, the operational limits of the robot arm are determined.
Then, the inverse kinematic mathematical modelling of the system was created with the inverse kinematic
equations encoded in the function block. The "Robot Arm" block in Figure 5 represents the physical

modeling of the robot arm system.
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Figure 5: Two degrees of freedom robot arm inverse kinematic modelling.

The dynamic modeling of the robot arm system is given in Figure 6. During the dynamic modeling of the
robot arm system, the mathematical modeling of the dynamic model was created by coding the equations
of motion obtained with the L-E equation described in section 3.2 into the function block. The "Robot

arm" block in Figure 6 represents the physical modeling of the robot arm system.

th dd_th o 1;

mbot_dynamic i

d_th
MATLAB Function
[0:0]
torque

Constant

o 1]

Integrator Integrator1

th

dh

w3

Teminator

# Torque Teminator!

tac

Robot_Kol

dh sc

To Workspace1

Figure 6: Two degrees of freedom robot arm dynamic modelling.
4. RESULTS AND DISCUSSION

The mathematical model outputs and physical model outputs of both the kinematic model and the dynamic

model of the robot arm system with two degrees of freedom are compared. The position outputs of the
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mathematical models and physical models of the forward kinematic, inverse kinematic and dynamic

systems were compared and checked for matching. The same process was repeated for velocity outputs.

The graph of the linear position outputs giving the position of the forward kinematic robot endpoint is
given in Figure 7. The angle 6, applied to the mathematical model is the same as the angle 8, applied to
the physical model. For the first joint of the robot arm to move 30 degrees, a 30 * sin(5 * t) radian sine
wave was applied to the first joint. Likewise, the value of the angle 6, applied to the mathematical model

is the same as the value of the angle 8, applied to the physical model. For the second joint of the robot
arm to move 20 degrees, a 20 * sin(5 * t) radian sine wave was applied to the second joint
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Figure 7: Forward kinematic linear position graph.

The graph of forward kinematic velocity outputs is given in Figure 8. The value of 6, applied to the
mathematical model is the same as the value of 8, applied to the physical model. A ST” * cos(t) radian

sine wave was applied to the first joint of the robot arm. Similarly, 6, applied to the mathematical model

is the same as 6, applied to the physical model. A S*T” * cos(t) radian sine wave was applied to the second

joint of the robot arm. These applied velocities 8, and 6, are also the derivatives of the angles 8;and 6,.
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Forward Kinematic Linear Velocity Graph
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Figure 8: Forward kinematic linear velocity graph.

Inverse kinematics is a method to find the angle required to be in the desired position. In the two degrees
of freedom robot arm system, x and y positions and linear velocities forming straight line and x and y
positions and linear velocities forming circle were sent as input data to the mathematical and physical

models. Thus, the angular positions and angular velocities required to obtain straight line and circle
trajectories were achieved.

In the inverse kinematic model, the graph of the angular position outputs obtained by sending the input

values required for the end point of the robot arm to follow the desired straight line trajectory to the
mathematical and physical models is given in Figure 9.

9 Inverse Kinematic Straight Line Angular Position Graph
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Figure 9: Graph of angular positions for straight line trajectory in inverse kinematics.
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The graph of the angular velocity outputs obtained by sending the input values required for the robot arm
to follow the straight line trajectory in the inverse kinematic model to the mathematical model and
physical models is given in Figure 10.

Inverse Kinematic Straight Line Angular Velocity Graph
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Figure 10: Graph of angular velocities for straight line trajectory in inverse kinematics.

In the inverse kinematic model, the graph of the angular position outputs obtained by sending the input
values required for the end point of the robot arm to pursue the desired circle trajectory to the
mathematical and physical models is given in Figure 11.
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Figure 11: Graph of angular positions for circle trajectory in inverse kinematics.

276



Becenen & Tuna / Simulation of Kinematic and Dynamic Model of Two Degrees of Freedom Robot Arm Using Simulink

The graph of the angular velocity outputs obtained by sending the input values required for the robot arm

to follow the circle trajectory in the inverse kinematic model to the mathematical model and physical
models is given in Figure 12.

Angular Velocity(rad/s)

Inverse Kinematic Circle Angular Velocity Graph
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Figure 12: Graph of angular velocities for circle trajectory in inverse kinematics.

The input torque value applied to the mathematical model of the dynamic system is the same as the input

torque value applied to the physical model. The angular position outputs of the dynamic system model of
the robot arm are given in Figure 13.

Angular Position(rad)
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Figure 13: Dynamic system angular positions graph.
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The velocity outputs of the dynamic system model of the robot arm system with two degrees of freedom

are given in Figure 14.

Dynamic System Angular Velocity Graph
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Figure 14: Dynamic system angular velocities graph.

5. CONCLUSION

In this study, firstly, a robot arm system with two degrees of freedom was designed in Solidworks and
then this system was transferred to MATLAB Simulink and it was investigated whether the mathematical
modeling and physical modeling matched. Different from other studies, dynamic modelling of the system
was performed as well as kinematic modeling. The basic block diagram schematic required for the
physical modeling of the robot arm system was obtained by transferring the robot arm system to
MATLAB Simulink. Then the kinematic model and dynamic model systems were built with Simulink
block diagrams on top of the basic block diagram scheme. The mathematical model of the robot arm
system was created by writing the kinematic equations and dynamic equations of the two degrees of
freedom system as code in function blocks in Simulink. Mathematical and physical models of the robot
arm system were compared for forward kinematic, inverse kinematic and dynamic systems. While
comparing the physical and mathematical models for the forward kinematic system, the same angle and
velocity values were sent to the joints of the robot arm system and the trajectory followed by the endpoint
of the robot arm was compared. When comparing the mathematical and physical model of the robot arm
system in terms of the inverse kinematic system, two different trajectories that the robot arm endpoint
expected to follow were created. When these trajectories were used as input values, it was checked

whether the mathematical and physical models gave the same angular position and angular velocity values
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as output. For the dynamic system tests, the same torque value was sent as input to both the mathematical
model and the physical model and the angular position and angular velocity outputs were compared. As a
result of the comparisons, it was seen that the linear position, linear velocity, angular position and angular
velocity outputs of the mathematical and physical models of the two degrees of freedom robot arm system
matched. It is observed that the results obtained from the mathematical equations and the results obtained
from the sensors of the physical model created in the simulation environment coincide. In other words, the
mathematical models of the system and the physical models produced the same outputs. This proves the
accuracy of the physical model of the robot arm system.
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ABSTRACT

Callus culture, an alternative technique for the production of secondary metabolites, is a plant tissue culture
method. In this study, it was aimed to determine the anti-alzheimer and anti-diabetic activity of ethanol
extracts of callus tissue obtained from the Edirne hyacinth (Bellevalia edirnensis OZHATAY &
MATHEW), which is endemic and is in danger of extinction. Callus induction started by sterilization of the
seeds in 20% bleach and 70% ethanol. Following, it was achieved by culturing in MS medium containing
(Murashige & Skoog) GA; in 3 different concentrations in addition to the medium supplemented with 7 g/L
agar and 30 g/L sucrose. Anti-Alzheimer activity of the obtained calluses were determined using the Ellman
method which is a spectrophotometric method. Anti-diabetic activities were determined using the a-
glucosidase inhibition method. According to the results obtained, it was found that the callus culture of
Bellevalia edirnensis OZHATAY & MATHEW showed moderate Anti-Alzheimer and Anti-diabetic
activity

Keywords: Anti-Alzheimer Activity; Anti-diabetic Activity; Bellevalia edirnensis; Callus Culture

Bellevalia edirnensis OZHATAY & MATHEW: Tiirkiye Endemik Bitkisinin
Kallus Kiiltiiriiniin Anti-Alzheimer ve Anti-diyabetik Aktivitesinin
Arastirilmasi

0z

Sekonder metabolitlerin iiretimi icin alternatif bir teknik olan kallus kiiltiirli, bir bitki doku kiiltiirii
yontemidir. Bu ¢aligmada, endemik ve nesli tiikenme tehlikesi altinda olan Edirne siimbiiliinden (Bellevalia
edirnensis OZHATAY & MATHEW) elde edilen kallus dokusunun etanol ekstraktlarinin anti-alzheimer ve
anti-diyabetik aktivitesinin belirlenmesi amaglanmigtir. Kallus indiiksiyonu, tohumlarin % 20 ¢amasir suyu
ve % 70 etanol icerisinde sterilize edilmesiyle basladi. Ardindan 7 g/L agar ve 30 g/L siikroz katkili
besiyerine ek olarak 3 farkli konsantrasyonda (Murashige ve Skogg) GA3 igeren MS besiyerinde kiiltiire
edilerek elde edildi. Elde edilen kalluslarin Anti-Alzheimer aktivitesi spektrofotometrik bir yontem olan
Ellman yontemi kullanilarak belirlendi. Anti-diyabetik aktiviteler, a-glukozidaz inhibisyon yontemi
kullanilarak belirlendi.

Anahtar Kelimeler: Anti-Alzheimer Aktivite; Anti-diyabetik Aktivite; Bellevalia edirnensis; Kallus

Kiltiirt
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Burhan Ceylan et al./Investigation of Anti-Alzheimer and Anti-diabetic Activity of Callus Culture of Bellevalia edirnensis OZHATAY & MATHEW: An
Endemic Plant from Turkey

1. INTRODUCTION

Secondary metabolites, like primary metabolites, are not responsible for performing the basic vital activities
of the plant, but they have the functions of adapting plants to the environment and pollination, protection
and maintaining their generation. Secondary metabolites from plants are divided into three major categories,
phenolics, terpenes and alkaloids. As reported in previous studies, secondary metabolites have been reported
to be responsible for numerous biological processes, including antioxidant, antimicrobial, anti-
inflammatory, anticancer, anti-Alzheimer and antidiabetic (Mazid et al., 2011; Ceylan et al., 2021; Elansary
et al., 2019). Turkey has a very wide flora due to climatic conditions and different altitudes. Most of these
plants are aromatic and are widely used by the public in the treatment of many diseases. In order to sustain
and spread the use of natural and healthy products, it is crucial to support traditionally used plants with new
research and scientific publications (Serim et al., 2023; Ceylan & Yesiloglu, 2022). It is important to
determine the metal contents (toxic compounds) of plants and compounds to be used as food products before

activity determinations (Kaya et al., 2010; Kaplan et al., 2009).

The genus Bellevalia Lapeyr is represented by about 80 species, distributed mainly in the Mediterranean
region. The genus Bellevalia has 33 species, 21 of which are endemic, in Turkey. As a result, Turkey has a
62.5% endemism rate of this kind. There are three Bellevalia species in Trakya, but only Bellevalia
edirnensis OZHATAY & MATHEW (Asparagaceae) is classified as CR (critically endangered) by the
IUCN (International Union for Conservation of Nature) (Uzunhisarcikli et al., 2013). Plant tissue culture is
the process of growing new tissues, plants, or plant products from plant pieces such as whole plants, cells,
tissues, or organs in an artificial nutrient media under aseptic conditions. Callus culture, which is a tissuse
culture method, is expressed as structures with morphological irregularities formed as a result of the
proliferation of organs or tissue parts cut from the primary plant in a semi-solid nutrient medium containing
carbon source and plant growth regulators and not losing their division feature. It is stated that plant tissue
culture methods have many application areas, as well as a suitable biotechnological approach for the study

and synthesis of important secondary metabolites (Zhong, 2001).

It is stated that plant tissue culture methods have many application areas, as well as a suitable
biotechnological approach for the study and synthesis of important secondary metabolites (Kurnaz-Yetim
et al., 2022; Akkurt et al., 2020).

Alzheimer’s disease is defined as the knotting of neurofibrils and the formation of amyloids associated with
the loss of cholinergic neurons in regions of the brain related to learning and memory. Acetylcholine level
decreases in Alzheimer’s patients. One of the ways to treat this is by inhibition of the enzyme responsible

for the hydrolysis of acetylcholine (acetylcholinesterase) (Ertas et al., 2014; Kurnaz-Yetim et al., 2020).
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Diabetes mellitus is a complex illness that can cause serious complications. As a result, the treatment
incorporates a variety of therapeutic modalities. In diabetic patients, postprandial hyperglycemia occurs
after a meal due to glucose absorption from the gastrointestinal tract. In the case of postprandial
hyperglycemia, which is typical in diabetics, preventing glucose uptake in the intestines and encouraging
glucose uptake in tissues helps reduce the amount of blood glucose (Thilagam et al., 2013). When we look
at the literature, it has been reported in the literature that karyosystematic, molecular cytogenetics, pollen
mitosis and morphology and cytological and histological studies on the development of the reproductive
system related to B. edirnensis (Johnson, 2003; Dane, 1999; Dane, 2006). In addition, no study findings
regarding the ex situ and in situ conservation of this endemic and CR category species have been published.
In this study, it was aimed to germinate seeds in order to protect the species in vitro, production of callus
culture by means of embryo culture and onion scale culture and it was aimed to investigate the anti-diabetic

and anti-Alzheimer activities of the obtained calluses in vitro.

2. MATERIALS AND METHOD

2.1. Chemicals and Spectral Measurements

Acetylcholinesterase (AChE), 5,5 -dithiobis (2-nitrobenzoic) acid (DTNB), acetylthiocholine iodide (Acl)
and butyrylthiocholine chloride (BuCl), phosphate buffer (pH 6.8-8.0), galantamine, p-nitrophenyl-a-D-
glucopyranoside (p-NPG), genistein were obtained from Sigma Chemical Co. (Sigma-Aldrich GmbH,
Sternheim, Germany). a-glucosidase, dimethyl sulfoxide (DMSO), methanol, ethanol were purchased from
Merck (Darmstadt, Germany). The BioTek Power Wave XS (USA) 96-well microplate was used for the
bioactivity measurements. Utilizing Gen5 Data Analysis software, the measurements and computations of

the activity data were assessed.

2.2. Plant Material and Callus Culture Procedure

B. edirnensis seeds were collected from Kiigiikkarakarl Village grassland (Tekirdag Province) in June 2019.
The seeds stored at +4 °C for 3 months were sterilized by first soaking in 20% commercial bleach solution
for 15 minutes and then shaking in 70% ethanol solution for 4 minutes. Afterwards, they were rinsed 5 times
with sterile distilled water and left to swell for 72 hours. Matured embryos isolated from swollen seeds were
transferred to Murashige & Skoog (MS including vitamins, Duchefa Biochemie, M0222) basal nutrient
medium (pH 5.8) containing 1 mg/L a-Naphtalene Acetic Acid (NAA, Duchefa Biochemie, N0903), 30 g/L
Sucrose (Duchefa Bicohemie, S0809) and 7 g/L Plant Agar (Duchefa Biochemie, P1001). 50 petri dishes
each containing 5 embryos were incubated at 4 °C in the dark for 1 week. Then, cultures were taken into the
growth chamber at 25 + 2 °C and kept in the dark for 1 month and then in 12/12 h light/dark photoperiod.

Callus cultured were subcultured on the same nutrient medium once a month for 6 months. Calluses formed
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during this period were transferred to MS basal nutrient medium containing 1 mg/L NAA, 1 mg/L 6-
Benzylaminopurine (6-BAP, Duchefa Biochemie, B0904), 30 g/L Sucrose and 7 g/L Plant Agar for biomass
increase. Yellowish colored friable callus tissues with a weight of 1 g and above were selected and used for

extraction procedures.

2.3. Chemicals and Spectral Measurements

The spectrophotometric technique created by Ellman et al. was slightly modified to evaluate the inhibitory
activities of acetyl-cholinesterase (Ellman, et al., 1961). The reaction's substrates were acetylthiocholine
iodide and DTNB was employed to gauge the anticholinesterase activity. Methanol was used to dissolve
each callus culture in order to create stock solutions at a concentration of 4000 g/mL. The following
ingredients were combined and incubated for 15 minutes at 25 °C: 150 microliters of 100 mM sodium
phosphate buffer (pH 8.0), 10 g/mL of sample solution, 20 uL. of AChE enzyme solution, and 10 g/mL of
DTNB. Acetylthiocholine iodide 10 g/mL was then added to start the reaction. The callus culture's final
concentration in solution was 10, 25, 50, and 100 g/mL. The production of yellow 5-thio-2-nitrobenzoate
anion with a wavelength of 412 nm, which occurs when DTNB reacts with thiocholine produced by the
enzymatic hydrolysis of acetylthiocholine iodide, served as a marker for the hydrolysis of these substrates.
The samples and controls were dissolved in methanol, which served as a solvent. Galantamine was used as

standard.

2.4. Chemicals and Spectral Measurements

The callus culture was evaluated for the inhibition of Saccharomyces cerevisiae's -glucosidase
using a technique somewhat modified by Tsujii et al. (Tsujii et al., 1996). In a nutshell, a 40 L
solution of -glucosidase (3.0 U/mL, dissolved in phosphate buffer, pH 6.8) was pre-incubated at
37 °C for 30 min with 10 L of each callus culture in DMSO. P-nitrophenyl-D-glucopyranoside (p-
NPG; final concentration 0.5 mM) was added to the mixture to start the enzymatic reaction, which
continued for another 30 minutes. Monitoring the p-nitrophenol produced from p-NPG at 405 nm
allowed researchers to ascertain the -glucosidase activity. The positive control utilized was

genistein.

3. RESULTS AND DISCUSSION

3.1. Anti-Alzheimer Activity

Acetylthiocholine iodide is utilized as the substrate and acetylcholinesterase enzyme is employed as the
inhibitor of acetylcholinesterase activity. The reaction is based on the formation of the yellow 5-thio-2-

nitrobenzoate anion with DTNB of the thiocholine formed as a result of the acetylcholine iodide

284



Burhan Ceylan et al./Investigation of Anti-Alzheimer and Anti-diabetic Activity of Callus Culture of Bellevalia edirnensis OZHATAY & MATHEW: An
Endemic Plant from Turkey

decomposition by the acetylcholinesterase enzyme and its spectrophotometric measurement at 412 nm. The
standard is galantamine, an isolated alkaloid substance from the Galanthus plant. Ethanol was used as a
control. Anticholinesterase activity was calculated as % inhibition relative to control using the following
equation.

% inhibition = (Acontrol — Asampte / Acontrot) % 100

Acontrol = Ethanol absorption

Asample = Callus culture extracts

Callus tissue cultures showed anti-Alzheimer activity in direct proportion to the increase in concentration
(Figure 1). According to Table 1, although galantamine was used as a standard, it did not show 100%
inhibition. Therefore, assuming 100% inhibition of galantamine, callus culture extracts showed moderate

anti-alzheimer’s activity relative to galantamine.

Table 1: Anticholinesterase inhibition of callus culture extracts and standard.

Concentration % inhibition of callus culture % inhibition of
pug mL? extracts galantamine
10 18.87+1.11 84.81+0.27
25 26.16+0.27 83.67+0.17
50 34.14+0.54 83.09+0.23
100 48.86+1.42 81.75+0.76

Values are given as the mean and standard deviation of three parallel measurements.

3.2. Anti-diabetic Activity

A class of medications used to treat diabetes prevents the conversion of carbohydrates into glucose
by blocking the enzymes -amylase and -glucosidase, which are involved in the breakdown of
carbohydrates in metabolism. Extracted callus tissue cultures were made according to the method
described for inhibition of a-glucosidase from Saccharomyces cerevisiae. Genistein was used as a
standard. The control group was analyzed by replacing samples with phosphate buffer. o-
glucosidase inhibition activity was calculated as % inhibition relative to control using the following
equation.

% inhibition = (Acontrol — Asample / Acontrot) X 100

Acontrol = Phosphate buffer

Asample = Callus culture extracts

Callus tissue cultures showed anti-diabetic activity in direct proportion to the increase in

concentration (Figure 1). According to Table 2, although genistein was used as a standard, it did
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not show 100% inhibition. Therefore, assuming 100% inhibition of genistein, callus culture

extracts showed moderate anti-alzheimer’s activity relative to genistein.

Table 2: a-glucosidase inhibition of callus culture extracts and standard.

Concentration % inhibition of callus culture % inhibition of
pug mL?t extracts genistein
10 7.03+1.11 30.21+0.27
25 12.48+0.27 60.90+0.17
50 14.21+0.54 65.38+0.23
100 15.72+1.42 82.62+0.76

Values are given as the mean and standard deviation of three parallel measurements.
In previous studies, 1Cso values in the cytotoxic activity of Bellevalia longipes ranged from 0.62 to
5.35 uM (El-Elimat et al., 2022). In another study, MIC values of antimicrobial activity of different

extracts Bellevalia eigii were between 17 to 25 ug/mL (Alali et al., 2015).
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Figure 1: % inhibition of callus culture extracts and standards.
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4. CONCLUSION

Callus tissue culture, which is used in the production of secondary metabolites, is an alternative method to
traditional cultivation and chemical methods for the production of cosmetic, pharmaceutical or
agriculturally valuable compounds. Production of secondary metabolites by callus tissue culture method is
advantageous in many aspects. Secondary metabolites obtained by callus tissue culture from B. edirnensis
OZHATAY & MATHEW plant showed moderate anti-Alzheimer and anti-diabetic activity. The data
obtained from this study showed that the secondary metabolites obtained from the B. edirnensis plant by
tissue culture method can be used in the isolation of the new active ingredient, in extracts or for commercial

purposes.
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ABSTRACT

The study of mathematical series has long been a fascinating and essential component of mathematics,
providing valuable insights into numerous real-world applications and theoretical concepts. Among the
various types of series, the "Geometric Series with Binomial Coefficients" stands out as a particularly
intriguing and powerful subject of investigation.

A geometric series is a sequence of terms in which each successive term is obtained by multiplying the
previous one by a constant factor, known as the common ratio. This classical concept has found extensive
applications in fields like finance, physics, engineering, and computer science, making it an indispensable
tool for solving a wide array of problems.

However, in the context of the "Geometric Series with Binomial Coefficients,” we encounter a fascinating
twist that elevates the complexity and versatility of the series. Instead of dealing with constant factors as in
the traditional geometric series, the coefficients in this new variant are given by the binomial coefficient
formula. Binomial coefficients, also known as "n choose k," are fundamental in combinatorial mathematics
and represent the number of ways to choose k elements from a set of n elements.

This work presents a new approach for the computation to geometric series with binomial coefficients. The
geometric series with binomial coefficients is derived from the multiple summations of a geometric series.
In this article, several theorems and corollaries are established on the innovative geometric series and its
binomial coefficients to get practical way for calculations.
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Keywords: Binomial coefficients; Factorials; Geometric series; Combinatorial functions; Numerical
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Binom Katsayili Geometrik Serilere Farkh Bir Bakis
oz
Matematiksel serilerin incelenmesi, matematigin uzun siiredir biiyiileyici ve temel bir bileseni olmustur ve
bircok gercek diinya uygulamasi ve teorik kavramlar konusunda degerli i¢goriiler sunmaktadir. Cesitli
seriler arasinda, "Binom Katsayili Geometrik Seri", 6zellikle ilgi ¢ekici ve giiglii bir aragtirma konusu olarak
On plana ¢ikar.
Geometrik bir seri, her bir ardigik terimin bir dncekinin bir sabit ¢arpanla ¢arpilmasiyla elde edildigi bir
terim dizisidir; bu sabit carpana "ortalama oran" denir. Bu klasik kavram, finans, fizik, miithendislik ve
bilgisayar bilimleri gibi birgok alanda genis uygulama alan1 bulmus olup, genis bir yelpazedeki problemlerin
¢Oziimiinde vazgegilmez bir arag haline gelmistir.
Ancak, "Binom Katsayili Geometrik Seri" baglaminda, serinin karmasikligini ve ¢ok yonliiliiglinii artiran
biiyiileyici bir farkla karsilasiriz. Geleneksel geometrik serilerdeki gibi sabit carpanlarla ugrasmak yerine,
bu yeni tiire gore katsayilar, binom katsayisi formiilii tarafindan belirlenir. Binom katsayilari, kombinatorik
matematikte temel bir rol oynar ve n elemandan olusan bir kiimeden k eleman se¢menin kag¢ farkli yol
oldugunu temsil eder.
Bu calisma, binom katsayili geometrik serilerin hesaplanmasi ic¢in yeni bir yaklasim sunmaktadir. Binom
katsayili geometrik seriler, geometrik serilerin ¢esitli toplamlarindan elde edilir. Bu makalede,
hesaplamalarda pratik bir yol elde etmek amaciyla yenilik¢i geometrik seriler ve onun binom katsayilart
tizerine ¢esitli teoremler ve sonuglar olusturulmustur.

Anahtar Sézciikler: Binom katsayilari; Faktoriyeller; Geometrik seriler; Kombinatoryal fonksiyonlar;
Serilerin sayisal toplami; Seri ve dizilerin yakinsaklig1 ve iraksamasi; Hesaplamalar.
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1. INTRODUCTION

The study of this subject involves various approaches and methods to understand and analyze its properties,
convergence behavior, and applications. There are some common approaches and methods used in exploring
this topic as follows:

The fundamental starting point for studying the geometric series with binomial coefficients is the binomial
coefficient formula, also known as "n choose k." This formula calculates the number of ways to choose k
elements from a set of n elements. Understanding the properties and applications of binomial coefficients
lays the groundwork for working with geometric series featuring these coefficients.

The problem which is defined as Deriving closed-form expressions for geometric series with binomial
coefficients is a crucial aspect of the analysis. Researchers often seek algebraic formulas that succinctly
express the sum of such series, allowing for efficient computations and theoretical insights. Various
mathematical techniques, such as combinatorial identities, generating functions, and calculus, can aid in
finding closed-form expressions.

For convergence of the series, investigating the convergence behavior of geometric series with binomial
coefficients is essential to ascertain when such series converge or diverge. Analyzing the relationship
between the common ratio (determined by binomial coefficients) and the series sum can help determine
under what conditions the series converges to a finite value. Geometric series with binomial coefficients
can often be described using recurrence relations, where each term in the series depends on previous terms.
Developing and solving these recurrence relations can provide valuable insights into the long-term behavior
of the series.

Moreover, geometric series with binomial coefficients find applications in probability and statistics,
particularly in problems related to counting and probability distributions. Techniques from probability
theory and combinatorial analysis are frequently employed to tackle such problems. As binomial
coefficients have a strong connection to combinatorial mathematics, researchers frequently draw on
combinatorial techniques to analyze and understand the properties of geometric series with binomial
coefficients. Generating functions provide a powerful tool for studying combinatorial structures and series.
By defining generating functions for geometric series with binomial coefficients, researchers can efficiently
compute coefficients, derive closed-form expressions, and explore various combinatorial properties.
Differential equations can arise when studying certain types of geometric series with binomial coefficients.
By formulating and solving relevant differential equations, researchers can gain insights into the behavior
of the series. Also, mathematical induction is a common technique used to prove statements about geometric
series with binomial coefficients. By establishing base cases and proving the inductive step, researchers can

verify properties that hold for all positive integers.
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Also it is seen that there are many applications of the work 1n science and real life too. For example,
Geometric series with binomial coefficients are used in financial mathematics to calculate future values of
investments, annuities, and loans. They are also applicable in the field of option pricing and risk assessment.
Binomial coefficients are fundamental in combinatorial mathematics, and their use in geometric series
extends to various combinatorial problems. These applications can include counting the number of paths in
graphs, arrangements of objects, and partitioning sets into subsets.

Geometric series with binomial coefficients are utilized in various biological studies, such as understanding
genetic inheritance patterns, population genetics, and analysing DNA sequences. Geometric series with
binomial coefficients play a role in feature engineering, probability distributions, and analysing patterns in
large datasets. In game theory, these series are used to model decision-making processes and strategies in
competitive interactions. In the field of cryptography, binomial coefficients are used in various
cryptographic algorithms and protocols to ensure security and confidentiality.

Astawa, Budayasa, and Juniati (2018) delve into the process of student cognition in constructing
mathematical conjectures, likely related to binomial coefficients' properties or their applications. Che (2017)
establishes a relation between binomial coefficients and Fibonacci numbers raised to higher powers,
exploring a specific mathematical connection. Desh Ranjan, John E. Savage, and Mohammad Zubair (2011)
discuss strong lower bounds for computation graphs related to binomial coefficients and Fast Fourier
Transform (FFT), offering insights into computational complexity.

Echi (2006) explores the historical link between binomial coefficients and Nasir al-Din al-Tusi, providing
a historical context for their study. Ferreira (2010) introduces the Integer Binomial Plan, a generalization
involving factorials and binomial coefficients, extending their traditional application. Flusser and Francia
(2000) focus on deriving and visualizing the binomial theorem, likely emphasizing graphical or visual
representations of these coefficients. Gavrikov (2018) discusses properties of binomial coefficients and their
application to growth modeling, showing their relevance in modeling real-world phenomena.

Goss (2011) presents an overview of the ongoing developments in the field of binomial coefficients,
indicating a continuously evolving area of study. Harne, Badshah, and Verma (2015) explore polynomial
identities related to binomial coefficients and Pascal's Triangle, likely providing new insights into their
algebraic properties. Hwang (2009) offers a simple proof of the binomial theorem using differential calculus,
showcasing alternative approaches to understanding and proving fundamental theorems. Khmelnitskaya,
van der Laan, and Talman (2016) discuss generalizations of binomial coefficients to numbers on graphs,
possibly extending their application to graph theory.

Leavitt (2011) examines the complexity of Pascal's Triangle, likely shedding light on intricate patterns and
structures within this mathematical construct.Lundow and Rosengren (2010) study the p, g-binomial

distribution and its connection to the Ising model, bridging binomial coefficients with statistical physics.
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Mazur (1997) contributes to conjectural mathematics, potentially involving conjectures related to binomial
coefficients or related mathematical structures. Milenkovic, Popovic, Dimitrijevic, and Stojanovic (2019)
explore binomial coefficients and their visualization, likely offering graphical representations or

visualization techniques.

Norton (2000) discusses student conjectures in geometry, possibly involving hypotheses or conjectures
related to geometric applications of binomial coefficients. Nurhasanah, Kusumah, and Sabandar (2017)
exemplify mathematical abstraction using the concept of triangles, potentially demonstrating how binomial
coefficients can be applied in diverse contexts. Ossanna (2015) investigates fractal dimensions within
Pascal's Triangle under square-free moduli, exploring the fractal properties of binomial coefficients.
Rosalky (2007) presents a simple probabilistic proof of the binomial theorem, offering an alternative proof
method involving probability concepts. Ross (2010) and Rudin (1962) are textbooks likely offering
foundational knowledge on probability theory and Fourier analysis, respectively, which may include

sections on binomial coefficients within their contexts. All information can be found in the [1-35] references.

When the authors of this article was trying to compute the multiple summations of a geometric series, a new
idea stimulated his mind to create a new type of geometric series. As a result, a geometric with binomial
coefficients, called ‘combinatorial geometric series’, was developed with a new approach of binomial
coefficient. In this study, we have obtained a useful formulation that enables very practical calculations by

expressing a simpler writing on multiple sums of geometric series from a different perspective.

2. MAIN RESULTS
MULTIPLE SUMMATIONS OF GEOMETRIC SERIES

Before theorems, we can briefly remember the topic mentioned with different techniques in [1-35] with
numerical examples given as follows:

Example 2.1. (Binomial Coefficients) Consider the combinatorial geometric series:
5= 30, () 2" ®

This series arises when you expand (1 + 2)™ using the binomial theorem. Let us calculate the series for a
specific value of n. Then 1t is obtained that S = 81
So, when n = 4, the sum of this combinatorial geometric series is 81.
Note: A Fibonacci sequence is a series of numbers where each number is the sum of the two preceding ones.
In mathematical terms, it can be defined as:

F(0) =0, F(1) =1 (initial conditions) and F(n) = F(n-1) + F(n-2) forn>1 @)

To express the Fibonacci sequence as a combinatorial geometric series, we can use the following identity:
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F(n) = (AIN5).([(1 + V5)/2]* = [ — V5)/2]") 3)

where (1 + V5)/2 is the golden ratio (approximately 1.61803398875). This expression is derived from the
Binet formula for the Fibonacci sequence. So, it can be expressed the Fibonacci sequence as a combinatorial

geometric series using the Binet formula as shown above.

Example 2.2. (Triple Summation of a Geometric Series) In a similar way, let us consider a triple

summation:

S=3 21 Tkeo 28, 37 4K (4)
Forp=1,g=1landr=1:

S :Zil=02]1'=02]1c=0 20,37, 4k (5)
By calculating each term, we obtain S = 135. Thus, when p =1, g =1 and r = 1, the triple summation is 135.

In general [Binomial Coefficient Geometric Series (n Choose r)], if we consider a series where binomial

coefficients (2) are multiplied by a geometric progression:

s=5r0 (- () ©)

and calculate it for n = 4, then we get

0 1 2 3 4
5=()-G) +DG) +O-G) +O6) +O-6) =% 9
These are examples of multi-summations of geometric series, where the terms involve nested geometric

series with different bases and different summation limits.

A geometric series with binomial coefficients [1-4, 18-29] is derived from the multiple summations of a
geometric series. The binomial coefficient V7 is defined as a coefficient of x* in the geometric
series Y1, x* ([5-17)).

Let us compute the multiple summations of a geometric series and its binomial coefficient based-geometric

series.
n n n n n
Z z z Z xir = z V[ xt, where r refers to the total number of summations.
i1=0 i2=i1 i3=i2 iT‘=iT‘—1 i=0
n n n n

Here, Z z Z z x'r denotes the (r + 1)summations of a geometric series and

i1=010p=i iz=ly  Ip=ir—g
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n
Z V] x' is the geometric series with binomial coefficient V], whose expansion is given below:
i=0

(n+1)(n+2)(n+3)---(n+r)

Vi = o (8)

where r is a positive integer and n is a non-negative integer ([30-35]).

Remark: Note that ; =V = 0! = 1and Vg = &R0 _ T — 4
n n n
Ifr =0in z V] x!,then Z Vixt = Z x! is the single summation of a geometric series.
i=0 i=0 i=0
n

Ifr =1,then Z Vix! denotes the double summations of a geometric series, that is,
i=0

oXtix) =Y ol + 30 ) o+ Y ) = 14 204+ 322 + 4+ (n 4+ D™ = X, Vixh (9)

n

If r = 2,then Z Vilxi denotes the triple summations of a geometric series, that is,

i=0
n n n n o n n n n o n n n
2205 = 0 D D) )kt ) )
i=0 j=i k=i j=0 k=i j=1k=i j=2 k=i j=n k=i

=y, Vixh (10)
Similarly, the (r + 1) summations of a geometric series (forr = 0,1,2,3,--+) is as follows [21-28]:
0212 11 l3 lz ' ?rzir—i xlr = le:O Vlrxl' (11)

As a different way and practically, it is satisfied that multi summation of geometric series can be also

determined as follows:
Theorem 2.1: The following equation is provided for n € Z, values.
Lo VI xt VT N VxR, Vo xt e + TV (12)

Proof: Let’s show that the expression on the right-hand side of the theorem is equal to the expression on the
left- hand side of the theorem.

n
Vi xt +Z Tx +ZV[2x + ot Z Vi (nepyx* +ZV[n ¢
=0

i=n-1

i

=W+ Vix+Vix2+VIx3+ -+ VIx™) + (Wx+VIx?+Vix3+Vixt+ -+ V_x™)
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+WVEx2+ VI3 + VIx* + VIxS + -+ VI x™) 4 oo+ (VX + V] x™) + VX"
=Vi+ W +VDx+ (VE+VI+VDx2 4+ (VE+ VI + V] + VI 4+ X"
(Here, V{ + Vi + Vi + -+ VI =Vt forr=0,1,2,3,)
- V0r+1 + Vr+1x F VI VIS Y It e YT T = o Vir+1xi_
Hence, theorem is proved.
As conclusions of the Theorem 2.1. following results can be given:
Corollary 2.1: The existence of the following equation is possible
VI = VA NV L Ve XV (13)
forn € Z, values.
Proof: Considering x = 1 and put into the Theorem 2.2, then Corollary 2.1 is obtained trivially.
Corollary 2.2: The equation given as below is provided for n € Z, U {0}.
Vitl= Vi + V] +Vi+-+Vi +V. (14)
where r=0,1,2,3,---.

Proof. Necessary proving is shown below for the Corollary 2.2.

n

Zvr“ l—EVTxl+ZVK1x +Zszx +- +Z - +ZW" '

SUMtIt = Yrx + V) xm + Vx4 VI + VX + V™ +
SVt = (G + Vi + Vi, + -+ VI + V] + V)x™
SV =W+ Vi + Vi + -+ + VT + V] (15)
SV = VIV VT Y
where r = 0,1,2,3, -
Theorem 2.2: The equality expressed below is satisfied for nonnegative nand r integer values;
o VI =V X A VY VI Y X A VI Y+ YT Y XL (16)
Proof. Let us prove this theorem using the following binomial expansion.
=0 Vir“xi =Y Virxi + Xieg Vir—1xi + X Vil zx + ot Xiena V, (n 1)x + Yien Vi x! !
The binomial expansion on the right-hand side of the equation is further expressed as follows:
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n n n n
z Virxi + Z Vir_lxi + z Vir_zxi + -+ z Vir_nxi
i=1 i=2 i=n

i=0
=W+ VIxt + Vix2 4+ -+ VIx™ + (VTx + VIx2 + Vx?2 + -+ V] x™)
+ (VX2 + VX2 +VIx2 + -+ VIx™) + -+ VI x™

By simplifying this expression, we get

n

n n n n
ZV{“x" =V§ )y xt+ V{in +V{in + V{Zx" +t VI Z xt +V,{in.
i=n

n
i=0 i=0 i=1 i=2 i=3 i=n-1
Proof is completed.
Following conclusion is extreated from the Theorem 2.2.
Corollary 2.3:

TVt xt = To(n + 1= DV (17)
Proof. Trivial... if x =1 put into the Theorem 2.2, then result is obtained.
3. CONCLUSION

In conclusion, the study on combinatorial geometric series has yielded a valuable formulation that provides
a fresh perspective on simplifying complex expressions involving multiple sums of geometric series. The
research has introduced a practical approach for conducting calculations with greater ease and efficiency.
By reimagining the representation of multiple sums of geometric series, the study has contributed to the
field's mathematical tools and problem-solving techniques. This new formulation can be particularly
advantageous in various mathematical and scientific disciplines where these types of series commonly arise.
The practicality of this formulation lies in its ability to streamline calculations that would otherwise be
laborious and time-consuming. It offers researchers and practitioners a more accessible way to tackle
problems that involve nested geometric series with combinatorial coefficients, saving both time and
computational resources.

In summary, the study's achievement in providing a simplified and practical approach to handling
combinatorial geometric series signifies a significant contribution to the field of mathematics and related
disciplines. This novel perspective opens up new avenues for solving complex problems efficiently and
enhances the toolbox of mathematicians, scientists, and researchers.

In this article, a technique has been introduced for computing the multiple summation of a geometric series
into a single geometric series with binomial coefficients. Also, some theorems were provided using the

geometric series.
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ABSTRACT

This research was studied vertically in 200 m sections in different habitats of the Ganos Mountains, at
altitudes from sea level to 924 m. During the research, material was collected from 31 different localities
and 10 different habitats, and 23 genera and 66 species belonging to 4 subfamilies (Ponerinae, Myrmicinae,
Dolichoderinae, Formicinae) were identified. Of the 66 species identified, 3 (Aphaenogaster ovaticeps,
Messor minor, Carebara oertzeni) are new records for the Turkish fauna, and 3 species [Messor ebeninus
Santschi, 1927, Tapinoma simrothi Krausse, 1911, Proformica striaticeps (Forel, 1911)] are new records for
the Thrace Region. In vertical studies conducted on the southern and northern slopes of the Ganos
Mountains, the number of species was found to be low at altitudes between 0-200 m (24 species), reaching
the highest numerical value between 200-800 m (47 species), and at altitudes from 800 m to the summit the
number of species decreased again (26 species).

Keywords: Ganos Mountains; Hymenoptera: Vertical distribution; Formicidae

Ganos (Isik) Daglar Karincalarinin (Hymenoptera: Formicidae) Vertikal
Dagilhimlar:

(074

Bu aragtirma, Ganos Daglari’nin farkli habitatlarinda, deniz seviyesinden 924 m’ye kadar olan
yiiksekliklerde 200 m’lik kesitler halinde vertikal olarak c¢alisilmistir. Arastirma sirasinda 31 farkli lokalite
ve 10 farkli habitattan materyal toplanmis olup 4 altfamilya (Ponerinae, Myrmicinae, Dolichoderinae,
Formicinae)’ya ait 23 cins ve 66 tiir tespit edilmistir. Tespit edilen 66 tiirden 3’ii (Aphaenogaster ovaticeps,
Messor minor, Carebara oertzeni) Tiirkiye faunasi i¢in, 3 tiir [Messor ebeninus Santschi, 1927, Tapinoma
simrothi Krausse, 1911, Proformica striaticeps (Forel, 1911)] ise Trakya Bolgesi i¢in yeni kayitlardir. Ganos
Daglari’nin giliney ve kuzey yamagclarinda yiiriitiilen vertikal ¢aligmalarda 0-200 m arasindaki yiikseltilerde

tiir sayisinin diigiik oldugu (24 tiir), 200-800 m arasinda en yiiksek sayisal degere ulastigi (47 tiir), 800
m’den zirveye kadar olan yiikseltilerde ise tiir sayisinin tekrar azaldigi (26 tiir) tespit edilmistir.

Anahtar Kelimeler: Ganos Daglari; Hymenoptera; Vertikal dagilim; Formicidae
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1. INTRODUCTION

Since the Thrace Region is located in the area where the Mediterranean, European-Siberian and Irano-
Turanian floristic regions meet, its natural vegetation shows very different characters. This region has a rich
potential in terms of natural vegetation due to differences in climate, topography and geological structure
[1]. Ganos Mountains, one of the important natural areas of the Thrace Region, are very important for the
region with their biodiversity. Although it falls into the region where Balkan, Central European and auxin
elements are dominant in terms of flora, there are maquis and pseudomaquis elements on the foothills of the
mountain overlooking the Marmara Sea.

Regional studies on species diversity and vertical distribution of ants started in our country in the 1970s [2].
The species identified in these studies were evaluated in terms of taxonomic, faunistic and biogeographical
aspects, and it was observed that there was a decrease in the number of ant species depending on altitude.
In our country, vertical studies following Aktag [2] and aiming to explain the distribution of ants depending
on altitude are still quite limited. Examples of these studies are Aktag [3]'s "Vertical Distributions of Ants
in the Eastern Anatolia Region", Kiran and Aktag [4]'s "Vertical Distributions of Samanli Mountains Ants",
Karaman and Aktag [4]'s "Vertical Distributions of Kaz Mountains Ants". ” can be given as an example. To
date, no study has been conducted on the vertical distribution of ants in Turkish Thrace, except for the
"Research on the Forest Ant Fauna of the Thrace Region" study, which includes the Istranca Mountains of
Camlitepe and Aktag [5].

As a result of this research, it will be possible to compare the vertical data obtained in the moderately high
Ganos Mountains in Turkish Thrace, which has a rich species diversity, with the data in both Anatolia and
Europe. In addition, the data to be obtained will be of particular importance in terms of determining the
geographical elements represented by the species. By comparing the compositions of the detected species
in various habitats, determining the altitudes where ant species that prefer different altitudes can encounter
and coexist, it will be determined which altitude is the most suitable transition zone. In the research, the
species with the highest and lowest ecological valence will be determined. The research will also identify
possible new species for the scientific world and new records for Turkey, contributing to our country's ant

fauna and biodiversity.

2. MATERIAL AND METHOD

The research material was collected by working vertically in different habitats in the sub-regions of the

Ganos Mountains (moist forests area on the Ganos Mountains, Glizelkdy-Isiklar section, Ganos Mountains

dry forests area, Maki and Pseudomaki area) within the borders of Tekirdag province. Vertical studies were

carried out from sea level to the top of the Ganos Mountains and were studied in 200 m sections. In collecting
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the material, the periods when the ants were active were taken into consideration and field studies were
carried out between April and October. Nests were used as the basis for collecting materials. In cases where
nests could not be identified, individual samples were collected from outside the nest. Smaller specimens
were caught with the help of an infiltrator, and larger ones were caught by hand. The collected material was
placed in glass tubes containing 70% alcohol in the field. Samples from the castes (female, male, worker,
soldier) in the nests identified on land rotation were attached to pointed triangular labels with a special
water-soluble adhesive and pinned to dry material, allowing them to be examined from all angles in order
to be identified and kept as museum material. The remaining samples were turned into stock material in
tubes containing a mixture of 70% alcohol + glycerin (100cc 70% alcohol + 20cc glycerin).

In determining the species, resources covering research on Turkish ants and faunistic studies conducted in
countries geographically adjacent to Turkey were used. In addition, Aktag's collection of ants from Turkey
and neighboring countries was used as comparison material.

The research area is shown on the map to indicate the distribution of the species (Figures 1, 2.), and the
researched localities, their altitudes, research dates and habitats are presented in tables (Table 1); The
identified species and the zoogeographic elements they represent are listed (Table 5, Figure 4). Additionally,
the distribution of species according to habitats is shown in Table 4.

Research material is kept in the Department of Biology, Faculty of Science, Trakya University.

“Tekirdag

Figure 1: Location of the research area within the Thrace Region.
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Figure 2: Localities investigated in the Ganos Mountains
(The number on the figure refer to the sequence numbers of the localities shown in Table 1)
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Table 1: Researched localities, altitudes, dates and habitats.

Loc

No Locality Altitude Date Habitat
. Mixed Forest
1  Ormanl Village 225-265m. 21.06.2013 (Hairy Oak, Hornbeam)
2 Ormanh Village Ridges ~ 340-365m. 21.06.2013  Dense Hornbeam Forest
Mixed Forest
: : 650-675 m.
3 Ormanl Village Ridges 02.07.2013 (Horbeam, Linden, Oak
4 Ormanh Village Ridges 714 m. 02.07.2013 Oak Forest
5 Ormanl Village Ridges 924 m. 02.07.2013  Young Oak forest
(summit)
6  Beyoglu Village 250-340 m.  18.07.2013 sycamore
7 Sirtbey Village 200 m. 18.07.2013  Anthropogenic Steppe
8  Tatarli Village 300 m. 11.09.2013  Mixed Forest (Oak, Hornbeam)
9  Yenikdy-Isiklar Village ~ 536 m. 11.09.2013  Young Oak Forest
10 Between Bulgur Village/ 450 m. 16.09.2013 Young Oak Forest
Palamut Village
Between Bulgur Village/ 572 m. 16.09.2013 Roadside
11 :
Palamut Village
12 Hoskoy 214-230m. 24.04.2014 Olive Grove and Bushes
13 Giizelkdy 400-425m. 24.04.2014 Roadside
14 Giizelké 652-725m. 24.04.2014 Mixed Forest
Hzeikoy (Young Oak-Horbeam)
15 Gazikdy 200-235m. 25.04.2014 Sparse Plane Tree
16  Mursalli Village 225-375m. 25.04.2014 Mixed Forest (Oak - Hornbeam)
17 Gazikdy 900-915m. 26.04.2014 Stony Area
18 Ugmakdere 625-680 m. 26.04.2014 Young Hornbeam Forest
19 Ugmakdere 380-420 m.  26.04.2014 Mixed Forest (Oak, Hornbeam)
20  Ucmakdere 200-230 m. 26.04.2014  Sparse Shrubs and Stony
21  Yenikdy 200-600 m. 27.04.2014 Stony Area
22  Bulgur-Palamut ridges 625 m. 17.06.2014 Mixed Forest, Coppice
23 Bulgur-Palamut ridges 917 m. 17.06.2014 Oak forest
2 Dag Yenicesi 870 m. 18.06.2014  Oak forest
(Kartaltepe)
Dag Yenicesi 600 m. 18.06.2014 Linden bowl
25
(Kartaltepe
26 Golcik Village 154 m. 19.06.2014 Plane trees, oak trees
27  Mursalli Village 400 m. 01.10.2014 Oak trees
28  Yayakoy 400 m. 01.10.2014 Plane trees, oak trees
29  Yorgiic Village 410 m. 01.10.2014 Plane trees
30 Beyoglu Village 410 m. 02.10.2014 Mixed Forest
(Plane, Oak, Linden)
31 Beyoglu Village 600 m. 02.10.2014 Mixed Forest (Horbeam, Oak)
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3. RESULT AND DISCUSSION

Within the scope of this research, the heights of the Ganos (Isiklar) Mountains from sea level to 924 m were
studied vertically. The research was carried out in 31 localities and 10 different habitats among these
altitudes, and as a result of the research, 23 genera from 4 subfamilies (Ponerinae, Myrmicinae,
Dolichoderinae, Formicinae) and 66 species belonging to these genera were identified (Figure 3, Table 3.).
Of the species identified, 31 belong to the Myrmicinae and 30 to the Formicinae subfamilies. These two
subfamilies are the subfamilies with the widest distribution and the most species in Turkey. From the other
two subfamilies, 3 species in Dolichoderinae and 2 species in Ponerinae were recorded. These two

subfamilies are by few species throughout Tiirkiye [8].
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Figure 3: Distribution of ant species detected in the Ganos Mountains into subfamilies.

Three of the identified species (Aphaenogaster ovaticeps, Messor minor, Carebara oertzeni) are new
records for the Turkish fauna. Additionally, 3 species (M. ebeninus, Tapinoma simrothi, Proformica
striaticeps) were recorded for the first time from Turkish Thrace, indicating their locality. Considering the
general geographical distribution of new records for the Turkish fauna, it is an expected result that they are
found in our research area. Records of M. ebeninus, one of the species listed without locality in Turkish
Thrace, are available from Agosti & Collingwood [9] and Radchenko [10]; The record for P. striaticeps
belongs to Collingwood & Heatwole [11], and the record for Tapinoma simrothi as "Minor Asia" belongs
to Collingwood [12]. In later studies, M. ebeninus was known from Greece [13], P. striaticeps from Bulgaria
[14] and Greece [13]. According to the distribution of T.simrothi in "Asia Minor", their presence in Turkish

Thrace has been confirmed.
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The richest genera in terms of number of species in the region are; They are Camponotus (8 species), Lasius
(8 species), Tetramorium (7 species) and Messor (7 species). This situation is consistent with the distribution
throughout Thrace [15]. The genera and species represented by a single species are Ponera coarctata Emery,
1898, Hypoponera eduardi (Forel, 1894), Cardiocondyla elegans Emery, 1869, Pheidole pallidula
(Nylander, 1849), Solenopsis fugax (Latreille, 1798), Carebara oertzeni (Forel, 1886), Dolichoderus
guadripunctatus (Linnaeus, 1771), Polyergus rufescens (Latreille, 1798), Lepisiota frauenfeldi (Mayr,
1855), Prenolepis nitens (Mayr, 1853). Among the genera represented by a single species, Ponera,
Hypoponera, Carabera, Dolichoderus, Prenolepis and Polyergus are known from Turkey with a single
species so far [8]. The fact that other genera (Pheidole, Cardiocondyla, Solenopsis and Lepisiota) are
represented by a single species can be explained by the fact that the research area is local and our study is
vertical.

Considering the habitat preferences of the species detected in the research area, it was determined that the
habitat containing the most species was mixed forest with 54 species. 54 of a total of 66 species (~82%)
have been recorded in this habitat. This habitat is followed by oak forest with 37 species (~ 56%), and stream
banks - plane trees with 30 species (~ 45%). The habitats containing the fewest species are shrub and stony
areas with 9 species (~ 14%) and anthropogenic steppe with 8 species (12%) (Table 4).

The distribution of ant species in a certain habitat depends on a mosaic of various abiotic and biotic factors,
and each of these factors can affect the distribution separately or together [16]. Species diversity is dominant
in the mentioned habitats, first of all, a large part of the Ganos Mountains is covered with forest cover
containing different types of tree communities, it contains mostly omnivorous species in terms of feeding
regimes, the species have developed hunting abilities, they can feed on the nectar secreted by Homopters
that are common in these areas. This can be explained by their ability to benefit from extrafloral nectar
secretions in the forest area [17; 18]. The presence of few species in anthropogenic steppe and stony-shrub
areas can be explained by the human impact of such habitats being turned into degraded habitats by
destroying forests and opening settlements [19].

When the distribution of the species detected in the research area according to habitats was evaluated, the
same species was not found in all 10 habitats studied. The most tolerant species according to habitat
preferences are; Pheidole pallidula, Crematogaster schmidti, Tetramorium forte, Plagiolepis pallescens, P.
pygmaea, Camponotus aethiops, found in 8 of 10 habitats, and Messor structor, Tetramorium caespitum
and T.chefketi, found in 7 habitats. From studies conducted globally; It is known that Pheidole,
Crematogaster and Camponotus are defined as the most common genera, and Messor, Tetramorium and
Plagiolepis are also common genera. The fact that Pheidole, Plagiolepis and Tetramorium species are small

in size and exist in small colonies is an important factor in their adaptation to various debris and soil. On
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the other hand, characteristics of Messor and Camponotus species such as being large in size, containing a
large number of individuals in their colonies, being aggressive, and having a territorial area can be explained
as reasons for their tolerance [20]. The species found only in one habitat are Ponera coarctata, Myrmica
scabrinodis, Aphaenogaster balcanica, A. ovaticeps, A. simonelli, Aphaenogaster subterraneoides, Messor
structor aegeaus, Cardiocondyla elegans, Crematogaster ionia, Carabera oertzeni, Dolichoderus
guadripunctatus, Proformica kobachidzei, Camponotus truncatus. , Lasius fuliginosus , L. myops, Formica
sanguinea, Polyergus rufescens species. Of these species, P. coarctata, D. quadripunctatus, Camponotus
truncatus are species with special habitat preferences. It is completely coincidental that other species are
found in only one habitat. It is possible that they can be found in more than one habitat in more intensive
quantitative studies. Apart from these numerical limits, being found in numerically different habitats can
also be explained by the ability of species to adapt to different ecological conditions [21].

It is seen that the research region is represented by: Holarctic, Palearctic, Western Palearctic, European
Siberia, Turan-Mediterranean-Europe, Europe-Caucasus, Europe, Mediterranean, Eastern Mediterranean,
Balkan, Balkan-Anatolia, Anatolia - Caucasus and Anatolia. The majority of the fauna consists of
Mediterranean elements (30 species), Palearctic elements (14 species) and Endemic elements (9 species).
Other elements are represented by 1-8 species (Table 5., Figure 4). This situation is also compatible with
the findings of Lapeva-Gjonova and Kiran [22] in the Istranca Mountains and [23] in the Kaz Mountains.
The dominance of the Mediterranean climate in the region has caused most of the species to consist of the
Mediterranean species complex. On the other hand, the paleoecological history and other local features of
the region also affected this distribution and played an important role in the remarkable formation of

endemism.

No of species
12
10

O N B O 0

Figure 4: Distribution of species according to their chorotypes
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Vertical studies in the region were carried out from both the south and north of the Ganos Mountains, from
sea level to the top of the mountain (924 m). When the data obtained at every 200 m are evaluated, it is seen
that the number of species is low at 0-200 m (24 species, 36.36%), peaks between 200-800 m (~ 47 species,
71.21%), and decreased again at 800 m. (26 species, 39.39%, Table 2.). This situation is parallel to the
results of vertical distribution studies conducted with ants [3, 23, 6, 4, 24, 25] both in our country and in

other countries.

Table 2: Distribution of species detected in Ganos Mountains according to altitude

Altitude No of species Percentage (%)
0-200 24 36.36

200-400 49 74.24

400-600 48 74.72

600-800 45 68.18

800 -924 26 39.39

Our research region shows anthropogenic steppe and occasionally maquis and pseudomaquis characteristics
at altitudes up to 200 m. It is seen that at altitudes up to 200-800 m, the mixed forest feature of deciduous
trees is dominant, and at altitudes above 800 m, there are occasional mountain meadows, shrubs and rocky
areas. In other words, Ganos Mountains has 3 different vegetation zones. The small number of species found
at altitudes up to 0-200 m may be associated with habitat degradation such as the conversion of formerly
forested habitats at this altitude into anthropogenic steppes and opening them up to settlement and industry
[19]. The altitudes of 200-800m, where the number of species is highest, are mixed forest areas dominated
by deciduous trees. The high habitat productivity in these elevations and this vegetation structure [26, 27]
and the variability of food resources [28] can be explained by the presence of logs and logs from trees
abandoned to rot as nesting places, and the abundance of crumbs that we can define as trash [29]. The
decrease in the number of species in the areas from 800 m up to the summit is possible due to the fact that
forest areas are sometimes replaced by stony areas, the food sources of omnivorous species decrease and
omnivorous species are replaced by carnivorous species.

When the ant fauna of the Ganos Mountains is evaluated as a whole, the 66 species that can be identified
constitute a remarkable 40.49% of the 163 taxa recorded in Turkish Thrace to date. In addition, our research

contributed to our country's ant biodiversity with the 3 species recorded for the first time in Turkey.
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Table 3: Species found in Ganos Mountains.
Subfamily: PONERINAE LEPELETIER

Hypoponera eduardi (Forel, 1894)
Ponera coarctata (Latreille, 1802)

Subfamily: MYRMICINAE (LEPELETIER)
Myrmica scabrinodis Nylander, 1846
Myrmica ruginodis Nylander, 1846
Aphaenogaster balcanica (Emery, 1898)
Aphaenogaster ovaticeps (Emery, 1898) **
Aphaenogaster simonelli Emery, 1894
Aphaenogaster subterranea (Latreille, 1798)
Aphaenogaster subterraneoides Emery, 1881
Messor caducus (Victor, 1839)

Messor ebeninus (Santschi, 1927)*

Messor meridionalis (Andre, 1883)

Messor minor (Andre, 1883)**

Messor oertzeni Forel, 1910

Messor structor (Latreille, 1798)

Messor structor subsp. aegeaus Santschi, 1926
Pheidole pallidula (Nylander, 1849)
Cardiocondyla elegans Emery, 1869
Crematogaster ionia Forel, 1911
Crematogaster schmidti (Mayr, 1853)
Crematogaster sordidula (Nylander, 1849)
Solenopsis fugax (Latreiile, 1798)
Temnothorax parvulus (Schenck, 1852)
Temnothorax recedens (Nylander, 1856)
Temnothorax unifaciatus (Latreille, 1798)
Tetramorium caespitum (Linnaeus, 1758)
Tetramorium chefketi Forel, 1911
Tetramorium ferox Ruzsky, 1903
Tetramorium forte Forel, 1904

Tetramorium hippocratis Agosti & Collingwood, 1987
Tetramorium lucidulum Emery, 1909
Tetramorium semilaeve Andre, 1883
Carebara oertzeni (Forel, 1886)**

Subfamily: DOLICHODERINAE FOREL

Dolichoderus quadripunctatus (Linnaeus, 1771)
Tapinoma erraticum (Latreille, 1798)
Tapinoma simrothi Krausse, 1911*

Subfamily: FORMICINAE WHEELER

Plagiolepis pallescens Forel, 1889

Plagiolepis pygmaea (Latreille, 1798)

Plagiolepis taurica Lomnicki, 1925

Lepisiota frauenfeldi (Mayr, 1855)

Proformica kobachidzei Arnoldi, 1968

Proformica striaticeps Forel, 1911 *

Camponotus (Tanaemyrmex) aethiops (Latreille, 1798)
Camponotus (Myrmentoma) dalmaticus (Nylander, 1849)
Camponotus (Myrmentoma) gestroi Emery, 1878
Camponotus (Myrmentoma) lateralis (Olivier, 1792)
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Camponotus (Myrmentoma) piceus (Leach, 1825)
Camponotus (Tanaemyrmex) samius Forel, 1889
Camponotus (Tanaemyrmex) sanctus Forel, 1904
Camponotus (Colobopsis) truncatus (Spinola, 1808)
Prenolepis nitens (Mayr, 1853)

Lasius (Lasius) alienus (Foerster, 1850)

Lasius (Cautolasius) flavus (Fabricius, 1782)
Lasius (Dendrolasius) fuliginosus (Latreille, 1798)
Lasius (Chtonolasius) meridionalis (Bondroit, 1920)
Lasius (Cautolasius) myops Forel, 1894

Lasius (Lasius) neglectus Van Loon, Boomsma & Andrasfalvy, 1990
Lasius (Lasius) paralienus Seifert, 1992

Lasius (Chtonolasius) umbratus (Nylander, 1846)
Formica cunicularia Latreille, 1758

Formica fusca Linnaeus, 1758

Formica sanguinea Latreille, 1798

Polyergus rufescens (Latreille, 1798)

Cataglyphis aenescens (Nylander, 1849)

Cataglyphis nodus (Brulle, 1833)

Cataglyphis viaticoides (Andre, 1881)

** New records for Turkey

* New records for Turkish Thrace
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Table 4: Distribution of species obtained from Ganos Mountains according to habitats
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Tetramorium lucidulum ° ° ° ° 4
Tetramorium semilaeve . . . 3
Carebara oertzeni . 1
Dolichoderus quadripunctatus ° 1
Tapinoma erraticum . . ° ° ° 5
Tapinoma simrothi ° . 2
Plagiolepis pallescens ° ° ° ° ° . . . 8
Plagiolepis pygmaea . . . . . . . . 8
Plagiolepis taurica ° . 2
Lepisiota frauenfeldi ° ° ° . . . 6
Proformica kobachidzei . 1
Proformica striaticeps . ° ° 3
Camponotus aethiops ° ° ° ° ° . . . 8
Camponotus dalmaticus ° ° 2
Camponotus gestroi . ° 2
Camponotus lateralis ° ° ° ° 4
Camponotus piceus ° ° ° ° 4
Camponotus samius ° ° 2
Camponotus sanctus ° ° ° ° 4
Camponotus truncatus ° 1
Prenolepis nitens ° ° ° ° 4
Lasius alienus ° ° ° ° ° ° 6
Lasius flavus ° ° 2
Lasius fuliginosus ° 1
Lasius meridionalis ° ° 2
Lasius myops ° 1
Lasius neglectus ° ° ° ° 4
Lasius paralienus ° ° ° ° 4
Lasius umbratus ° ° ° ° ° 5
Formica cunicularia ° ° ° ° ° 5
Formica fusca ° ° 2
Formica sanguinea [ 1
Polyergus rufescens ° 1
Cataglyphis aenescens [ ° ° 3
Cataglyphis nodus ° ° ° ° ° ° 6
Cataglyphis viaticoides ° ° ° 3
Total number of species for

each habitat 8 9 30 22 15 54 37 17 18 16
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Table 5: List of ant species representing different chorotypes in the Ganos Mountains

Holoarctic
Tetramorium caespitum
Solenopsis fugax
Lasius flavus

Lasius myops

Lasius alienus

Palearctic
Tetramorium forte
Carabera oertzeni
Plagiolepis pallescens
Plagiolepis taurica
Lasius fuliginosus
Lasius umbratus
Lasius meridionalis
Formica fusca
Formica sanguinea

West palearctic

Ponera coarctata
Aphaenogaster subterranea
Tetramorium ferox
Tapinoma erraticum
Formica cunicularia

European-Siberian
Myrmica scabrinodis
Myrmica ruginodis
Temnothorax recedens
Dolichoderus quadripuntatus

Turanian-Mediterrenean-European
Cremastogaster schmidti

Camponotus aethiops

Camponotus gestroi

Camponotus lateralis

Camponotus truncatus

Camponotus piceus

Camponotus dalmaticus

Cataglyphis aenescens

European-Caucasia
Temnothorax parvulus
Temnothorax unifasciatus
Proformica striaticeps

European
Plagiolepis pygmaea
Lasius neglectus
Lasius paralienus
Polyergus rufescens
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Mediterrenean
Hypoponera eduardi
Messor structor
Messor minor
Crematogaster sordidula
Pheidole pallidula
Tetramorium semilaeve
Cardiocondyla elegans
Lepisiota frauenfeldi
Prenolepis nitens
Camponotus sanctus

Eastern Mediterrenean
Aphenogaster ovaticeps
Messor caducus

Messor ebeninus
Crematogaster ionia
Tetramorim chefketi
Tetramorium lucidulum
Tapinoma simrothi
Cataglyphis nodus
Cataglyphis viaticoides

Balcanic

Aphaenogaster simonelii
Aphaenogaster balcanica
Aphaenogaster subterranoides
Messor meridionalis

Messor structor aegeaus
Messor oertzeni

Balcanic-Anatolian
Camponotus samius

Anatolian-Caucasia
Proformica kobachidzei

Anatolian
Tetramorium hippocratis
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ABSTRACT

Globally, the demand for energy continues to escalate due to factors such as heating, lighting, transportation,
and fuel supply for various devices. In this context, achieving energy efficiency has necessitated a
comprehensive approach encompassing activities related to energy generation, transmission, and
consumption. The presented study, operates within industrial settings and interfaces with energy analyzers,
collecting and analyzing data such as energy consumption, instantaneous current, and voltage. This initiative
seeks to provide real-time visibility into energy-related operations on factory premises. Additionally, the
software's capabilities extend to retrospective data analysis, enabling informed insights for future
extrapolations. Furthermore, the integration of energy consumption data from the analyzers into the
Manufacturing Execution System (MES) facilitates energy tracking on a per-job basis. The software's
dashboard component empowers users to establish customized threshold values for monitored energy
parameters. When these thresholds are exceeded or when values deviate from expected levels, the software
triggers alerts and notifications via email and other communication channels, ensuring timely dissemination
of pertinent information. Consequently, the software allows businesses to establish a correlation between
specific job order and machine level energy consumption data and unit costs. This correlation could foster
the augmentation of efficient energy utilization, thereby enhancing competitiveness and overall efficacy.

Keywords: Real-time Data Monitoring and Visualization; Data Analytics; Energy Tracking and Analysis;
Cloud Systems; Intelligent Manufacturing
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Entegre Bir Yazilim Coziimii ile Endiistriyel Ortamlarda Enerji
Verimliliginin Artirilmasi ve Gercek Zamanh izleme: NNIGHTWATCH

0z

Kiiresel olarak, 1sinma, aydinlatma, ulagim ve ¢esitli cihazlar i¢in yakit temini gibi faktorler nedeniyle
enerjiye olan talep artmaya devam etmektedir. Bu baglamda, enerji verimliliginin saglanmasi, enerji tiretimi,
iletimi ve tliketimi ile ilgili faaliyetleri kapsayan kapsamli bir yaklagim gerektirmistir. Sunulan c¢aligma,
endistriyel ortamlarda ¢aligmakta ve enerji analizdrleri ile arayiiz olusturarak enerji tiiketimi, anlik akim ve
voltaj gibi verileri toplayip analiz etmektedir. Bu girisim, fabrika tesislerinde enerjiyle ilgili operasyonlara
gercek zamanl goriiniirliik saglamay1 amaglamaktadir. Buna ek olarak, yazilimin yetenekleri geriye doniik
veri analizine kadar uzanmakta ve gelecekteki tahminler i¢in bilingli iggoriiler saglamaktadir. Ayrica,
analizorlerden gelen enerji tiiketimi verilerinin Uretim Yiiriitme Sistemine (MES) entegrasyonu, is bazinda
enerji takibini kolaylastirmaktadir. Yazilimin gosterge paneli bileseni, kullanicilara izlenen enerji
parametreleri i¢in 6zellestirilmis esik degerleri belirleme yetkisi verir. Bu esik degerler asildiginda veya
degerler beklenen seviyelerden saptiginda, yazilim e-posta ve diger iletisim kanallar1 araciligiyla uyarilar
ve bildirimleri tetikleyerek ilgili bilgilerin zamaninda yayilmasini saglar. Sonug olarak yazilim, isletmelerin
belirli is emri ve makine diizeyinde enerji tiiketim verileri ile birim maliyetler arasinda bir korelasyon
kurmasina olanak tanir. Bu korelasyon, verimli enerji kullaniminin artirilmasini tesvik edebilir, boylece
rekabet giiclinii ve genel etkinligi arttirabilir.

Anahtar Kelimeler: Gergek Zamanl Veri izleme ve Gérsellestirme; Veri Analitigi; Enerji Takibi ve
Analizi; Bulut Sistemler; Akilli Uretim
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1. INTRODUCTION

The need for effective monitoring and analysis of energy consumption in industrial environments has
become increasingly important. In the past, energy consumption data was often collected manually, leading
to delays in accessing and analyzing the information. However, with the development of energy monitoring

and analysis software platforms, businesses now can monitor their energy consumption in real-time and

make informed decisions based on the collected data. This paper will demonstrate the importance of energy

monitoring and analysis software in industrial environments. Real-time monitoring and analysis of energy

consumption is crucial in industrial environments. It allows businesses to track and analyze their energy
usage patterns, identify areas of inefficiency, and make adjustments to reduce energy consumption and

Ccosts.

One of the key features of energy monitoring and analysis software is real-time monitoring of energy

consumption. This software platform collects and analyzes values such as energy consumption,
instantaneous current, and voltage from energy analyzer devices used in industrial environments. The
collected data is then used to monitor the factory in real-time, providing businesses with insights into their
energy usage patterns at any given moment. Furthermore, the software platform allows for retrospective
data analysis. This means that the collected data can be analyzed over time to make inferences for the future.
For instance, businesses can identify trends in energy consumption and make predictions about future
energy needs.
Another important aspect of energy monitoring and analysis software is its integration with other systems.
For example, the energy consumption data collected from the energy analyzer can be integrated into the
work order/production notifications in the MES system. This integration enables businesses to monitor
energy consumption on a work order basis, allowing them to measure the unit costs realized for each work
order. Moreover, the software platform includes a control panel or dashboard that provides alarms and
notifications when user-defined threshold values for energy consumption are exceeded or lower than
expected, alerting relevant personnel through channels such as email. This feature ensures that businesses
can take immediate action in response to any anomalies or deviations in energy consumption, helping them
optimize their energy usage and minimize costs.

One of the benefits of implementing energy monitoring and analysis software in industrial environments is

the potential for increased efficiency and competitiveness [1]. By monitoring energy consumption on a work

order basis, businesses can identify areas of inefficiency and take corrective actions. For example, by

analyzing the relationship between work order-based energy consumption data and machine-based energy

consumption, businesses can identify machines or processes that are consuming excessive [2] energy and

implement measures to optimize their use. Additionally, the software platform allows for the comparison of

energy consumption between different work orders or production lines [3].
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This allows businesses to identify best practices and replicate them across the organization, leading to more
efficient energy usage and ultimately, increased competitiveness in the market. The integration of energy
monitoring and analysis software with other systems, such as the MES system, enables businesses to have
a comprehensive view of their energy consumption and make informed decisions based on real-time data
[4]. The energy management systems offers many benefits, such as optimizing energy consumption,
reducing costs, improving the corporate image of the enterprise, and reducing the negative impact on the
environment [5]. Therefore, by implementing an effective energy monitoring and analysis software platform
within industrial environments, businesses can not only reduce their overall energy consumption and costs
but also improve their environmental sustainability and corporate reputation. Moreover, the integration of

energy consumption data into work order and production notifications allows for a more accurate

measurement of unit costs. This allows companies to have a more transparent understanding of their energy

expenses, enabling them to make data-driven decisions for cost optimization. In this context, monitoring
and analyzing energy consumption in industrial environments can play a vital role in achieving energy
savings and promoting sustainability. Alerts and notifications provided by the developed control panel
further enhance the efficiency of energy management. These notifications ensure that relevant stakeholders
are immediately informed when energy values exceed or fall below predefined thresholds [6]. As a result,
prompt actions can be taken to address any anomalies or deviations, preventing potential energy waste or
inefficiencies.
In today's rapidly changing world, the significance of accurate monitoring and analysis of energy
consumption in industrial environments cannot be overstated. Energy efficiency is a crucial factor for the
industrial sector, and businesses are increasingly recognizing the importance of implementing effective
energy management systems [5]. These systems not only enable businesses to optimize their energy
consumption and reduce costs but also improve their corporate image and minimize their negative impact

on the environment.

Table 1: Feature Comparison Table.

Function and Features Nightwatch Webview Enerthings
Monitoring v v v
Alert v v v
Analysis v v v
Multiple Communication Protocol Support v X X
Multiple Alert Channel Support v X X
Top System Integration v X X
Unit Conversion Cost Calculation v X X
Gateway Device Dependency X v v
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According to the feature comparison presented in Table 1, the Nightwatch software encompasses numerous

supplementary functionalities and features in comparison to its counterparts. Thanks to its support for

multiple communication protocols and alarm channels, it can be easily adapted to a large number of devices

and can work in harmony with different communication channels. Noteworthy, among its attributes is the

capacity to perform unit conversion cost calculations on collected data tailored to user specifications. This

capability ensures the prevention of any compromise in system speed and performance without incurring

additional processing overhead. Moreover, the system exhibits robust support for heightened system

integrations and a facile adaptability to diverse application domains and user profiles. A distinctive

advantage of the Nightwatch lies in its obviation of the necessity for supplementary gateway hardware

during the data transfer phase, a requirement found in equivalent systems [7] [8]. Consequently, the system

precludes incurring additional investment costs.

2. MATERIAL AND METHODS

This section outlines the methodology and components employed in this study for enabling real-time data

collection from machines, analyzers, and sensors situated within production fields, along with the

standardization of data transmission to upper-level modules and systems. The key concepts within the

overarching architecture are as follows:

Data Collection: Data retrieval is based on configurations and involves the extraction of data from
data sources, notably Modbus TCP gateways. Device identification, encompassing device IP/port
and unit ID/slave 1D, as well as addresses and data types, plays a crucial role in data collection.
Device: Refers to a physical device or gateway utilized for data retrieval. Presently, the system is
configured to interface with Modbus TCP gateways, with plans to accommodate other protocols
and standards in the future.

Unit: A logical component residing within a device, presently identified via a Slave ID/Unit ID.
Reading Definition: Signifies a data point characterized by a unique address and data type. Readings
for units are defined, and numeric formulas are attached to these readings to facilitate value
calculations.

Numeric Formulas: These formulas offer the means to compute actual values from raw reading
data. Numeric formulas support basic calculations by employing predefined and optional multipliers
and divisors.

Alerts: A mechanism for sending notifications to users predicated on predefined threshold values
and trigger conditions. Alerts are defined in relation to a device reading, identified by its name, and

the numeric formula attached to the reading definition.
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e Channels: Channels are used to disseminate alerts. Presently, SMTP Mail and Telegram channels
are supported.

o Sinks: Sinks are employed to disseminate reading data to message brokers, databases, third-party
systems with REST endpoints, and our proprietary trexDCAS. Some sink implementations support
the distribution of alerts. Sinks can be configured for integration purposes to transmit device data
or alerts.

e Actor Model: Data collection and alert chart generation background services are implemented as
Actor Models using the Akka.NET framework. All logic is encapsulated within actors, with services
utilized by these actors. Communication between actors is achieved through messages and events.

e Plots: Device data is visualized using OxyPlot charts within our Windows Desktop application.
Additionally, support is provided for embedding PNG charts within alert messages.

Figure 1 provides an overview of the system's general architecture.
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Figure 1: General System Architecture.

Nightwatch comprises three primary components, namely, data collection, data distribution and traceability,
and the last one is the alert mechanism.

Nightwatch has the capability to gather data from devices supporting OPC DA, OPC UA, and Modbus
communication protocols. The acquired data undergoes enrichment through various calculations and
functions, transforming it into meaningful information. The system is versatile in its support for different

databases, allowing for integration customization based on user preferences. Visualization of the collected
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data is achieved by aligning it with the corresponding machine and work order. Notifications regarding
anomaly values exceeding user-defined threshold levels can be disseminated to relevant individuals through

diverse communication channels.

2.1. Data Collection

Developing industrial 10T solutions presents a primary challenge arising from the diversity of machines and

sensors used in the field, resulting in difficulties in maintaining a consistent and healthy data flow.The key
issues encountered in data collection and the broader challenges they pose can be summarized as follows:

o Disruption of digitization in production fields due to the presence of older machines incapable of

generating data.

o Escalation of system complexity and data collection expenses owing to the diversity in machine and

sensor brands, models, protocols, and data formats.

o Diminished data quality at the corporate level due to the inability to centrally perform data

integration, cleansing, and enrichment processes.

e High costs and prolonged installation and project durations resulting from repetitive efforts at the

organizational level. These efforts arise from the need for various systems (MES, ERP, Quality

Applications, etc.) to access machine data using distinct frequencies and methods.

The developed system provides support for widely used industrial protocols, including OPC UA, OPC DA,
and MODBUS TCP. Furthermore, it offers direct data retrieval capabilities from PLCs such as Siemens,
Mitsubishi, Omron, Rockwell, and Allan-Bradley. In addition to these aforementioned protocols and PLCs,
the system is also compatible with Mert Software & Electronics' proprietary hardware, known as the
trexDCAS IloT Box.
In the Nightwatch platform, raw data collected from machines and sensors can be amalgamated, filtered,
and enriched using advanced scripts that can be defined during the configuration phase. This enrichment
encompasses a broad spectrum of functions, encompassing not only fundamental mathematical operations
but also advanced numerical processes, signal processing, geographical location calculations, conditional

expressions, and more.

2.2. Data Distribution and Traceability
The component responsible for transmitting raw or enriched data collected from various machines and
sensors to upper-level modules or systems is referred to as the "data distribution™ component. The system's

data distribution capabilities encompass the following features:
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Definition of Target Systems: The system allows for the definition of target systems for data
transmission using generalized and standardized configurations.

Data Transmission Formats: It enables the transmission of collected and computed data to target
systems in four different standard formats, regardless of the source machines and protocols, based
on the intended use.

Simultaneous Data Transmission: The system facilitates simultaneous data transmission to multiple

target systems, whether they are of the same type or different types.

The fundamental concept underpinning the data distribution capabilities of the designed system is referred

to as a "Sink." Sinks encompass the types of target systems to which data will be sent and the associated

settings for these target systems, including addresses, usernames, passwords, and more. In essence, Sinks

are the components responsible for enabling data transmission to external systems within the system.

The system utilizes integration sinks for distributing collected or generated data and alarm sinks for

distributing alarm data when predefined alarm conditions are met. The platforms to which the system can

distribute data using integration sinks include:

Relational databases (PostgreSQL, Microsoft SQL Server, Oracle, MySQL, MariaDb, and SQL.ite)
Message brokers supporting the MQTT protocol (e.g., Mosquitto)

Message brokers supporting the AMQP protocol (e.g., RabbitMQ)

Redis

Systems supporting the OPC UA protocol (e.g., KepWare)

Custom systems tailored to individuals or customers using the Web Hook mechanism, based on
REST

trexDCAS Energy module

trexDCAS Operator Panel

Time-series data gathered from the sensors are stored in PostgreSQL, an open-source database management

system, for further analysis. This data is subsequently transformed into real-time and historical analysis

plots using Grafana [9], allowing for in-depth analysis (Figure 2).
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Figure 2: Visualization of the collected data.

2.3. Alert Mechanism

The alert mechanism in this system involves real-time processing of data obtained from machines and

sensors based on user-defined conditions. It also includes the capability to send alarm notifications through

user-defined channels to external systems, email, or instant messaging services when specific alarm

conditions are met.

The design principles for the alarm system in this developed system encompass the following aspects:

Ease of Alarm Definition: Alarm conditions should be easily defined.

Real-time Processing: Alarm conditions should operate in real-time on the raw data collected from
machines and sensors.

Utilization of Calculations: Alarm conditions should also be capable of operating on real-time
calculations performed on data generated from the raw data.

Notification Channels: Notifications should be sent through defined channels when alarm
conditions occur.

Integration with External Systems: Alarm information should be distributed to external systems via
alarm sinks when alarm conditions are met.

Historical Data Distribution: Historical values of the sensor data that triggered the alarm can be

distributed as information and, if desired, in graphical form through channels or sinks.
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The alarm detection mechanism of the system is founded on four fundamental concepts:
o Raw Data: Real-time data collected from machines or sensors, with unit conversions applied.
e Generated Data: Real-time data derived from raw data using either complex or simple calculations
supported by scripts integrated into the system.
o Data Monitoring Windows: These are created by users and configured concerning time intervals.
e Alarm Condition Occurrence: Alarm conditions are defined through configuration and are used to

trigger alarms.

The system generates alarms based on these four concepts to notify users of changes in status or conditions,
thus offering effective real-time monitoring and alerting capabilities. When an alarm is detected, the system
simultaneously dispatches alarm information and historical data, along with a graph, as a message to one or
more configured channels, which can be of different types. The developed system supports channels of the
Email and Telegram types, simplifying the configuration and use of alarm notifications through these user-

friendly channels.

Avg-Active Power W

= Avg-Active Power

Unit Name
Value Nam
Last Value:
Last Value Read
First Occured On

Message Created Or

Figure 3: Alert message sent to the Telegram channel.

Figure 3 illustrates the structure and content of an alarm message sent to the Telegram channel. For channels
not directly supported by the system, such as delivering notifications through messaging platforms like
Slack or Microsoft Teams, the system offers the option to utilize pre-existing sinks (e.g., MQTT, RabbitMQ,
Redis, etc.). These sinks allow the system to interpret alarm messages in JSON format and forward them to

the preferred sink for further transmission to the desired messaging services (see Figure 4).
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Figure 4: Sample structure for sending alert messages to Slack and Microsoft Teams.

3. RESULTS AND DISCUSSION

In this article, the proposed system facilitates the recording of data related to processes that enterprises aim
to monitor. Consequently, it enables businesses to measure unit costs on a work order basis and monitor the
relationship between work order-based energy consumption data and machine-based energy consumption.
Upon adapting and implementing the developed system in an enterprise focused on monitoring energy
losses, notable results have been obtained. When comparing sample machine data for the same number of
work orders over a 5-month period, using a 5-minute data collection interval, it becomes evident that energy
consumption for the selected machine improved by 36% from the initial reading (71.1 Amperes) to the final

reading (45.4 Amperes) due to the actions taken.

4, CONCLUSION

In today's world, where energy and natural resources are limited, monitoring critical issues such as energy,

water, and pollution, and swiftly implementing potential improvements, are of paramount importance in

leaving a more habitable world for future generations.

Building on this understanding, the system under discussion in the article enables the following processes:
e Energy consumption data collection and monitoring,

e Energy consumption Key Performance Indicator (KPI) calculation and monitoring,
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e Process machine data collection and manual data measurement, trexDCAS production line energy
consumption and anomaly detection machine data collection,
e Machine Overall Equipment Efficiency (OEE)/performance data collection.
As a result, Nightwatch software is a significant endeavor in terms of enabling businesses to monitor
overlooked aspects through the system, take necessary actions, and make improvements. Our proposed
energy management software architecture will make a positive contribution to an organization's energy
management and savings policies.
In future studies, the goal is to develop self-learning and predictive systems through the utilization of data
analytics and machine learning models derived from the collected data. This initiative is poised to

significantly enhance maintenance and quality processes within production sites.
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ABSTRACT

Urban areas are generally residential areas that are not considered important in terms of agricultural
production. Since agricultural activities are not considered important in urban areas, cities with high
population density, especially in metropolitan cities, are deprived of agricultural production areas. When
considered from this point of view, cities come to the fore as places where food is consumed, sold and easily
available. Although agricultural activities seem to be far from urban areas, the concepts of agriculture and
city cannot be considered separately. One of the tools in question for ensuring sustainable urban
development is urban agriculture. Urban agriculture is a phenomenon that enables communities in many
regions to interact on many issues, beyond being a simple task. Within the scope of this study, the city area
of Elazig province was examined from the perspective of urban agriculture. Various suggestions are
presented to ensure sustainability in Elazig province, to develop more accurate insights into regional and
urban food supply, to increase the importance of urban aesthetics, urban land use, urban environmental
management, public health and economic development.

Keywords: Sustainability; Urban agriculture; Urban design; Elazig.

Siirdiiriilebilir Kentlerin Gelisiminde Kentsel Tarim Yaklasimi: Elazig Kenti
Ornegi

0z

Kentler denilince akla yerlesim ve sanayilesmenin yogun oldugu, tarimin yapilmadigi ya da az yapildig:
tarim dis1 alanlar gelir. Bu alanlar genelde tarimsal iiretim agisindan 6nemsenmeyen yerlesim alanlardir.
Kirsal alanlara nazaran kentsel alanlarda tarimsal faaliyetlere nem verilmediginden dolayi, biiyliksehirler
basta olmak tizere niifus yogunlugu fazla olan gehirler tarimsal tiretim alanlarindan yoksun birakilmistir. Bu
acidan ele alindiginda kentler tarimsal iiretim alanlar1 olmaktan ¢ok gidalarin tiiketildigi, satisa sunuldugu,
uzak mesafelerden getirilmis olmalarina ragmen kolay temin edilebilecekleri yerler olarak 6n plana
¢ikmaktadir. Surdiiriilebilir bir kentsel gelisim i¢in s6z konusu araglardan biri de kentsel tarimdir. Kentsel
tarim basit bir ugras olmanin Otesinde yapildigi bolgelerdeki topluluklarin bir¢ok konuda etkilesim
kurmasimi saglayan bir olgudur. Bu c¢alisma kapsaminda Elazig ili Miicavir alam1 kentsel tarim
perspektifinden incelenmis, Elazig ilinde siirdiiriilebilirligi saglamak, bolgesel ve sehirsel gida saglama
konusunda daha dogru anlayislar gelistirmek, kent estetigi, kentsel arazi kullanimi, kentsel ¢cevre yonetimi,
halk sagligi ve ekonomik kalkinmanin 6nemini arttirmak i¢in gesitli 6neriler sunulmustur.

Anahtar Kelimeler: Siirdiiriilebilirlik; Kentsel tarim; Kentsel tasarim; Elaz1g.
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1. INTRODUCTION

As the phenomenon of urbanization in the world increases, access to the green area decreases, people are
getting further away from nature every day. The preservation of the ecological balance has been constantly
ignored. It is a known fact that natural resources are limited and the bad results of rapid urbanization are

irreversible.

The most important problem is that natural resources cannot be managed wisely and disappear rapidly. If
countries do not deal with these global problems, there will be a shortage of raw materials and shortages
worldwide [1]. Today, the concept of "sustainability" has gained importance as a vital part of the solution
to the problems of environmental degradation and reduction of natural resources in the cities. The concept
of sustainability, which includes an ecologically based system, is an extremely important value in city

planning.

Human is at the core of the concept of sustainable development. It is stated as the basic principles that
environmental protection should be made complementary to development programs in order to achieve

sustainable development [2].

Alternative urban models are needed for the construction of sustainable cities. The best scenario for building
more sustainable cities is to direct people’s behaviour towards a more environmental friendly system. One
of the most important tools for ensuring sustainable urban development is urban agriculture. Reducing the
damage caused by urbanization to the environment, gaining local food consumption experiences will start
with the integration of urban agriculture as part of the infrastructure systems of the society. Urban agriculture
is emerging as an important tool in landscape planning and design studies to maintain ecological balance
and ensure sustainability. Integration of the urban food system with the city has become an integral part of
urban ecosystems. Cities have enormous potential for food production. The most reliable and sustainable
way of people's food supply is to produce food needs by themselves. The most practical way to provide

nutritious and affordable food for citizens is to create opportunities for production in cities.

In the Brundtland Report prepared by the World United Nations Environment and Development
Commission in 1987, the contribution of urban agriculture to food production, poverty reduction, and

improvement in air, water and soil quality has been emphasized [3].

Urban agriculture contributes significantly to urban sustainability. Urban agriculture is a survival strategy.
However, agriculture has been seen as a rural activity and the role of agriculture in the city has been ignored
by policy makers until today. The concepts of city and agriculture have recently been matched by many

planners and academics. The environmental benefits of urban agriculture have just started to be accepted.
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As Luc Mougeot points out, “Urban agriculture cannot be a complete solution to the problems facing the
future of cities, but it can be an important part of any program to make these cities more liveable and improve

the lives of their inhabitants™ [4].

Within the scope of this study, the city area of Elazig province has been examined from the perspective of
urban agriculture. Various suggestions have been presented to ensure sustainability in Elazig province, to
develop more accurate insights into regional and urban food supply, to increase the importance of urban

aesthetics, urban land use, urban environmental management, public health and economic development.

2. MATERIAL AND METHOD

2.1. Material

The main material of the study is the urban area of Elazig Province located in Turkey. Urban agriculture is
not a conscious activity in Elazig province. No studies have been conducted on the inclusion of urban
agriculture in municipal development and policies. The concept of “Urban Agriculture” is not included in
both national and local laws. The contribution of agriculture to the socioeconomic and ecological structure
of the city is still not fully understood. Along with the increasing population growth, the increase in zoning
activities further distanced urban agriculture from the city centre. Due to the high value of the land in the
city, the urban agriculture has always been neglected (see Figure 1).

Factors envisaging the implementation of urban agriculture in Elaz1g province can be listed as items; In
terms of climate and soil properties, Elazig Province has favorable conditions in the cultivation of many
products. Elazig city center is built on a part of the plain called “Uluova”, where there are fertile, alluvial

and mostly 1. class agricultural lands.

With the construction of the Keban Dam Lake in Elaz1g Province, which has terrestrial climate features, the
climate became temperate and showed a transition feature between the continental climate and the
Mediterranean climate. This has enabled the vegetation period to increase and the variety of crops to be

grown. Suitable soil properties, favourable climatic conditions are quite suitable for urban agriculture.

Although there are many local fruit, vegetable and cereal varieties belonging to Elazig province; With the
spread of ready-made vegetable seedlings and new fruit varieties in recent years, the planting area of
domestic seeds has decreased. In this period, in which local food is considered important for ensuring food
safety, “urban agriculture” can be used as a means of recycling domestic seeds and varieties to the

agriculture of the province.
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Figure 1: Elaz1g location map.

Approximately 77% of the population of Elazig Province live in urban areas and 23% live in rural areas.
Although the urban population is higher than the rural population, the majority of this population migrated

from the rural areas where agricultural activities are carried out to the city centre [5].

With the integration of urban agriculture to Elazig Province, it will be easy for the public to adopt these
activities and will not experience any adaptation problems. Urban agriculture can play an active role in
providing additional income source for the lower income families who refugees coming from Syria, Iraq
and Afghanistan and coming from the provinces of Bingdl, Tunceli and Diyarbakir for various

socioeconomic reasons.
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As a result of the digitization studies carried out by Sengiin and Ustiindag on Elazi1g city development plan,
the ratio of the areas reserved for green areas to the total development plan area become 9.4%. Although
the average of the city centre (9.4%) is generally acceptable, this rate is extremely high in some
neighbourhoods and low in some neighbourhoods. According to the Zoning Law No. 3194, the number of
green areas per person in urban areas should be 10 m2. This amount is below 10 m? in 17 neighbourhoods
covering 69% of the Elazig population. The amount of green area per person is less than 3 m? in 11
neighbourhoods due to their dense population [5]. Urban agriculture can be considered as an option in
increasing the number of green areas per capita.

Compared to rural agriculture, urban agriculture emerges as a lower cost and more attractive investment

tool in the city for reasons such as convenience in input provision and proximity to marketing channels [5].

There is no land specially designated for urban agriculture in Elazig city centre. Attention should be paid to
the connection between the cultural, economic and environmental aspects of the city in land use applications.
Many different types of activities can contribute to the city as a whole within the scope of urban agriculture
in Elaz1g. In order to develop a special perspective in agriculture-urban relations in the context of
urbanization and to examine urban agriculture from a wider spatial perspective, the urban agriculture

activities to be implemented in the city area of Elazig province are listed below;

¢ Roof, balcony, terrace and wall areas

e Home gardens

e Site gardens

e Unused empty plots

e Roadsides

e Collective (Community, allocation, hobby, etc.) gardens
¢ Neighbourhood parks

e Institutional gardens

e Urban farms

2.2 Method

As a method, documentary and experimental research methods have been used based on qualitative and
quantitative data. Within the framework of the documentary research method, national or international
library, archive and internet data related to the subject have been compiled as text or picture. In the frame
of experimental research method, the data collected objectively have been analysed and evaluated with the

help of measuring tools such as Geographic Information Systems (GIS), observation, interview.
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In this context, 1 / 100.000 scale soil maps prepared by Soil-Water General Directorate and revised by
General Directorate of Rural Services have been analysed using GIS by ArcGIS software. For this purpose,
land use capability (LUC) classification, great land groups (GLG) parameters have been made for
productivity analysis. The productivity of the city area of Elazig province has been revealed in terms of
urban agriculture. Google Earth satellite images, population density, other cultural data obtained because of
observation have been combined with these data; Urban agriculture typologies and strategies have been

presented to Elazig Province (see Figure 2).

‘ Determining the Study Area ‘

|

4{ Literature Search li

‘ Data Preparation | ‘ Office Software |
| 1/100.000 Scale Soil Maps | | AcMAP 10.4.1 Software |

‘ Determination of Urban Agriculture Typologies and Strategies ‘

Conclusion and Evaluation

Figure 2: Method flow chart.

3. FINDINGS

3.1. Information about the study area
Elaz1g is located in Turkey’s Eastern Anatolia Region. The average altitude of the city is 1067 meters. Its
area is 9313 km? and is surrounded by Malatya, Bingdl, Tunceli, Erzincan and Diyarbakir provinces. In

terms of geographical location, it is the junction point of roads connecting the region to other regions.

In Elaz1g province, continental climate is dominant. After the establishment of the Keban Dam in 1974, the
climate softened. In addition to the continental climate, the Mediterranean climate is also observed in some

parts of Elaz1g. Temperature values range from -15 ° C to + 42 ° C [6].
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According to the 2018 data of European Environment Agency Corine Land Cover Data, 31.22% of Elaz1g
province is agricultural areas, 1.10% artificial surfaces, 61.20% forest and seminatural areas and 6.48%

covered with water bodies [7] (see Table 1).

Table 1: Corine land cover of Elaz1g [7].

Land Cover Type Amount (Hectare) %
1. Artificial Surfaces 10206 1.10
1.1 Urban fabric 5759 0.62
1.2 Industrial, comercial and transport units 1631 0.18
1.3 Mine, dump and construction sites 2584 0.28
1.4 Artificial, non-agricultural vegetated areas 232 0.03
2. Agricultural areas 289458 31.22
2.1 Arable land 122597 13.22
2.2 Permanent crops 6641 0.72
2.3 Pastures 10545 1.14
2.4 Heterogeneous agricultural areas 149675 16.14
3. Forest and seminatural areas 567464 61.20
3.1 Forest 16130 1.74
3.2 Shrub and/or herbaceous vegetation 303317 32.71
associations
3.3 Open spaces with little or no vegetation 248017 26.74
4. Wetlands 0 0
4.1 Inland wetlands 0 0
4.2 Coastal wetlands 0 0
5. Water bodies 60048 6.48
5.1 Inland waters 60048 6.48
5.2 Marine waters 0 0
TOTAL 927176 100

According to the Land Use Capability Classification (LUC), the lands in Elaz1ig Province have been
examined in 8 classes. Accordingly, the highest spatial distribution constitutes I. class agricultural lands,
the least spatial distribution constitutes V1I. class agricultural lands. Looking at the LUC map, it is seen that

the I. class agricultural lands are concentrated in the city centre of Elazig [6] (see Figure 3).

336



Celik et al. | Urban Agriculture Approach in The Development of Sustainable Cities: The Case of Elazig, Tiirkiye

1265000 1270000 1275000 1280000 1285000

URBAN AGRICULTURE APPROACH IN THE DEVEOPMENT OF SUSTAINABLE CITIES: THE CASE OF ELAZIG

*

Land Capability
Classification %

<
4605000

T
1275000 1285000

Figure 3: Elazi1g province land use capability (LUC) classification [6].

Various size soil groups have been formed for reasons such as climate and topography in Elazig. Apart from
these, there are some types of land that do not have ground cover. Considering the distribution of Great Soil
Groups (GSQG) in Elazig Province, the most areal distribution is brown soils (B) and the least areal
distribution is basaltic soils (X). Looking at the Elaz1g Province Great Soil Groups (GSG) land distribution

map, it is seen that most of the alluvial soils are concentrated in Elazig city centre [6] (See Figure 4).
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Figure 4: Elazig province great soil groups (GSG) land distribution [6].

64 people are per square kilometre in Elazig province, with a surface area of 9,313 km? The population
density of Elaz1§ province is 64 / km? [8]. According to the Turkey Statistical Institute data, 77% of the
province's population lives in urban areas and 23% live in rural areas. Urban population is much more than

rural population. There is a continuous migration from the villages to the city centre.

Elazig city centre was established in the most productive area of the province. Due to the insufficient amount
of annual rainfall, dry agriculture system is generally performed in the province. In Elaz1g province, large
agricultural farms are outside the city. Vegetable production in the city is mostly done in the form of small
family businesses. There are usually small livestock enterprises on the city wall and this trend decreases as

we approach the centre.

Urban agriculture is not a conscious activity in Elazig province. The contribution of urban agriculture to the
socioeconomic and ecological structure of the city is still not fully understood. With the increasing
population growth, urban agriculture has moved further away from the city centre. Due to the high value of

the land in the city, the urban agriculture has been ignored.
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3.2. Urban development of Elazig province

Since 1834, the Harput community has descended to the Elazig Plain, where agricultural activities are
carried out [9]. Harput is a historical city where security needs come to the fore and military barracks
dominate. Elaz1g is a city where transportation and agriculture opportunities are considered [10]. After this
date, Harput started to lose its importance gradually. The first establishment place of the city is the section

with Sarayatik and Cars1 neighbourhoods [11].

The main urbanization phenomenon of Elaz1g started after 1980s. After the 1980s, Elazig entered a rapid
urbanization process due to reasons such as development of transportation, increasing industrial
investments, establishment of regional directorates, opening of the university and construction of the Keban
Dam in 1974. After this date, agricultural fields lost their agricultural characteristics with the effect of

urbanization [9].

Today, Elazig city shows a rapid development in vertical and horizontal directions [5]. The city centre,

whose services are carried out by Elazig Municipality, consists of 38 neighbourhoods [12].

3.3. The History of urban agriculture in Elazig province
Elazig and its surroundings have been one of the important centres where human communities have lived
since ancient times. This place has been among the well-known regions since Palaeolithic ages. It has been

one of the places preferred by people in the Neolithic and Chalcolithic ages [13].

Agricultural traditions in Elaz1g province date back to very old times. Mamuret-iil-Aziz, which was known
as that period, consists of wide and fertile valleys located between mountain ranges. Firat and Murat rivers

pass through here [14].

At the beginning of the twentieth century, Elaz1g province was ranked 13" in terms of its share in the national
income of the country. It is the 22" largest agricultural region in the Ottoman Empire (including the
Balkans) and its control and distribution functions of agricultural production are gathered in the Elaz1g

province [15].

The importance of agricultural crafts has been known by the notables of Harput. Community representatives
were aware that agriculture was the main contributor to the development of the local economy of the
Ottoman Empire and the welfare of the people of Harput. Therefore, in 1908, Il. After the announcement of
the Constitutional Monarchy, the idea of opening an agricultural school was put forward in Harput. This
idea led people to work, the place was determined, money started to be collected. Meanwhile, the
administrative level of the city also made various attempts to establish a textile factory in the Harput plain.

In this way, silkworm growers operating in different villages will be able to bring the product they grow
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here, turn it into silk and export it to Europe. But the start of World War | prevented the establishment of

the agricultural school and the textile factory [15].

As in many regions of Anatolia, viticulture was very common in Harput and its surroundings [16]. Many
grape varieties were grown in the region. Grape cultivation was made for different purposes such as edible,
winter, dried nut, molasses and winemaking. In particular, wine growing has improved. Many mulberry
trees have been grown because of silkworm and silk production. Mulberry is consumed both freshly and
dried. Some of the dried mulberry has been turned into flour and used in desserts. Some of them are made
of raki (Turkish drink) for use in meals, flaxseed and sesame seeds were grown and their oils were extracted.
Although dairy products are not diverse, each family has produced enough milk products, cheese, curd,
yogurt, butter, milk cream and sour cream. For a long time, Harput has been an important bazaar centre

where people from the surrounding villages come and buy more agricultural tools [15].

It is rumoured that sericulture came to the Harput plain in the 1860s. With the increase of mulberry gardens,
the city has turned into a silk-breeding centre. Mulberry fields have been created here and hundreds of
family houses have been turned into silkworm production centres [15]. Elaz1g has become the silk centre in
the east of the Ottoman Empire and Bursa in the west. Even a silkworm school named “Darii'l Hakik” was

established in Elaz1g [10].

According to Saragoglu [17], one of the most important income sources of the region was "weaving". Harput
and its surroundings are specialized in making silk fabrics called “Cicekli, Ceharkezi and Cetari”. In addition
to meeting the needs of the local people, the woven silk fabrics were sent to neighbouring provinces and
Istanbul for sale [16].

Huseynik neighbourhood (now called Ulukent) become famous for its red and blue printing production.
Summer clothes required for the soldiers of the Ottoman army were prepared here. The Syriac fence, which
is produced in Harput region, has a red fabric type and sold in every Ottoman province, has become a very
popular fabric. In order to dye the fabrics produced by the weavers, special dyes with a century-old history,
which have been passed down from generation to generation as a professional secret, have been used. Root
dye plant (Rubia tinctorum), fresh walnut shell, thuja and different plants were used to obtain durable red
dye [15].

According to Baykara [18], the plant called Cehri used in yellow paint production around Harput was grown
in large quantities. In Harput region, 130.000 tons of Cehri was produced towards 1885 and sent to Europe
via Samsun province. Later, with the advent of artificial dyes, its production decreased, and in 1906 the

amount of production decreased to 8.000 kilos [16].
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Flaxseed was used to prepare candle oil. Many families have oil producing workshops. The flax seeds
prepared here were exported to the surrounding cities. Throughout the 19th century, the cities and villages
around Harput were brighten with this oil. Oil production decreased to a certain extent with the spread of

kerosene lamps [15].

4, RESULTS AND DISCUSSION
Urban agriculture is one of the most important concepts of sustainable development as it addresses almost
every aspect of sustainability. Urban agriculture is part of the urban ecological system and can play an

important role in the urban environmental management system [19].

Urban farming styles are practiced in various forms and scales worldwide. Urban agriculture covers
different forms from plants grown in small containers to large farms. There are many examples of cities in
the world where agriculture is integrated into urban policies and strategies as a land use activity on a local,
regional, national or global scale.

Integrating agriculture into cities encompasses a variety of forms, from incorporating agriculture in urban

planning to developing close food supply networks [20].

The "Social Urbanism Model" initiated by the Mayor of Medellin in Colombia between 2004-2007 is an
important urban planning approach. This project, which includes urban gardens, has gained an international
character in providing a significant investment in the poor and most violent neighbourhoods, and has taken

as an example world strategy to modernize and beautify the city [21].

Since the early 2000s, China has started to adopt a development strategy known as the "Urban Rural
Integration Policy". Cities are integrated with rural areas in this process. As a result, village lands were
transformed into state-owned urban development areas. One of these policies, the Plant Basket Program
(cailanzi gongcheng), covers regional policies and plans to ensure an adequate regional supply of fresh
vegetables, meat, dairy and seafood products. This has had successful regional results in most of China.
According to estimates, the proportion of vegetables produced and consumed within the municipal
boundaries was 40% in Beijing, 50% in Shanghai, 40% in Nanjing and 70% in Chengdu [22]. These
examples have given rise to some insights into developing more sustainable cities that incorporate urban

agriculture into open space infrastructure.

Urban agricultural practices vary from region to region and are carried out in different types, scales and
locations. Uncertain regulations may deter urban food production. Producers may avoid producing food for
fear of possible violations or penalties due to uncertainty. It should be clearly stated which parts of the city

will be allocated to urban agriculture. Identifying areas that could potentially be used for urban agriculture
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should include micro-planning elements. According to the urban agricultural production scale, large-scale
areas should be located at the city periphery, and small-scale areas should be located close to the city centre

(see Figure 5).

City Periphery
City
Centre ns,ty

Figure 5: Urban agriculture production scale.

Women make up an important part of the urban agriculture population, as farming, processing and sales
activities related to urban agriculture can often be combined with other tasks at home more easily. A high
level of education is not required for urban agricultural activities. For this reason, urban agriculture can be

implemented as an employment tool for women and children with low education level in Elazig province.

According to the data of Bogazi¢i University Kandilli Observatory, many neighbourhoods where the old
settlements were located in the city centre were completely damaged due to the 6.8 magnitude earthquake
that occurred in Sivrice district of Elazig Province on January 24, 2020. Urban agriculture can be integrated

into the redesign and planning of these neighbourhoods.

During the pandemic period that affects all countries in the world, sustainable urban agriculture can be an
important tool both in the protection of the environment, biodiversity and natural resources, and in the
provision of reliable food for the city people.

In recent years, with the increase in population density in settlements in the city, the importance of building
elements such as roofs, balconies, terraces and walls has increased. Roof and terrace gardens are of great
importance as they support some insect and bird populations. Green walls can help shape courtyards and
gardens both ecologically and from a human health standpoint. A prime example in this area is the richly
diverse planted wall gardens of artist and botanist Patrick Blanc. Balcony, terrace, wall and roof gardens
can be used in terms of urban agriculture in every neighbourhood in the city of Elazig. However, it is even

more important in neighbourhoods with high population density.
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Recent studies have revealed that home gardens cover a significant part of the green areas of the city [23].

According to Oluoch et al. [24] the main characteristics of a home garden are:

e Itis convenient to work at any hour because it is close to home

e Micro-scale, usually the size of a small plot

e Production is primarily for household consumption

e Management of the garden is provided by the household (wife, husband, children)
e Close to the water source

e Low-cost inputs are used

e Suitable for the cultivation of different types of vegetables

e Local vegetables and fruits are grown more.

Home gardens are traditionally used in the neighbourhoods of Elazig city area. It can be given priority to
home gardens in the neighbourhoods where single or two-storey houses where low-income people live are
densely located. Neighbourhoods with high population density and suitable for roofs, balconies, terraces
and wall gardens are shown in Table 2 in the Elaz1g central area. The use of home gardens is traditionally
done in the neighbourhoods within the Elazig central area. In neighbourhoods where single or two-storey

houses with gardens and low-income people are concentrated, home gardens can be given priority.

Site gardens are very important in terms of providing social environments for people living on the same site.
While the zoning areas are developing, the areas where agricultural activities can be carried out should be
included in the planning. In the neighbourhoods where the site areas are dense and suitable, urban
agricultural areas can be created in the site gardens. Urban agricultural areas can be created in site gardens
in neighbourhoods such as Atagehir, Cayda Cira, Siirsiirii, which are newly opened for development, and in
neighbourhoods where site areas such as Abdullahpasa, Cumhuriyet, Catalgesme, Dogukent, Hilalkent,
Karsiyaka, Olgunlar, Ulukent are dense and suitable.

There are many empty, unused, abandoned and idle lands in the city. Fertile lands in cities that have not yet
turned into concrete areas can be turned into individual gardens. Local administrations can inventory the
vacant lands in the city and rent them temporarily or periodically to be used in urban agricultural activities.
Urban agriculture practices can be carried out in unused empty areas in all neighbourhoods within the Elazig

central area.

343



Celik et al. | Urban Agriculture Approach in The Development of Sustainable Cities: The Case of Elazig, Tiirkiye

Table 2. Proposed agriculture typologies in the central districts of Elaz1g.

Typology
Roofs .. Unused . . I
NeighborhoodsBalconies Home  Site Collective NeighbourhoodInstitutional Urban

Gardens Gardens Empty Roadsides Gardens Parks Gardens Farms
Walls Lands

Abdullahpasa X X X

Akpinar X

Aksaray X

Alayaprak X

X[ X[ X

Atagehir

Cumhuriyet

Cars1 X

Catalgesme

Cayda Cira

X
XIX|X[ [ XX

Dogukent

Esentepe

Fevzi Cakmak

X[ XXX X

Gollibag

Giimiiskavak

Harput

X XXX XX | X

Hicret

XX XPXPXX| XX XX XXX X

X[ X

Hilalkent X

Icadiye

XX

Izzetpasa

Kargiyaka

Kesrik

XX | X

Kurklar

Kiultir

XXX [ X[ X

Mustafapasa

XXX [X|X

Nailbey

Olgunlar X

X

Rizaiye

Riistempasa

Salibaba

XX
XX

Sanayi

XX XXX

Sarayatik

Sugozii

X
Sursuria X X
Ulukent X

XXX

Universite

XX

Yenimahalle

Yildizbaglar X X

DX XX XK XXX XX XX XK XX XX XK XX XX XXX XX XX XXX XX XX XXX
XX XX XK XX XX XXX XX XX XXX XX XXX XX XX XXX XX XX XXX
XX XXX XX XX XXX XX XX XXX XX XXX XX XX XXX XX XX XXX

XXX XXX | X

Zafran X X

The most well-known examples of green infrastructure in cities are found on the roadsides. Due to the

aesthetic and functional properties it provides to the environment, many trees, shrubs, groundcovers, etc.
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plants are used. However, with the increase in the number of vehicles in the city centres in recent years, the
soils are faced with the threat of pollution due to the heavy metals caused by the heavy traffic circulation in
the lands close to the highways. Cadmium, lead, nickel, zinc, mercury, copper and chromium are the leading
heavy metals polluting the soil due to traffic. These heavy metals pose a threat to human and environmental
health.

Heavy metal uptake of plants varies. In general, the highest amount of heavy metal accumulates in leaves;
the lowest content accumulates in seeds [25]. Urban agricultural areas can be created by introducing
restrictions in land planning for some products (such as not growing leafy vegetables in the areas close to
the roads) on the roads where there is no traffic in the neighbourhoods of Elaz1g city centre.

The term collective gardens refer to any cultivated land in which producer groups operate. These gardens
are named differently according to the geographical region in which they are located. The term collective
gardens is an umbrella term that encompasses various names such as family gardens or communal gardens
in France, allotments in the UK, community gardens in the USA, hortas urbanas in Portugal. The first
collective gardens have been established in the nineteenth century with increasing industrialization and

urbanization [26].

Community gardens are a form of urban agriculture often reported to have food, social and environmental
benefits [27]. Community gardens are today the largest component of urban agriculture. Community
gardens are at the heart of any successful future work of urban agriculture [4]. Essentially, a community
garden consists of land divided into small parcels for use by many individuals (or families), usually for food
production. Production is usually done for personal use, family or friends. The resulting products are rarely
sold. Community gardens members share responsibility for common areas. One of the main benefits of
community gardens is, access to land for city dwellers who do not have enough space to grow their own
food. These gardens provide access to fresh fruit and vegetables and engage residents with the local food

system [28].

The planners of the city of Seattle in the USA saw urban agriculture as an integral and necessary component
of the city's open space network and adopted the goal of "one private community garden for 2,500
households in each neighbourhood” within the comprehensive urban plan [4]. There is no community,
allocation or hobby garden in Elazig Province. Collective gardens can be established at different scales

depending on the population densities in the neighbourhoods located in the city.

In densely populated neighbourhoods, neighbourhood or city parks are other suitable areas for urban
agriculture. Located in Detroit, Michigan, USA, “Lafayette Greens Edible Urban Garden and Park”

consisting of fully organic and productive gardens is designed as a tool to beautify the city centre and help
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educate residents about health, environmental responsibility and how to grow food [1]. Provided that the
standards regarding urban agriculture activities to be held in the parks by local administrations are
determined, urban farming areas can be created within the park in all neighbourhoods within the city of

Elaz1g.

The most suitable lands for urban agricultural practices are public lands. Unused and idle land offers great
opportunities for the creation of urban agricultural lands. In Elaz1g, institutional gardens for food production,
donation, education, social integration and hobby purposes can be used partially or completely for the
purpose of spreading urban agriculture.

Urban farms are large-scale farms established on large lands around the city by individuals, private
companies or public institutions to meet the food needs of the city or to make commercial profits, and where
all kinds of plant and animal activities are carried out. There are many successful examples of urban farms
in the world. Medical University of South Carolina Urban Farm Charleston, located in Charleston, South
Carolina, USA, was originally a parking lot and non-productive green space, but was converted into an
urban farm by landscape architect Bill Eubanks and has become a base for a variety of activities. In addition
to producing food, the farm provides a service network that promotes healthy eating and living for college
students and the people of the Charleston area [1]. In the province of Elazig, urban farms can be established

in neighbourhoods close to the city periphery.

Every city has a value. Historical places, local dishes, natural and cultural values are some of them. Urban
agriculture is a unique opportunity for Elazig province to stand out not only with its historical architecture
but also with its green, healthy and agricultural spaces. Considering the potentials of Elazig province, it has
many opportunities in this regard. The evaluation of these opportunities depends on the people and the
managers of the people. However, urban sustainability discourses have long been neglected in Elazig's urban

planning.

Consumption of local products is expressed as an important element of urban agriculture [29]. According
to Bosco and Marcelli [30], urban agriculture will expand in many cities as the food movement to consume
local products becomes widespread. Local food systems are seen as a strategic policy tool in cities, not only

in terms of environment or food security, but also because of their contribution to rural-urban systems [18].

Local products are important in ensuring food safety based on the principle of human access to healthy and
fresh food. There are many local plant varieties grown in Elazig city. However, with the preference of
imported seeds and seedlings with high economic returns, the demand for local varieties decreased.
Although local varieties cannot compete with imported varieties economically, they are more valuable than

imported varieties in terms of health and taste. Urban agriculture is of great importance in ensuring local
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food security. Acquisition of cultural food habits and local food consumption experiences will begin with

the integration of urban agriculture as part of the community's infrastructure systems.

Gender equality is a fundamental societal value. The inclusion of women in the development period covers

the near future.

The position of women in the development process was mentioned for the first time in the 1970s, and how
development projects affect men and women became the agenda. Following this, the "Women's Year
Declaration" was published together with the United Nations First World Women's Conference in 1975
[31]. Urban agriculture offers special benefits to women as producers or suppliers of foodstuffs in cities.
Urban agriculture is a viable alternative for women who do not have access to formal employment due to
their limited education or sociocultural factors that limit their free movement. Urban agriculture often
encourages the use of national practices. Urban agriculture requires little cash, given that it can be done with
low capital, low inputs and technology. Therefore, it is affordable and accessible to women with limited
education and resources. Urban women can reduce their agricultural food expenditures. Excess production

can turn into income generating activities through the direct sale of foodstuffs in the market [32].

The vast majority of urban farmers in the world are women. Only women's labour is used in 80% of
agricultural enterprises in Kampala. In Kenya, this rate is 56%. In Yaound, Cameroon, 87% of urban
vegetable farmers are women. Poland, Thailand, Senegal and Zimbabwe are other countries where female
producers are said to outnumber urban male producers [33]. Women, who are the main actors in all stages
of the urban food system (production, processing, marketing, food sales, etc.), have a fundamental structure

in being accepted as an important focus group for urban planners [34].

In order to determine the role of women in urban agricultural activities, first of all, it is necessary to define
the people working in urban agricultural activities. According to the literacy status of Turkey Statistical
Institute data, while the number of illiterate men in Elazig 4.419; the number of illiterate women is 18.120
in 2017 [35]. Accordingly, the number of illiterate women is more than four times the number of illiterate
men. A high level of education is not required for urban agricultural activities. For this reason, these

activities can be easily implemented by women with low education levels.

Urban agriculture offers practical, sustainable and alternative solutions to poverty, unemployment and food
security as an important tool of urban development with the employment and additional income it creates
in urban areas. Urban agriculture can play an important role in the lives of women with low income, living
in slums, having economic disabilities, low income and low standard of living. For this purpose, it is

important for women to take an active role in democratic life, to strengthen their ability to participate

347



Celik et al. | Urban Agriculture Approach in The Development of Sustainable Cities: The Case of Elazig, Tiirkiye

actively in society, to strengthen their positions in the family, to acquire basic skills and competencies, to

ensure their integration into the labour market, and to contribute to social and economic equality.

Diyarbakir Hevsel (Efsel) Gardens which an important urban agricultural garden in Turkey has been
nominated to UNESCO in 2013, while 2015 has been declared World Heritage by UNESCO. Hevsel
Gardens, which reveal a unique value that is open to public use, can be an exemplary model for Elazig

Province.

Local administrations have a very important role in the development of urban agriculture. Urban agriculture
should be included in local policies to ensure sustainability, to develop more accurate understanding of
regional and urban food provision, to provide urban aesthetics, to provide urban environmental management
and to increase the importance of public health and economic development in Elazig province. Municipal
policies should have embracing approaches that view urban agriculture as part of the entire urban food

system, covering different sectors such as food, environment, health, land use at national and local levels.
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ABSTRACT

In the Oswald process, ammonia is reacted with oxygen under the catalyst of platinum to form oxides, which
are converted into acid. Acid nitriding processes are essential in industry, and many kinds of products, such
as plastics, paints, and explosives, are obtained this way. Achieving energy savings and improving
production reflexes by monitoring energy consumption on a process basis in such enterprises requires
defining the current process flows and structure through a model and analyzing them with parameter
changes. In this study, the energy transfer process of NOx gases obtained in the ammonia oxidation reactor
and used as process gas in a nitric acid production facility and the parameters affecting the process were
investigated. The parameters affecting the efficiency were determined. The problems were addressed by
considering the energy efficiency of the facility. The ammonia oxidation reactor is the most essential part
of the system. For this reason, the operating parameters of the old reactors in the facility were compared
with the revised new reactors. After the revision, the efficiency and performance of the system were
examined in old and new reactors. In addition, the flow and hydrodynamic structure of the existing process
gas in the new reactors were reviewed with the ANSYS Fluent program, that is, CFD analysis.

Keywords: Nitric Acid Production Process; Ammonia Oxidation Reactor; Process Gas; Flow Model

Nitrik Asit Uretiminde Enerji Aktarim Siireci ve Proses Gazi Akis Modeli

0z

Ostwald prosesinde, platin katalizorliiglinde amonyak, oksijenle reaksiyona sokularak oksitler meydana
getirilir ve bunlar da aside doniistiiriiliir. Asitle yapilan nitrolama prosesleri endiistride nemli olup, bu yolla
plastikler, boyalar ve patlayict maddeler gibi pek ¢ok ¢esit iiriin elde edilir. Bu tiir isletmelerde prosesler
bazinda enerji tiiketiminin izlenmesiyle enerji tasarrufu saglanmasi ve iiretim reflekslerinin gelistirilmesi,
mevcut proses akislarinin ve yapisinin bir model {izerinden tanimlanarak, parametre degisimleri ile analizini
gerektirmektedir. Bu ¢alismada, bir nitrik asit iiretim tesisinde amonyak oksidasyon reaktoriinde elde edilen
ve proses gazi olarak kullanilan NOx gazlarimin enerji aktarim siireci ile prosesi etkileyen parametrelerin
aragtirtlmasi yapilmis olup, verimliligi etkileyen parametreler belirlenmistir. Tesisin enerji verimliligi goz
Oniine alinarak problemler ele alinmistir. Amonyak oksidasyon reaktori sistemin en dnemli kismmdir. Bu
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nedenle tesisteki eski reaktdrlerin isletme parametreleri ile yerine revize edilen yeni reaktdrlerin
karsilastirilmasi yapilmistir. Revizyon sonrasi eski ve yeni reaktorlerde sistemin verimliligi ile performansi
incelenmistir. Ayrica yeni reaktorlerde mevcut proses gazinin akisi ve hidrodinamik yapist ANSYS Fluent
programi yani CFD analizi ile incelenmistir.
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1. INTRODUCTION

The earliest history of nitric acid dates back to the 14th century. At that time, royal water [1] (aqua), a
solution that could dissolve gold and platinum regia) was used to produce. Under the influence of the First
Industrial Revolution, Nitric Acid was produced from atmospheric air for industrial use in 1905 by the
"Birkeland — Eyde” process [2]. It was built in 1913 with the “Haber- Bosch” process [3]; it is the leading
industrial method used today for the production of ammonia.

The history of ammonia synthesis began at the beginning of this century when Haber and Bosch realized
the economical production of hydrogen for the first time and the production of NH3 directly from hydrogen

and nitrogen. The Haber- Bosch process was discovered by German chemists Fritz Haber and Carl Bosch

in the 20th century.

Converts hydrogen (H2) and atmospheric nitrogen (N2) into ammonia (NH3) by using a metal catalyst
under high temperatures and pressures. Although the Haber-Bosh process is used today mainly to produce

fertilizer, during World War I, it was used as a source of ammonia for making explosives.

Chernyshev et al . studied the improvement process for the ammonia oxidation reaction. They have made
improvements because the commissioning process in a nitric acid plant is one of the most critical stages in

terms of safety and platinum loss in the entire ammonia oxidation process [4].

Chuah et al . demonstrated the design aspects of a shallow-bed reactor involving a swift, diffusion-controlled
reaction. Methods for estimating the catalyst bed's mesh count, diameter, height, and volume are discussed
[5]

Bartosz et al. described the effect of various design changes of the ammonia oxidation reactor in the nitric
acid plant on the flow distribution of the air-ammonia mixture. CFD (computational fluid dynamics)

simulations of turbulent flow were performed with the SST k-w turbulence model to close the RANS

(Reynolds Averaged Navier-Stokes) system of equations [6].

Husaini et al ., a primary waste heat boiler (WHB) at an ammonia plant, experienced cap leakage and outer
tube rupture ten months after the last repair and replacement. Therefore, Primary WHB examined the

external pipe failure cap leak improvement [7].

Hamad et al. observed repeated failures in the outlet region of the superheater tube integrated into a waste
heat boiler thermally coupled to an ammonia oxidation reactor. The primary root cause of repeated failures
of superheater tubes is short-term overheating after rapid cooling of the lines due to the sudden stop of steam

flow inside the connecting lines in case of shutdown of the unit, reducing the thermal resistance of the lines

(8].
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Hamed et al. simulated the flow distribution within a Monica oxidation reactor using Computational Fluid
Dynamics (CFD) code. CFD results showed that the flow was unevenly distributed within the reactor due
to the improper header design of the reactor [9].

The literature on nitric acid production facilities includes the importance of the ammonia oxidation reactor,
catalyst selection, use, and properties, and NO released into the environment in nitric acid production.
Strategies to reduce emissions and the importance of filtration are emphasized. Energy efficiency is also
among the critical issues. For this, facility size, selection of machinery and equipment, heat utilization, stack
emissions, and operating costs are among the essential factors.

The aim is to determine the heat transfer and pressure losses in the waste heat boiler of the ammonia
oxidation reactor using the flow model. It is a challenge to find an analytical solution for this. The energy
equations and turbulence models were solved using the ANSYS Fluent Analysis program. In a simplified
approach, heat transfer and radiation from the outer body to the outside are neglected. The geometry was
drawn with simple lines to obtain an analytical solution. Therefore, three-dimensional data was used under
the specified boundary conditions.

In this study, the factors affecting the process efficiency of the nitric acid production facility were
investigated, and the parameters affecting the efficiency were determined. The problems were addressed by
considering the energy efficiency of the facility. The ammonia oxidation reactor is the most essential part
of the system. For this reason, the old reactors in the facility were examined and compared with the newly
revised reactors. After the revision, the efficiency and performance of the system were reviewed in old and
new reactors. The flow and hydrodynamic structure of the new reactors were examined with CFD analysis
of the ANSYS Fluent program. Compared with facility data. As a result, the facility data and numerical

results were similar.

2. ENERGY TRANSFER PROCESS IN NITRIC ACID PRODUCTION

Nitric acid (HNOs) is a vital mineral that is clear, colorless, and caustic. It is used in industry in the
production of fertilizers and explosives. The basic nutrients that play an important role in the fertilizer
industry are nitrogen (N), phosphorus (P), and potassium (K). are sorted. The fertilizer to be produced
depends on the nutrient to be used in the fertilizer production plants. It can be nitrogen, phosphorus,
potassium, or complex fertilizer. Ammonia (NHs), nitric acid (HNOs), sulphuric acid (H2SO.), and
phosphoric acid (HsPO4) are important industrial chemicals and, although used in industry, are mainly used
in fertilizer production. The energy required in some fertilizer production plants comes from the plant's

power stations. is met. For this reason, only the plants in the production phase are considered in assessing
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such plants. Not only the plants but also the plants that supply energy should be considered. The physical

and chemical properties of nitric acid are given in Table 1.

Table 1: Physical and chemical properties of nitric acid [10]

Nitric acid 55%

Water 45%

Appearance Colorless, yellowish liquid

Smell Sultry, sharp

Solubility in Water Completely soluble

Density 20 °C 1,339 (55%)

pH <1.0

Boiling point 103.4 °C (20%)
120.4 °C (60%)

Freezing point -17 °C (20%)
-22.4 °C (60%)

Vapor Density 2

Vapor Pressure 20 °C  0.77kPa (60% )

Iron (ppm) 0.02

Chloride (ppm) Maximum 5

The process is given in Figure 1 to improve environmental quality based on sustainability and volunteering,
a business needs to know the consequences of its activities and the resulting environmental impacts.
Environmental indicators express the resources consumed and the waste generated per unit product (kg, ton,
etc.) produced in a business. These indicators are also called specific consumption or specific amounts of
waste generated. Environmental indicators play an active role in businesses' ability to capture resource
efficiency opportunities. By determining its environmental indicators, a business can see at which points it
can make savings by implementing which practices. Wastewater, solid waste, and emissions generated

during processes and other operational activities in the fertilizer industry are the main areas of impact.
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Figure 1: Nitric acid production process [11]

In the production of nitric acid, first, Ammonia is oxidized to obtain Nitric Oxide (Nitrogen Monoxide,
NO), then NO is further oxidized to NO; (nitrogen dioxide). In the last stage, NO; gas is absorbed with water

to obtain nitric acid (HNO3). This cycle is called the Ostwald Process.

Nitric Acid Production Process Flow sequence is as follows [12]:
1. Filtration of entering air
2. Pressurization of air
3. Preparation of air/ammonia mixture
4. Catalytic ammonia oxidation (platinum/rhodium-based catalyst with a palladium braid to retain the

catalyst, which subsequently evaporates)

o

Energy recovery and reheating of gases by utilizing reaction heat
6. Cooling of gases

7. Gas pressurization, energy recovery, and cooling processes (for dual pressure systems only)
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8. Absorption of NO;gas to be converted into nitric acid

9. Flue gas (tail gas) heating

10. It generates electricity by operating a gas turbine by utilizing expansion while reducing the waste
gases to atmospheric pressure.

3. MATERIALS AND METHODS
3.1. General Equations in Turbulent Flow

ANSYS Fluent software is a program for the numerical analysis of flow and heat problems. General
equations that represent flow problems are called Navier-Stokes equations. The Navier-Stokes equation,
which governs flow problems in its most general form, consists of the continuity equation, momentum

equation, and energy equation [13].
3.1.1. Continuity Equation

For all flow regions, the fluent program solves the following continuity equation.

D
D—‘; +pVv =S, (1)

p; intensity, speed, Sm; is the mass added to the system (droplet, vapor, etc.), and t is time. In this study,
Sm=0, and when three-dimensional, steady conditions are considered, time-dependent expressions are

neglected.

2 +9(p¥) =0 2

The equation is written as (3), assuming the fluid density is constant.
ou Jdv  dw
Tt =0 (3)

3.1.2. Conservation of Momentum equation:

2 2 op | 9ty
o7 (pwi) + 2% (puiy;) = - PP g]], + pgi + F; (4)

P; pressure, Tjj; stress tensor, pgi; _gravitational force and F i; It represents external forces.

(i indicates the direction of flow.)
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The final form of three momentum equations in incompressible flow (5), (6), (7) is written as;

D d ouz  ou'v | ou'w’
pD—?=pgx—£+uV2u—p[(%+ o o ] (5)
Dv _ ap ou'v’ m av'w’!
pE—pgy—@szv—p[( ox Tt o )], (6)
DU d ou'w' | ov'w'  ow'’
pD—t=pgx—£+uV2u—p[( PRk )], (7)
3.1.3. Energy Equation
Dh D 3
P o o =0~ VC ®)

Here h = Enthalpy, Q = heat transfer, @= dissipation (loss function due to irreversible viscous work)[14].

h=e+p/p ©)
Q=-k VT (10)
0-u[2() +2(2) 42+ G+ + () + (e |- M)

(11)

3.2. Fluent Software Turbulence Models

Turbulence, middle and high Reynolds in numbers, in fluids observed 3D, is an unstable and irregular
movement. Fluid movements generally involve low-viscosity fluids. Since it is based on almost all currents,
it is turbulent. Turbulence is not a property of the liquid; the rough velocity field characterizes it. These
turbulences are mixtures of transported quantities such as momentum, energy, and concentration. This study
used the k- model, which is more suitable for fluids with high turbulence density; this model calculates

scalable kinetic energy instead of kinetic energy.
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3.2.1. K- Turbulence Model

An essential advantage of the k - formulation is the near wall calculation in low Reynolds number flows.
This model is the complex required in the k- model. It does not need a non-linear damping function.
Therefore, it gives more accurate and robust results. The k-o model assumes that turbulent viscosity is

related to turbulent kinetic energy and turbulence frequency [15].

k
He =P (12)
Beginning of the k - model by Wilcox Posted [16]. This model solves two transport equations, one for the
turbulence kinetic energy, k, and the other for the turbulence frequency, w. The stress tensor is calculated

according to the media-viscosity concept.

k equality;

229+ 7. ((pUK) = V. [(u + g—;)Vk] + P, — B’ pkw (13)

o Equality;

9(pw)

— T V.(pUw) =7. [(y + :—;)Vw] + a%Pk — Bpw? (14)

In addition to the independent variables, the density velocity vector is assumed to be known from the Navier-
Stokes equation. Py is the turbulence production amount calculated as in the k-e model.

P = ueVU. (VU + VUT) = V.U 3 V.U + pk) + P (15)
Model constants '=0.09, a=5/9, =0.075, 0,=2, 0,,=2

Unknown Reynolds Stress Tensor is calculated from the following equation.

T=p2s—ps B (16)

To avoid the reproduction of turbulence kinetic energies in stagnation zones, a limiter was applied to the
production term by Menter [17]

Pk:min (Pk, Clim 6) (17)
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3.3. Ammonia Oxidation Reactor Structure
The ammonia oxidation reactor consists of two parts: the combustion unit part (chemical reaction) and the
waste heat boiler part that produces steam. The combustion unit part is shown in Figure 2, and the waste

heat boiler with steam is shown in Figure 3.

Figure 3: Steam generating waste heat boiler

The oxidation reactor consists of three parts.

e Economizer (preheater): the part where the serpentine pipes are located.
e Evaporator (middle part): It is the part where pre-evaporation and evaporation occur.

e Superheater (upper part): This is the part where the superheaters are located.

360



Tkbal et al. | Energy Transfer Process and Process Gas Flow Model in Nitric Acid Production

Figure 4: Steam generating waste heat boiler structure

The process process in ammonia oxidation reactors is as follows;

In ammonia reactors, it starts with the reaction of a compressed air + gas ammonia

mixture on a platinum catalyst.

‘ This chemical reaction is an exothermic reaction and as a result, heat and NOx

gases are released. (Reaction temperature is 850-900 °C).

-—

The heat released is used to convert the water in the reactor into
steam and to drive the turbine.

| The turbine, driven by the steam it produces, turns the compressor and the

compressed air required for combustion is obtained.

Thus, the system operates in a cycle that produces its own energy.
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This study was conducted in three stages.

1. Stage: Ammonia oxidation reactor efficiency parameters were determined. A comparison was made
between the old and new reactors.

2. Stage: Ammonia oxidation reactor mass and energy balance were checked.

3. Stage: Numerical analysis of the ammonia oxidation reactor was performed. The numerical analysis
stages were as follows. First, in the first stage, the ammonia oxidation reactor was drawn in 3D with
exact measurements in the Solidworks 2021 drawing program. In the second stage, 3D meshes were
created in ANSYS Meshing to make the appropriate mesh structure. Digital analyzes ANSYS fluent
Version It was implemented in 2020 R2. NOx flowing from the reactor main body gas and water
flow through the coils since it is turbulent, turbulence is used to get closer results. Model aspect
realizable k- turbulence model was chosen. Detailed information about the software used and the
models selected is available here. Are given in the section. In addition, assumptions made with the

model geometry initial and boundary conditions in this chapter have been explained.
3.3.1. Revision Study

When the Nitric Acid Producing Facility was examined, it was seen that the reactor caused 90 % of the
malfunctions. The reactors were renovated to eliminate these shutdowns and increase efficiency. The waste
heat boiler (WHB) of the old reactors and the waste heat boiler (WHB) of the new reactor were examined
in terms of efficiency, and the winding shape of the coils was designed differently. While the serpentines of
the old reactor were square, most of the malfunctions were caused by the serpentines. The body of the new
reactor is spirally arranged for optimum efficiency. No serpentine-related stops have occurred since the
revision. As a result, Figure 5 and Figure 6, when examined, can be seen that the inlet and outlet

temperatures in the new reactor have been improved.

Process gas inlet temperature Process gas outlet temperature
885 310
880
305 w
875
870 300
865 295 /\/\_/
860
355 290
850 285
N QO Q O M QO QO QO Q O QO O O N O O N O QL O M O QL
SO OO ON SO L O
NN N NN RN S N R AR NAEEN N N RN N S R AN
e Process inlet temperature before revision oC e Process gas outlet temperature before revision oC
@ Process inlet temperature after revision oC e Process gas outlet temperature after revision oC

Figure 5: Changes in A and B reactor gas inlet and outlet temperatures
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Feed water ECO inlet temperature Superheater steam outlet temperature
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135

e [eed water ECO inlet temperature before revision oC e Superheater steam outlet temperature before revision oC
e Feed water ECO inlet temperature after revision e Superheater steam outlet temperature after revision

Figure 6: Changes in A and B reactor feed water ECO inlet and superheater steam outlet temperatures

With the renovation of the reactor, there was an increase hour in the amount of steam produced. There were
no reactor-related malfunctions after the revision. Since there were no stoppages, production also increased.
Since there was no stoppage due to the new changes, there was a 10 % increase in efficiency. Table 2 gives
the operating parameters of the nitric acid plant before and after the reactor revision.

Table 2: Nitric acid plant operating parameters before and after reactor revision

PRE-REVISION DATA  DATA AFTER REVISION

Sub platinum Temperature 865 - 870 °C 865 -870°C
NO gas output temperature 350 - 400 °C 250-310°C
Superheated steam 33t/ 36 t/h
generation

Superheated steam 410°C 440 °C
temperature

3.3.2. Process Gas Flow Model

Under current operating conditions, the flow and hydrodynamic structure (velocity, temperature, and
pressure distributions) of NOy gas coming from the regions where the economizer, evaporator, and
superheater coils are located were examined with the help of CFD analysis. The main structure of the
analyzed reactor is shown in Figure 7. The reactor shown in Figure 7 was modeled 3D symmetrically from
surface A, as shown below, with the help of the ANSYS- Space claim program, to examine the velocity,
pressure, and temperature distributions of the waste gases formed after the reaction of 89 % air and 11 %
NH;,
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Figure 7: Ammonia oxidation reactor symmetric numerical model

The boundary conditions, gas properties, and material properties used for the analysis are also shown in
Table 3.

Table 3: Inlet gas properties and material properties [18]

Characteristics of Inlet Gas Material Properties
Inlet Pressure 342,000 Pa Outer Body Material ST38.8
Input Speed 15 m/s Superheater Pipe Material 13 CrMo4-5
Inlet Flow 51.525 Nmé/h Vaporizer Pipe Material P235GH
Inlet Temperature 870 °C Pre-Evaporator Pipe Material P235GH

H> O 16.35 Vol %
Exit gas combustion products Nz 68.25 Vol %
NO 9.8 Vol%
0, 56 Vol%

Economizer Pipe material SA213

With the help of Fluent software, Ansys simulations were carried out using the method and conservation
equations below.
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Table 4: Ansys fluent model parameters

Energy Front
- Low -Re Correction

Species Model Species Transport
Model- Mixture Material

Options - Viscous Heating

-Curvature Correction

- Steady-state inn limi
Yy -Production limiter

General - Gravity (ten
y (ten) _Buoyancy Effect (Full)

H,O 16.35%
Viscous Model K- omega (2 equations)  Material Nz 68.25%

NO 9.8%

0O, 56%

K- omega Model SST

4. RESULTS

A reversible and exothermic reaction occurs between NHzand oxygen, producing process gas, i.e., nitrogen
oxides (NOy). Pressure and temperature values vary depending on the desired NOy conversion rate. In
addition, dilute and concentrated nitric acid production varies depending on the operating pressure of the
process. In such enterprises, ensuring energy savings and improving production reflexes by monitoring
energy consumption on a process basis requires defining the process flows and structure through a model
and analyzing them with parameter changes. As shown in Figure 8, the reference plane is defined within the
reactor to pass through the middle region of the system. The following section uses this reference plane to

examine speed, pressure, and temperature contours.

Plane 1

Figure 8: Reference plane (Plane 1)
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The flow and hydrodynamic structure of the reaction mixture in the ammonia oxidation reactor were
examined. CFD (computational fluid dynamics) simulation of turbulent flow looked at the velocity
distribution. Figure 9 shows the analysis of velocity distribution contours obtained from ANSYS Fluent
CFD. As a result of the study, the exit speed was obtained as 127 m/s. The rate increased due to the
narrowing of the cross-section at the exit. The analysis model input and output parameter values are given
in Table 5.

Velocity
Contour velocity plane 1
1.300e+02
1.239e+02
1.179e+02
1.118e+02
1.058e+02
9.974e+01
9.368e+01
8.763e+01
8.158e+01
7.553e+01
6.947e+01

4.526e+01
3.921e+01

3.316e+01
2.711e+01
2.105e+01

1.500e+01
[m s*-1]

Figure 9: Velocity distribution obtained as a result of ANSYS Fluent CFD

Table 5: Analysis of model input and output values

Velocity (m/s) Pressure (Pa)  Temperature (°C)
Inlet  Outlet Inlet Outlet Inlet Outlet
15 127 342000 237465 870 337

Figure 10 shows the temperature distribution contour analysis due to ANSYS Fluent CFD analysis. The
temperature of the gas entering the system was determined as 870 °C, and the gas exit temperature was
defined as 337 °C. This obtained value coincides with the facility data. The inlet pressure of the gas entering
the system was defined as 342 kPa, and the outlet pressure of the gas was determined as 237.5 kPa. All

values obtained were compatible.
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Temperature
Contour Velocity Plane 1
1.139e+03
1.092e+03
1.045e+03
9.984e+02
9.515e+02
9.047e+02
8.578e+02
8.110e+02
7.641e+02
| 7.173e+02
6.705e+02
6.236e+02
5.768e+02
5.299e+02

4.831e+02
4.362e+02
3.894e+02
3.426e+02
2.957e+02

(Kl

Figure 10: Temperature distribution obtained as a result of ANSYS Fluent CFD

5. CONCLUSIONS

In large industrial facilities, saving energy and improving production reflexes by monitoring energy
consumption on a process basis requires defining the current process flows and structure through a model
and analyzing them with parameter changes. In this study, the energy transfer process of NOx gases obtained
in the ammonia oxidation reactor and used as process gas in a nitric acid production facility and the
parameters affecting the process were investigated, and the parameters affecting the efficiency were
determined. With the help of Computational Fluid Dynamics (CFD), detailed calculations were made and
the flow field and other physical details were shown. The results of CFD analyses provide significant
benefits in the simulation-based product design process, which helps simulate the operation of the product,

and any problems, in the computer environment, and optimizes product performance.
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ABSTRACT

It is believed that tunnel construction will have significant and intricate effects on structures supported by
piles. One of the most popular approaches to research is numerical modeling. This study looked into how
tunnel placement affected piled foundation systems in layered soil. In sixteen models utilizing PLAXIS 2D
finite element analysis, a square foundation with dimensions of 26X26X2 meters and a load of 200 kPa was
applied to the soil profile representing Istanbul's Avcilar district. In the 11X7 formation, two groups of piles
were created, each with a fixed spacing of 2.4 meters and varying diameters of 0.8, 1.2 with 30 meters in
length. The piles were placed 4 meters out of the plane and 1 meter from the edges. For every pile group, a
10-meter-diameter tunnel was examined at two various Z/D and four various X/D from the foundation's
center to determine the influence of the tunnel location. According to the results, the surface total settlement
values decrease, and the differential settlements increase as the tunnel is positioned farther in the x direction
from the foundation center axis. The pile's bending moment slightly decreases as the tunnel's horizontal
location gets farther away from it. The tunnel's effect decreases with increasing distance within the influence
zone. Tunnel settlement cannot be significantly reduced by deepening the tunnel or increasing the pile's
diameter.

Keywords: Tunnel; Piled Foundation; Settlement; Finite Elements.

Tabakali Zeminlerde Tiinel A¢manin Kazikh Temel Uzerindeki Etkisi

0z

Tiinel insaatinin kaziklarla desteklenen yapilar {izerinde Onemli ve karmasik etkileri olacagina
inantlmaktadir. Aragtirma i¢in en popiiler yaklagimlardan biri sayisal modellemedir. Bu c¢alismada, tiinel
yerlesiminin tabakali zeminlerde kazikli temel sistemlerini nasil etkiledigi incelenmistir. PLAXIS 2D sonlu
eleman analizinin kullanildig1 on alti modelde, Istanbul'un Avcilar ilgesini temsil eden zemin profiline
26x26x2 metre boyutlarinda kare bir temel ve 200 kPa yiik uygulanmistir. 11x7 formasyonunda, her biri
2.4 m sabit aralikli ve 30 m uzunlugunda 0.8, 1.2 degisen caplarda iki grup kazik olusturulmustur. Kaziklar
diizlemin 4 m digina ve kenarlardan 1 m uzaga yerlestirilmistir. Her kazik grubu i¢in, tiinel konumunun
etkisini belirlemek amaciyla temel merkezinden iki farkli Z/D ve dort farkli X/D noktasinda 10 m ¢apinda
bir tiinel incelenmistir. Sonuglara gore, tiinel temel merkez ekseninden x yoniinde uzaklastik¢a yiizey
toplam oturma degerleri azalmakta ve diferansiyel oturmalar artmaktadir. Kazik egilme momenti, tiinelin
yatay konumundan uzaklastik¢a hafifce azalmaktadir. Tiinelin etkisi, etki bolgesi iginde artan mesafe ile
azalir. Tiinel oturmasi, tiinelin derinlestirilmesi veya kazik capinin artirilmasiyla 6nemli 6l¢iide azaltilamaz.

Anahtar Kelimeler: Tiinel; Kazikli Temel; Oturma; Sonlu Elemanlar.
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1. INTRODUCTION

In metropolitan areas, the effects of tunnel construction on nearby structures are thought to be profound and
complex. For buildings that are supported by piles, this problem may be more significant. Several finite
element analyses were also carried out by some researchers to investigate the effects of tunnels on existing
pile foundations. Jongpradist et al, used the advanced soil models in PLAXIS to run numerical simulations
of tunneling in the Bangkok subsoil. PLAXIS 2D analyzes all issues from well-documented case histories
using reliable monitored data, assuming a plane strain condition with the appropriate analysis condition
(Jongpradist, P., Detkhong, T., and Youwai, S., 2012). Shabna et al., in their research, applied a 2D
numerical model to analyze and predict the detailed performance of the tunnel system. Predicting the stress
distributions and soil deformations that result from the tunnel construction process and taking the necessary
precautions are essential to avoiding damaging existing buildings or foundations in the soil above. They
showed that these effects can be achieved using the finite element method (Shabna, P. S., & Sankar, N.,
206).

Rishik discusses in his thesis the influence of a newly built tunnel on the existing pile foundation using the
FEM (Finite Element Method), so the aim of this paper is to provide a parametric study to assess the extent
of the settlement problem near piles. According to the variation in the pile's overall displacement, there is a
variation in the tunnel's position. Only when the tunnel passes very close to the pile foundation does it affect
the building structure's piled foundation; when the tunnel is located far from the building structure, its impact
is negligible (KUMAR, 2022). Swetha et al, investigated the behavior of a pile group resulting from tunnel
construction below ground using a two-dimensional finite element analysis using PLAXIS 2D. Additionally,
it was found that when the tunnels were moved horizontally away from the building at a specific depth, the
settlement decreased. In terms of reducing settlement, an increase in the horizontal distance between tunnels
and the building is more significant than tunnel depth increments. To comprehend the settlement decrement
pattern, a 45° pressure distribution line was drawn. For every twin tunnel location, the cross-sectional area
of the tunnel that overlapped with the building load influence region was calculated. It was discovered that
the building's settlement changed in tandem with variations in the overlapping region. All the tunnel
locations showed signs of differentiating pile groups. However, it was discovered that when the pile group's
horizontal and vertical depths increased, the disparity in the settlement of the individual piles decreased

(Swetha, B., Sangeetha, S., & Hari Krishna, P., 2022).

Many researchers have previously used the FEM method to investigate tunnel and piled foundation
interactions (Deshmukh, R., & Patil, P., 202) (El Houari, N., Taleb, O., Hamzaoui, F., & Bachir, E., 2022)
(Raja, M. K., Premalatha, K., & Hariswaran, M. S., 2015) (Salim, N. M., & Lafta, S. J., 2020). Two sets of
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piles, each with a different diameter and fixed length and spacing, were formed in the 11+7 formation for
this study to ascertain how tunneling and its location affected the settling of the piled foundation system.
For each pile group, a 10-meter-diameter tunnel was examined at two distinct depths and four different
horizontal positions from the foundation's center to determine the effect of the tunnel location. Through
modeling and analysis, the settlement and other parameters were ascertained for the sixteen distinct designs

using the Plaxis 2D finite element analysis program.

2. MATERIAL AND METHODS

In this research, the effect of tunneling on the settlement of pile foundation systems built on layered soils
was investigated. For this purpose, a square foundation with dimensions of 26+26-2m and a load of 200 kPa,
equivalent to the load of a high-story building, was applied. Table 1 lists the characteristics of the soils used
in the models, which use various sources to simulate the soil of Istanbul’s European side. Modeling is done
with finite element software called “PLAXIS 2D”. The embedded pile model was used to model the piles,
while the foundation and tunnel were represented as plates. To determine how tunneling and its position
affected the settling of the piled foundation system, two groups of piles were formed in the 11+7 formation,
each with a different diameter of 0.8, 1.2 meter and 30 meters in length and a fixed spacing of 2.4 meters.
The piles were placed 4 meters out of the plane and 1 meter from the edges. A tunnel with a 10-meter
diameter was inspected for each pile group at two different depths and in four different horizontal positions
from the center of the foundation to ascertain the impact of the tunnel position. The parameters used for
piles, foundation and tunnel are presented in Table 2, Table 3, and Table 4, respectively. Z/D and X/D ratios
indicated in Table 4 are respectively the ratio of the distance from the central axis of the tunnel to the central
axis of a pile group to the tunnel diameter and the ratio of the net distance of the pile toe and tunnel cover

to the tunnel diameter. These concepts and the model schematic are shown in Figure 1.

Table 1: Soils input parameters (DALGIC, S., TURGUT, M., KUSKU, 1., COSKUN, C., & COSGUN, T., 2009)
(Ertiirk, 2015) (REZALA, 2013) (Tezcan, S. S., Kaya, E., Bal, L. E., & Ozdemir, Z. , 2002).

.+ | 2 [ 38 | 4 [ 5 |
Formation Unit ML Limestone CH Sand CH
Thickness m 10 7.5 4 15 64
Ysat kN /m3 19.0 21.0 19.0 18.0 18.0
Yary kN /m3 16.0 19.0 16.0 16.0 16.0
Poisson’s Ratio - 0.35 0.20 0.30 0.30 0.20
Erer MPa 12 582 55 122 113
@ ° 7 35 25 40 16
c kPa 15 40 35 25 45
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Table 2: Piles input parameters.

Material type Elastic Unit
D 08,12 m
L 30 m
S 2.4 m
Lspacing 4.0 m
Unit Weight 24.0 kN/m3
Erer 2+107 kN /m?
Poisson’s Ratio 0.15 -

Table 3: Foundation input parameters.

Dimensions 26x26 m

Thickness 2.0 m
Unit Weight 24.0 kN/m?3
Erer 2x107 kN /m?

Poisson’s Ratio 0.15 -

Table 4: Tunnel input parameters

D 10 m

Thickness 0.5 m
Unit Weight 24.0 kN /m?3
Erer 2x107 kN /m?

Poisson’s Ratio 0.15 -

X/D 0,1,2,3 -

Z/D 05,1 -
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apile D=0.8m

The dimensions of the piled foundation and the tunnel s placement in relation to it.

Models

Figure 1

The combinations of the sixteen different models that were developed are shown in Figure 2
Z/D=0.5
m pile D=Im 4i
Z/D
Z/D

Models combinations.
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3. RESULTS AND DISCUSSIONS
3.1. Effect of Tunnel on The Surface Settlement

Figures 3-6 illustrate the impact of two Z /Dand four X /Dvariations on the amount of surface settlement for
various pile diameters. The graphs below show that as the tunnel gets deeper, the settlement's value
decreases with an increasing Z /D value. It can be said that the total settlement values decrease as the tunnel
is located further from the foundation center axis in the x direction. However, differential settlements might

take on greater significance. The figures show that the most crucial circumstances for each analysis are those

in which X/D= 1.

X-Direction(m)
-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10

20 30 40 S0 60 70 80 90 100

g ———

a
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Figure 3: Variation in surface settlement with respect to X/D for piles with a diameter of 0.8m and Z/D = 0.5.
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Figure 4: Variation in surface settlement with respect to X/D for piles with a diameter of 0.8m and Z/D = 1.
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Figure 5: Variation in surface settlement with respect to X/D for piles with a diameter of 1.2m and Z/D=0.5.
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Figure 6: Variation in surface settlement with respect to X/D for piles with a diameter of 1.2m and Z/D=1.

3.2. Effect of Tunnel on the Piles Settlement

In this section, the effect of tunneling on the settlement of piles is given in Figures 7 and 8, respectively, for
piles with diameters of 0.8 and 1.2 meters. It is evident that a decrease in settlements resulted from an
increase in pile diameter and Z/D ratio. Increasing the X/D value in both Z/D values causes the settlement
amount in the piles to decrease, but this decrease is greater in the piles on the left side of the foundation
axis, that is in the piles that are farther from the tunnel. Increasing the X/D value increases the amount of

differential settlement, and X/D =1 is the critical value in terms of it.
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Figure 8: Piles settlement changes for pile with d=1.2m.

3.3. Effect of Tunnel on the Piles Bending Moment

A comparison of figures 9 and 10 reveals a significant drop in moment values as the pile diameter increases.
The bending moment slightly decreases as the tunnel's horizontal location moves away from the pile. Due
to the tunnel's new location in the +x direction, the pile on the left is the one that is most impacted. It's
possible that the influence zones are too responsible. The effects are amplified when the tunnel is situated

within the influence zone. The tunnel's effect decreases with increasing distance within the influence zone.
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Figure 9: Bending moment variation in piles for d = 0.8m.
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Figure 10: Bending moment variation in piles for d = Im.

3.4. Effect of Tunnel Location on Tunnel Settlement and Axial Force
As Figure 11 illustrates, the amount of settlement in the tunnel is not significantly affected by increasing

the diameter of the pile or deepening the tunnel; instead, the amount of settlement varies when the tunnel's

horizontal position is altered and increases when it approaches the foundation.
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Figure 11: Effect of pile diameter and tunnel location on tunnel settlement.

Figure 12 shows the axial forces acting on the tunnel. The data indicates that there is no significant effect
on the amount of axial force when the pile diameter is increased or the tunnel's horizontal position is altered.

However, the axial force changes and increases as predicted when Z/D increases.
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Figure 12: Effect of pile diameter and tunnel location on tunnel axial force.
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4. CONCLUSIONS

The location of the tunnel is crucial when taking the influence zones into account. The main location
parameters, which are also the main parameters in this study, are its depth and distance from the foundation
center. The results of 16 analyses carried out in this study to investigate how tunneling and tunnel location

affected the piled foundation system's settlement are presented below:
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e [t can be stated that as the tunnel is positioned farther in the x direction from the foundation center
axis, the surface total settlement values decrease, and the differential settlements increase.

e Increasing the pile diameter and Z/D ratio led to a reduction in pile settlements.

e The amount of settlement in the piles decreases when the X/D value in both Z/D values is increased;
however, the amount of settlement decrease is larger in the piles that are farther from the tunnel, or
on the left side of the foundation axis.

e As the horizontal location of the tunnel moves away from the pile, the bending moment of the pile
slightly decreases. The tunnel's effect decreases with increasing distance within the influence zone.

e Increasing the diameter of the pile or deepening the tunnel has no appreciable effect on the amount
of tunnel settlement.

e The amount of tunnel settlement increases as the tunnel approaches the foundation and varies when
the tunnel's horizontal position is changed.

e Increasing the pile diameter or changing the horizontal position of the tunnel has no noticeable
impact on the tunnel axial force.

e  When Z/D increases, the tunnel axial force changes and increases.

e One of the main issues in metropolitan areas these days is traffic congestion. Subway and underpass
tunnels have proven to be a successful solution to these issues.

e In addition to estimating the possible deformations that may occur in the structures during the
construction stages, any deformations should be periodically monitored by taking measurements at

relevant locations inside the tunnel and on the structures using instrumental observations.
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ABSTRACT

In this study, Pb(Il) and Cd(ll) ions were determined by Fes0.@G2/Napht magnetic dendrimers using the
solid-phase extraction (SPE) method by flame atomic absorption spectrophotometer (FAAS). The
morphological and chemical properties of magnetic dendrimers were investigated using Fourier Transform
Infrared (FTIR) spectroscopy and transmission electron microscopy (TEM) techniques. The magnetic
characteristics of the ferromagnetic features of the magnetic nanocomposites were validated by vibrating
sample magnetometry (VSM). The heavy metal ion recovery was assessed via flame atomic adsorption
spectroscopy (FAAS). To ascertain the ideal adsorption system conditions, the effects of various parameters,
including pH, adsorbent dose, adsorbent time, eluent type and amount, etc., were examined. Optimum
conditions for heavy metal recovery using Fes0.@G2/Napht magnetic dendrimer were determined as pH 6.5,
1M HNO;3; and 100 mg for Pb(ll) and pH 6.5, 1 M HNO; and 100 mg for Cd(ll). The novel material of
Fe;0.@G2/Napht magnetic dendrimer for separation and pre-concentration of Pb(Il) and Cd(Il) was used to
natural water.

Keywords: Magnetic dendrimers; SPE; FAAS; Cd(ll); Pb(ll)

Alevli Atomik Absorpsiyon Spektroskopisi ile Manyetik Kat1 Faz
Ekstraksiyonu Kullamlarak Cd(II) ve Pb(II) Iyonlarinin Tayini ve
Tiirlendirilmesi

0z

Bu ¢aligmada, Pb(IT) ve Cd(Il) iyonlar1 Fes04s@G2/Napht manyetik dendrimerler ile kati faz ekstraksiyon
(SPE) yontemi kullanilarak alevli atomik absorpsiyon spektrofotometresi (AAS) ile tayin edilmistir. Manyetik
dendrimerlerin morfolojik ve kimyasal 6zellikleri Fourier Transform Infrared (FTIR) spektroskopisi ve
transmisyon elektron mikroskobu (TEM) teknikleri kullanilarak incelenmistir. Manyetik nanokompozitlerin
ferromanyetik oOzelliklerinin manyetik karakteristikleri titresimli numune manyetometrisi (VSM) ile
dogrulanmistir. Agir metal iyonlarinin geri kazanimi alevli atomik adsorpsiyon spektroskopisi (AAS) ile
degerlendirilmistir. Ideal adsorpsiyon sistemi kosullarini belirlemek i¢in pH, adsorban dozu, adsorban siiresi,
eluent tiiri ve miktar1 gibi ¢esitli parametrelerin etkileri incelenmistir. FesO.@G2/Napht manyetik dendrimer
kullanilarak agir metal geri kazanimi igin optimum kosullar Pb(II) igin pH 6,5, 1M HNO; ve 100 mg, Cd(Il)
icin pH 6,5, 1 M HNO3 ve 100 mg olarak belirlenmistir. Pb(Il) ve Cd(II)'nin ayrilmasi ve 6n konsantrasyonu
i¢in Fe30.@G2/Napht manyetik dendrimerden olusan yeni malzeme dogal suda kullanilmistir.
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1. INTRODUCTION

Wastewater contains a large number of toxic heavy metal ions that are extremely harmful to human health.
Since it's a useful tool for identifying and tracking harmful compounds in environmental samples, scientists
frequently find that determining trace amounts of heavy metals is a significant task. Cadmium is one of the
heavy metals in the environment that requires close monitoring due to its sharp rise in concentrations. Being
a known carcinogen, lead is among the most hazardous substances to human health. [1-6]. When they build
up in different tissues, trace amounts of the metals cadmium and lead can negatively affect the
gastrointestinal system, the heart, the blood, the kidneys, and the reproductive system in humans and other
living things [7]. Analytical techniques for heavy metal analysis have been developed, including
electrothermal atomic absorption spectrometry (ETAAS) [8], flame atomic absorption spectrometry (FAAS)
[9-12], inductively coupled plasma-mass spectrometry (ICP-MS) [13-14], and inductively coupled plasma
optical emission spectrometry (ICP-OES) [8,14]. Comparing these techniques, it is discovered that FAAS is
the analytical technique that is most frequently employed due to its broad linear range, affordability, high
accuracy, selectivity, low detection limit, speed, precision, and sensitivity [15]. Nevertheless, because the
low detection levels in the materials under examination might exceed the FAAS instrument's detection limit,
interference effects from complex matrices could preclude direct heavy metal analysis by this instrument
during the analysis of trace heavy metal ions. Thus, before analyzing trace heavy metals using FAAS, a
highly accurate and sensitive separation and enrichment technique must be developed.

There are several methods for extracting and preconcentrating heavy metals from natural matrices, such as
ion exchange [16], co-precipitation [17], coagulation [18], chemical precipitation, cloud point extraction
[19], and liquid-liquid extraction (LLE) [19], reverse osmosis [20], membrane filtration [21], coagulation
[18], co-precipitation [17], electrochemical precipitation [22] and SPE have been developed. Among the
mentioned methods, SPE is the most widely used method for the pre-concentration of heavy metal ions from
environmental samples due to its ease, speed, low cost, and minimal reagent consumption [23].
Dendrimers are one of the materials used as adsorbents in SPE. Dendrimers are good candidates for surface
modifications of metal nanoparticles because they can act as structurally and chemically well-defined
templates that provide good stabilization. The dendrimer cavities are suitable for transferring the molecules
or nanoparticles to any medium [24,25]. The non-covalent interaction between guest and host is effective
in such a transfer. By imparting magnetic properties to dendrimers, it is possible to easily remove them from
the solution medium [26-28].

In our work, new Fe;O, core magnetic dendrimers were synthesized for the enrichment of Cd (Il) and

Pb(11), and their structures were characterized by various spectroscopic methods such as FTIR, TEM, and

VSM [29-32] (Scheme 1). The applications of adsorbents based on magnetic dendrimer-based

nanostructures that we use have unique properties in SPE techniques. Optimum parameters such as pH, eluent
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type and concentration, amount of adsorbent, and time, which are important in the enrichment process
for SPE of Cd(Il) and Pb(ll) were determined by flame atomic absorption spectroscopy and optimum
conditions were applied to real samples.

NH; TEOS APTES
FeCl, + FeCl; —» O —_— —_— NH
H,0 2

NH;/EtOH EtOH
Fe;04 MNp Fe;0,@Si0, Fe;0,@Si0,-NH,
NH,
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HNT T2 ~ NN /jNH
/\COOMe @
N/\/NHz i ///‘L N\ NH,
—>
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HN’\—/

Fe;0,@G2/Napht

Scheme 1: Synthesis of Fe;04, Fes0,@Si0;, Fes0,@G1, Fes0,@G2 and Fe;0,@G2/Napht
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2. Materials and Methods

2.1. Synthesis of magnetic FesO4s@G2/Napht magnetic dendrimers

Synthesis of Fe3O4, Fes04@SiO;, Fes0.@G1 and Fes0.@G2 nanoparticles were synthesized by Kurnaz
Yetim et al., as shown in Scheme 1 [29-32]. To synthesized Fe;0,@G2/Napht;7.5 g Fe;0,@G2 and 15 g
2-hydroxy-1-naphtaldehyde in 125 mL dry ethanol dispersed for 30 min. Then, the mixture was heated
under reflux for 24 h. The final compound was collected from solution using a magnet and the compound

washed with ethanol twice. The final product was dried in a vacuum oven 40 °C for 24 h (Scheme 1).

2.2. Magnetic solid-phase extraction methodology

50 mg MNPs, 10 mL ultrapure water, 0.25 mL (50 ppm) Pb(Il) metal ion solution and 1 mL pH:6 buffer
were added into 50 mL test tubes. The total volume was made upto 25 mL with ultrapure water. The samples
were then kept in an ultrasonic bath for 10 minutes and centrifuged at 9000 rpm for 10 min. The liquid phase
was saved for analysis and 5 mL of the selected acid solution was added to the solid-phase. The samples
were first kept in an ultrasonic bath for 10 min and then centrifuged at 9000 rpm for 10 min. The
concentration of metal ions remaining in the liquid phase was analyzed by FAAS. In the eluent type
optimization step, 0.1-3 M HNO; and 1 M HCI acid solutions were used. In pH optimization, pH 5-8 values
were used. The buffers used were pH:5.0 (NaH;PO4/H3PO.); pH: 6 (Na;HPO4/NaH,PO.); pH: 7.0-8.0
(NaH;PO4/Na;HPO.). In adsorbent amount optimization, 50-200 mg Fe;04@G2/Napht was used. In eluent
volume optimization, 5-30 mL of ultrapure water was used. Finally, the optimum time was studied by

keeping the samples in an ultrasonic bath for 5-60 min [33,34].
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3. Result and Discussion

3.1.  Characterization of magnetic dendrimers

The results of FTIR, XRD, TGA, VSM and different elemental analysis methods of Fes0.@G2 magnetic
dendrimer were presented in our previous studies [29,30]. In this study, the characterization of
Fes0.@G2/Napht nanocomposites was discussed. Figure 1 presents the FTIR spectrum of Fe;0.@G2/Napht
nanocomposites. When the FTIR spectrum for FesO, MNP was analyzed, the bands observed at about 583 and
456 cm™ were predicted to belong to the intrinsic stress vibrations of the metal in the tetrahedral region
(Fetetra—~0) and octahedral region (Feocta<~O) [35]. In the FTIR spectrum of Fes0.@G2 dendrimer, the band
at 1524 cm* was attributed to N-H groups in PAMAM dendrimer and the broad absorption band at 3300 cm™
was attributed to O-H stretching vibration of hydroxy group at Fes0,@G2/Napht and 3073 cm™ peak is belong
to aromatic C-H at Napht. The bands at 2933 and 2887 cm™ were attributed to C-H symmetric and asymmetric

stretching vibrations of alkane groups, respectively [29].
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Figure 1: FTIR spectrume of Fe304, Fes0,@G2 and Fe;0.@G2/Napht magnetic nanoparticles

TEM images of Fe;04, Fes0.@G2 and FesO,@G2/Napht magnetic nanoparticles are presented in Figure 2.
When TEM images of FesOs magnetic nanoparticles are examined, it is seen that iron nanoparticles are
nanosized. Due to their high magnetic properties, the particles are found together. It is clearly seen from the
TEM image that the magnetic nanoparticles coated with PAMAM dendrimers have a typical core-shell structure
(magnetic core is dark and silica shell is light) (Figure 2b). As seen in the TEM images, it was discovered that

the size of the magnetic particles increased as the coating process progressed.
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Figure 2: TEM images of Fes04 (a), FesO4s@G2 (b) and Fes04.@G2/Napht (c)

The magnetization curves of Fe;04, Fe;0.@G2 and Fe;O,@G2/Napht magnetic nanoparticles are presented in
Figure 3. When the magnetization curve of FesO4 nanoparticles was examined, it was determined that their
saturated magnetization value was 63.7 emu/g. The saturated magnetization value of Fe;0.@G2 dendrimer
obtained by attaching PAMAM dendrimers to MNPs was found to be 34.7 emu/g, while the saturated
magnetization value of Fe;O,@G2/Napht magnetic nanoparticle obtained by attaching 2-hydroxy-1-
naphtaldehyde to magnetic dendrimers was 10.8 emu/g.
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Figure 3: Hysteresis curves of Fe3O4, Fes0,@G2 and FesO.@G2/Napht magnetic nanoparticles

3.2. Removal of heavy metals (Cd(I1), Pb(I1))
3.2.1. Effect of pH

In adsorption-separation investigations, the main factor examined is the impact of pH on the recovery of
analyte ions. In order for trace amounts of heavy metal ions to be adsorbed onto the freshly manufactured
adsorbent, pH optimization is essential. Direct effects on the solubility and chemical forms of metal ions are
caused by the solution's acidity or alkalinity. In an acidic environment, metal ions usually exist as free,
hydrated species, but they can also precipitate form hydroxide complexes or in a basic solution. In order to
find the ideal pH, we created model solutions and used buffer solutions to investigate the pH range of 5 to
8. The results of three parallel runs were averaged to determine recovery values. Figure 4 displays the pH

and recovery values. Pb(ll) and Cd(Il) were both guantitatively recovered at pH 6.5.
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Figure 4: Effect of pH on recovery values
3.2.2.Eluent Type and Concentration

The kind and concentration of the eluent is another important factor affecting the recovery outcomes. The
properties of the analytes, the solid-phase material, the intended analytical method, and the eluent's capacity to
efficiently release the target analytes from the solid-phase while minimizing interference from other sample
components are all taken into consideration when selecting the elution solution in SPE. When choosing the
eluent, factors including selectivity, solubility, and compatibility with downstream analysis procedures should
be taken into account.

Different concentrations of HNO3 (0.1-3.0 mol L™?) and 1 M HCI acid solution were used for the elution of
trace amounts of Pb(Il) and Cd(Il) adsorbed on magnetic dendrimers. The results are given in Figure 5. In the
graph; the best recovery of Pb(Il) metal ion was found to be in 1 M HNOj3 with 98.27 % efficiency, while the
best recovery of Cd(ll) metal ion was found to be in 1 M HNO3 with 91.35 % efficiency and these eluents were

used in all subsequent studies.
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3.2.3. The Effect of Magnetic Dendrimer Amount

Different amounts of magnetic dendrimer used as adsorbent for the recovery of lead and cadmium were
investigated. When choosing the ideal amount of adsorbent for SPE, a number of factors must be taken into
account, including the analyte's concentration, volume of sample, capacity and properties. To determine the
ideal ratio between maximizing adsorption and minimizing adsorbent waste, optimization experiments are also
required. The amount of adsorbent was tested in the range of 25-200 mg and the results are given in Figure 6.
According to the results obtained, all amounts used gave quantitative recoveries of Pb(Il) and Cd(ll). Figure 6
shows that the best recovery of Pb(ll) metal ion was determined at 100 mg adsorbent with 99.58 % efficiency,

while the best recovery of Cd(Il) metal ion was determined at 100 mg adsorbent with 95.85 % efficiency.
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Figure 6: Effect of magnetic nanoparticles on recovery values

3.2.4. The Effect of Solution Volume

Solution volume optimizations were performed to obtain the best recovery values with minimum solution
volume. The effect of sample volume on Pb(I1) and Cd(I1) recoveries on magnetic dendrimers was investigated
in the range of 5-30 mL sample volume. Figure 7 shows that the best recovery of Pb(Il) was found to be at 10
mL with 99.9 % efficiency and for Cd(ll) at 10 mL with 95.73 % efficiency.
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Figure 7: Effect of sample volume on recovery values

3.2.5. Effect of Extraction Time

The characteristics of the analytes, the solid phase, and the makeup of the sample matrix all affect how long
the adsorption process takes to complete and how many analytes are absorbed by the solid phase. For the
adsorption of analyte ions onto magnetic dendrimers, stirring in an ultrasonic bath was applied. The effect of
sonication time on Cd(ll) and Pb(ll) recovery was investigated in the range of 5-60 min and presented in
Figure 8. As shown in Figure 8, 10 min was sufficient for the recoveries. 10 min was determined as the
optimum time for extraction as there was no further increase in recoveries at the end of the min. During this
time, the best Pb(ll) metal ion recovery was realized with 99.8 % vyield, while for Cd(Il) 96.8 % yield was

observed.
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3.2.6. Effect of foreign ions on recovery
The interference of foreign ions is a major problem in the detection of trace levels of certain analytes. In this
study, the effect of matrix ions of real samples on the recovery of Pb(Il) and Cd(Il) in wastewater by magnetic

dendrimers was investigated and given in Table 1.

Table 1. Effect of other ions on the recovery efficiency of Pb and Cd ions (matrix)

lons Added as Concentration (mg/L) Recovery for Ph, % Recovery for Cd, %
K* KCl 1000 99.9+0.1 98.9+ 0.6

Na* NaCl 100 102+3 98.4+0.2

Ca®  cacl, 25 100 +3 98.8 % 0.9

Mg*  Mg(NOs). 5 1022 100 +3

Zn*  Zn(NOs)..6H,0 5 99.3 + 4 99.2+0.6

Cu®*  Cu(NOs) 5 103 +3 98.9+0.9

MR Mn(NOs). 5 99.2+0.9 97.8+0.5

Cr¥*  Zn(N03)..6H:0 1 98.9+0.5 98.5+0.3

Fes* Fe(NO3)39H,0 5 99.3+2 99.2+0.2
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No interference effect of the ions given in Table 1 was observed in the model solutions containing 0.5 mg/L
Pb? and Cd*" ions. In addition, optimum conditions were applied to real samples and verified by standard
addition method.

Table 2. Aplication of the method for water samples using standard addition method.

Pb (1) Cd (1)
Sample Added, Found mg/L  Recovery % Added, Found Recovery %
mg/L mg/L mg/L

Tap water 0 ND - 0 ND -

0.5 0.48 + 0.009 95 0.5 0.49 +0.006 98

1.0 0.98 £ 0.006 98 1.0 0.99 + 0.006 99
River water 0 ND - 0 ND -

0.5 0.48+0.011 96 0.5 0.51 £0.006 101

1.0 0.98 £0.007 98 1.0 0.99+ 0.006 99

With the method applied to tap water and river water samples as real samples, 4-fold and 1.5-fold enrichment
was achieved in Pb(ll) and Cd(ll) ions, respectively. We suggest that the used magnetic nanomaterial will

contribute to the waste removal procedure in battery factories where lead metal is used intensively.

4. CONCLUSION

A new magnetic adsorbent, Fe;0.@G2/Napht nanoparticle, was synthesized and characterized. The optimum
conditions for pH, eluent type, sonication time, etc. which are important parameters in solid-phase extraction
for Pb (1) and Cd (1) were determined with the synthesized magnetic nanoparticle. An effective, fast, and easy
solid-phase extraction and precipitation process was carried out to separate and enrich Pb and Cd in natural
water samples and analyzed by FAAS. Maximum recovery of 99.8% and 96.8% was achieved for magnetic
nanoparticles Pb (I1) and Cd (1), respectively. It can be suggested that our study is much more effective in lead

recovery and can be used for recovery in wastewater.
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Bu calismada, Kiitahya Dumlupmar Universitesi Tavsanli Yerleskesinde kurulumu onerilen 200 kWp
kurulu giictindeki fotovoltaik bir santralin tasarimi, performans: ve ekonomik analizleri PVsyst V 6.8.8
simiilasyon yazilimi ile gerceklestirilmistir. PVsyst simiilasyon yazilimindan elde edilen yillik kayip
diyagraminda, santralin kurulacagi konumda yatay diizlemdeki kiiresel 1s1ntm miktar1 y1llik 1494 kWh/m?
olarak hesaplanmistir. Tasarimi yapilan bu sistemde, verimi % 18,48 olan giines panelleri 36°’lik egim ve
0%lik azimuth agisiyla giineye bakacak sekilde konumlandirildiklarindan panel yiizeyine gelen 1sima
miktart % 12,5 oraninda artmaktadir. Sisteme ait % 7,85 dize, % 2,37 inverter kayiplar1 dikkate alindiginda,
santralden yilda 291,1 MWh enerjinin sebekeye verilecegi diisliniilmektedir. PVsyst yazilimi ile
gerceklestirilen ekonomik analizlerde santralin ilk yatirim maliyeti 231.864,0 $. YEKDEM’in 10 y1l siire
ile sabit alim garantili fiyat1 olan 0,133 $/kWh tarifesinden alim garantisi sonunda % 40 lik azalma ile
sebekeye satilan enerjiden 681.978 $ gelir elde edilecegi hesaplanmistir. Ekonomik analizin bilango
hesabinda, 2034 yilindaki 237.378,0 $ kazanciyla, tesisin kurulum maliyeti 10,2 yilda geri 6deme siiresine
ulagmustir. Santralin kullanim 6mrii boyunca net kar1 88.272,67 $, yapilacak yatirimin getiri orani ise %
38,1 olarak hesaplanmistir. Calisma, giines enerjisi santrali tasarimi ile ilgilenen arastirmacilara ulasmayi
amaglamakta, giines enerjisi santrali tasarimina iligkin olarak cografi konum, bilesen se¢imi, boyutlandirma,
yerlestirme, gélgeleme analizi, performans ve ekonomik degerlendirmeler i¢in bir yontem sunmaktadir.
Calismanin, Tavsanli Yerleskesine gelecekte yapilmasi planlanan giines enerjisi santralinin kurulumuna
katki saglayacag diigiiniilmektedir.

Anahtar Kelimeler: Sebeke bagli PV sistem; PVsyst; Simiilasyon; Performans orani; Ekonomik analiz

The Design and Economic Analysis of the Grid-Connected Solar Powerplant
in Kiitahya Dumlupinar University Tavsanh Campus Using PVSYST
Simulationtool

ABSTRACT

In this study, the design, performance and economic analysis of a 200 kWp photovoltaic power plant
proposed to be installed in Tavsanli Campus of Kiitahya Dumlupinar University were carried out with
PVsyst V 6.8.8 simulation software. In the annual loss diagram obtained from the PVsyst simulation
software, the amount of global radiation in the horizontal plane at the location where the power plant will
be installed has been calculated as 1494 kWh/m? per year. In this designed system, since the solar panels

* Sorumlu Yazar: Abtullah TUGCU 397
abtullah.tugcu@dpu.edu.tr


https://orcid.org/0000-0001-7911-4198

Kirklareli Universitesi Kirklareli University

Miihendislik ve Fen Bilimleri Dergisi Journal of Engineering and Science
Cilt 9, Say1 2, 397-417, 2023 Volume 9, Issue 2, 397-417, 2023
Arastirma Makalesi DOI: 10.34186/klujes.1251085

with an efficiency of 18.48% are positioned facing south with an inclination of 36° and an azimuth angle of
0°, the amount of radiation reaching the panel surface increases by 12.5%. Considering 7.85% string losses
and 2.37% inverter losses of the system, it is thought that 291.1 MWh of energy will be supplied to the grid
per year from the power plant. In the economic analyses carried out with the PVsyst software, the initial
investment cost of the power plant is $231,864.0. It has been calculated that an income of $681,978 will be
generated from the energy sold to the grid with a 40% reduction at the end of the purchase guarantee from
YEKDEM's $0.133/kWh tariff, which is a fixed purchase guaranteed price for a period of 10 years. In the
balance sheet account of the economic analysis, the installation cost of the facility with a gain of $237,378.0
in 2034 reached a payback period of 10.2 years. The net profit of the power plant during its lifetime was
calculated as $88,272.67 and the rate of return on the investment to be made was calculated as 38.1%. The
study aims to reach researchers interested in solar power plant design and provides a method for
geographical location, component selection, sizing, placement, shading analysis, performance and economic
evaluations related to solar power plant design. It is thought that the study will contribute to the installation
of the solar power plant planned to be built in Tavsanli Campus in the future.
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1. GIRIS

Gelisen teknolojiye paralel olarak kiiresel diizeyde karsilasilan en 6nemli sorunlar enerji kaynaklariin
yetersizligi ve fosil yakitlarin neden oldugu ¢evre kirliligidir. Enerji tiiketimi ve {iretiminin artmastyla
birlikte kirlilik de arttigindan, enerji ve ¢evre sorunlarmin ¢dziilmesi zorunlu hale gelmektedir. Bu
baglamda, ¢evre dostu ve siirdiiriilebilir enerji kaynaklarmin kullanimina acilen ihtiya¢ duyulmaktadir. Bu
nedenle giines, riizgar ve jeotermal gibi yenilenebilir enerji kaynaklar1 daha popiiler hale gelmis ve daha

cazip bir ¢6ziim olarak goriilmeye baslanmistir [1].

Ulkemizde yenilenebilir enerji kaynagimin degerlendirilmesi adina Enerji ve Tabii Kaynaklar Bakanliginca
yapilan calismalar son donemde hiz kazanmistir. Bu c¢alismalar sayesinde giines enerjisinden elektrik
iretimi ile ilgili pek ¢ok arastirma yapilmakta ve giines enerjisinden elektrik iiretimi her gegen giin
artmaktadir. Glines enerjisinden elektrik iiretimi i¢in birden fazla metot bulunmasina ragmen genel anlamda
egilim, giinesten gelen 15181n dogrudan elektrige doniistiiriildiigii fotovoltaik sistemlere odaklanmustir.
Gilines enerjisinden etkin bir sekilde faydalanma konusundaki ¢aligmalar 1970'li yillardan sonra hiz
kazanmis, giines enerjisi sistemleri teknolojik anlamda ilerleme kat etmis ve maliyet bakimindan azalma
egilimi gdstermis, cevre agisindan da temiz bir enerji kaynagi olarak kendini kabul ettirmistir. Ozellikle
temiz bir enerji kaynagi olmasi ve kurulumdan sonra diisiik maliyetle ¢aligmasi giines enerjisinin énemini

her gecen giin arttirmaktadir [2].

Giines enerjisinin kullanimu ile ilgili plan ve programlar yapmadan 6nce bu kaynagin potansiyelinin tam
olarak kesfedilmesi gerekmektedir. Bu nedenle de kamu kurumlar1 ve iiniversiteler giines potansiyelini
Olemek ve bu kaynakla ilgili aragtirma projeleri yapmak igin ¢aba sarf etmektedir. Ancak Tiirkiye’de giines

enerjisinin degerlendirilmesi konusunda daha fazla ¢alismaya ihtiyag vardir.

Bu ¢alismada, Kiitahya Dumlupinar Universitesi Tavsanli Yerleskesinde kurulumunu énerdigimiz 200 kWp
kurulu giice sahip giines enerjisi santralinin performans oraninin ve sistemde meydana gelebilecek kayip
miktarlarini belirlemek i¢in PVsyst yazilim programiyla sebekeye bagl fotovoltaik sistemin modellemesi

ve simiilasyonu yapilmistir. Caligmada ayrica tasarimi yapilan santralin ekonomik analizi de incelenmistir.
1.1. Tiirkiye’nin giines enerjisi potansiyeli

Ulkemiz 36°- 42° kuzey enlemleri ve 26°- 45° dogu boylamlarindaki cografi konumu ile Akdeniz giines
kusagi icerisinde yer alir. Sekil 1°de Giines Enerjisi Potansiyeli Atlasi (GEPA) goriilmektedir.
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Sekil 1°deki yillik giineslenme oranlar1 incelendiginde, ortalama yillik toplam gilineslenme siiresinin
2741,07 saat/yil (giinliik toplam 7,5 saat/giin), ortalama yillik toplam 1ginim siddetinin 1527,46 kWh/m?-
yil, ortalama giinliik toplam 1ginim siddetinin ise 4,18 kWh/m?-giin oldugu goriilmektedir [3].

Toplam Giines
Radyasyonu

KWhim> yil

I 1400 - 1450
[ 1450- 1500
[ 1500-1550
[ 1550- 1600
] 1600- 1650
[ 1650 - 1700
I 1700- 1750
Il 1750 - 1800

T 1500 - 2000

Sekil 1: Tirkiye giines enerjisi potansiyeli haritasi [3].

2022 yili Ekim ay1 TEIAS raporuna gore, iilkemizde iiretilen toplam enerjiye ait kurulu giic miktari
103,275.8 MW olarak goriilmektedir. Sekil 2 incelendiginde tiretilen toplam enerjinin 9120.4 MW’1, 9203
adet giines santrali kullamilarak elde edilmistir. TEIAS’inin aylik olarak hazirladigi bu raporlar
incelendiginde 2020 yili sonu itibariyle giines enerjisinden iiretilen toplam enerji 6667.4 MW iken, 2022
yil1 Ekim ayinda bu deger 9120.4 MW’a yiikselmis, yeni kurulan ve devreye alinan giines santralleri ile

iiretilen enerji miktar1 her gegen giin artmaktadir [4].

TASKOMOR; Asfaltit
NAFTA; 4,7 K&miir; 405,0
Motorin; 1,0 ATIK ISI; 391,8
LNG; 2,0
JEOTERMAL;
1.686,3
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251,9

Sekil 2: Ekim 2022 Tiirkiye’de kurulu gii¢ dagilimi [4].
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1.2. Kiitahya ili giines enerjisi potansiyeli
Sekil 3’ten goriildiigii gibi Tavsanli ilgesinin yillik 1s1nim miktar1, 1450-1550 kWh/ m? dir. Tiirkiye toplam
giines radyasyonu ortalamasi ise 1527,46 kWh/ m?yil’dir. Bu bilgiler 1s18inda, Tavsanl ilgesinin giines

enerjisi sektortindeki yatirimlar i¢in uygun oldugu diisiiniilmektedir.

Toplam Giineg
Radyasyonu

KWhimZyil

I 1400 - 1450
[ 1450-1500
[ 1500-1550
[ 1550 - 1600
[ 16001650
[ 16501700
I 1700-1750
Il 1750 - 1800

I 18 - 2000

Sekil 3: Kiitahya ili toplam giines radyasyonu haritasi [5].

flgesinin global radyasyon degeri (kWh/m?-giin) ve giineslenme siireleri (saat) sirasiyla Sekil 4.a ve Sekil
4.b’de goriilmektedir [5].
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Sekil 4: (a) Tavsanli ilgesi Global Radyasyon Degerleri(kWh/m?-giin), (b) Giineslenme siireleri (saat) [5].
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2. LITERATUR ARASTIRMASI

Yapilan literatiir arastirmasinda, fotovoltaik giines santralleri {izerine pek c¢ok galigmanin oldugu ve

caligmalar genel olarak incelendiginde fotovoltaik sistemlerin, PVSOL, PVGIS, PVsyst, Retscreen, Homer,

v.b simiilasyon araclartyla tasarlanip modellendigi, sistem performansi ve ekonomik analizlerin yapildigi

gOriilmiigtiir.

Haydaroglu ve Giimiis (2016) ¢alismalarinda, Dicle Universitesinde kurulumu gergeklestirilen 250 kWp’lik
giines enerji santralinin simiilayonu, PVsyst V6.39 simiilasyon programi ile yapmislar ve IEC 61724
standardinda belirtilen performans kriterlerine uygun olarak santralin performansini analiz etmislerdir.
Calismalarinda santrale ait Aralik 2015 ile Nisan 2016 donemi arasindaki iiretim degerlerini simiilasyon

sonuglari ile karsilastirmiglardir [6]

Srivastava ve Giri (2017) calismalarinda, Hindistan’nin Gorakhpur sehrindeki Madan Mohan Malaviya
Teknoloji Universitesi icin sebekeye bagh bir fotovoltaik sistemi, PVsyst yazilimi kullanilarak
tasarlanmiglardir. Simiilasyondan, yil boyunca {iniversiteye elektrik saglayabilen fotovoltaik sistemin
optimal boyutlandirilmasini gergeklestirmisler bu baglamda sistem i¢in 2000 adet PV modiil ve sebekeye
bagli 10 adet inverter kullaniminin, tasarimi yapilan sistem yiikil i¢in en uygun ¢6ziim oldugunu tespit

etmiglerdir. Sistemden sebekeye yillik yaklagik 901,4 MWh elektrik saglanacagini belirtmektedirler [7].

Kumar ve dig. (2017) ¢alismalarinda, Bir egitim kurumunun elektrik ihtiyacini saglamak i¢in 100 kWp
kurulu giicine sahip sebekeye bagli Si-poli fotovoltaik sistemi, PVsyst V6.52 simiilasyon programini

kullanarak tasarlamiglar ve sistemin performans analizini ger¢eklestirmislerdir. Simiilasyonunu yaptiklar

sistemde her biri 310 Wp giiciindeki Si-poli PV panellerden 323 adet kullanmuslardir. Fotovoltaik
modiillerin yerlesimi, 17 sira halinde diizenlenmis ve her bir sirada seri olarak baglanan 19 modiilden
olusturulmustur. Her biri 20 kW'lik 4 adet inverter, bir sebeke sayaci araciligiyla sebekeye baglanmak i¢in
kullanilmigtir.  Yapilan analizler sonucunda 100 kWp kurulu giice sahip sistemden yillik 165,38 MWh
enerjinin tretilebilecegini, sistemin performans oraninin % 80 civarinda oldugunu ve sistem verimi yani

faydali enerji tiretiminin 4,42 kWh/kWp/ giin oldugunu hesaplamislardir [8].

Ozcan ve Ersdz (2019) c¢aligmalarinda, Tiirkiye'nin giines enerjisi potansiyelinin degerlendirilmesine
yonelik fotovoltaik sistemin uygulanmasini karsilastirmali olarak sunmuslardir. Uygulama asamasinda,
belirlenmis bir alan i¢in PV sistem boyutlandirmasi yapilmistir. Bu alan 5 alt iiretim alanindan olugmakta
ve 180.330 m?’lik bir alan1 kaplamaktadir. Fotovoltaik sistemin toplam nominal kurulu giicii 8865 MW'dir.
Sistemde kullanilan ekipmanlarin ve ¢alistirilan personel sayilarinin ayni olmasi kosuluyla sistemin tiretimi
ve finansal performansi, istanbul, Izmir ve Ankara sehirleri igin karsilastirilnustir. Bolgelerin yillik giines

radyasyonu verileri ve ilgili optimum giines paneli agilari, PVsyst programindan sentetik olarak iiretilmis
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ve sistemin belirtilen sehirleri igin GEPA verileri ve yillik iiretim hesaplamalar1 yapilmistir. Uretilen enerji

miktarlan sirasiyla 11366 MWh/yil, 13606 MWh/yil ve 12655 MWh/yil, iiretim performans oranlar

sirastyla % 83, % 83 ve % 84,4 diir. Calismanin finansal analiz bdliimiinde, ti¢ farkli sehir i¢in yatirim

getirileri sirastyla 36 658 251 TL, 74 281 210 TL ve 69 840 678 TL ve proje Geri Odeme Siireleri sirastyla
13,6 y1l, 7,03 y1l ve 6,7 yil olarak hesaplanmistir [9].

Rawat ve dig. (2019) galigmalarinda, 5,63 kWh/m?lik yillik ortalama giines radyasyonu miktarina sahip

olan Hindistan’in Gwalior sehrinde 30,5 kWp’lik kurulu giice sahip cat1 {istii giines santralinin tasarimi ve

performans1 PVsyst simiilasyon programiyla analiz edilmistir. Mevcut ¢alismada 30,5 kWp kurulu giice

sahip sistemden yillik yaklagik 55,670 MWh enerji iiretiminin yapilabilecegi ve sistemin performans

oraninin % 87 oldugu vurgulanmaktadir [10].

Ramadan ve Elistratov (2019) ¢alismalarinda, Suriye’de 300 kW'lik sebekeye bagl bir giines fotovoltaik

(PV) santralinin kurulumu i¢in tekno-ekonomik fizibilite analizi yapmislardir. PVsyst yazilimi kullanilarak

santralin teknik performans analizi, sistem konfiglirasyonu, ayrintili kayip degerleri ve enerji verim

simiilasyonu yapilmistir. Simiilasyon sonuglari, PV modiillerinin optimum egim agisinin 25°, enerji

iretiminin 493 MWh/yil, yillik ortalama performans oraninin % 79,9 ve kapasite faktoriinin % 18,7

oldugunu gostermektedir. Yazarlar ayrica, Suriye'de kisi basina diisen elektrik enerjisi tiiketiminin 2232

kWh/y1l oldugu dikkate alindiginda, 6nerilen 493 MWh/y1l kapasiteli glines enerjisi santralinden 220 kisi/y1l

enerji ihtiyacinin saglanabilecegini, yaklagik 42,4 ton petrol esdegeri tasarrufun yapilabilecegini ve yilda

yaklasik 320,45 tCO2 emisyonunun azaltilabilecegini belirtmektedirler. Onerilen FV santralin ekonomik

degerlendirmesinde iskonto oraninin % 9, proje dmriiniin 25 yil ve elektrigin Suriye elektrik dagitim

kurulusuna satig fiyatimin 0,119 $/kWh oldugu dikkate alinarak yapilmistir. Ekonomik hesaplamalarin

sonuglari, elektrigin {iretim maliyetinin 0,094 $/kWh, iskonto edilmis geri 6deme siiresinin yaklasik 11 yil,

i¢ verim oraninin % 14, karlilik endeksinin 1,46 ve net bugilinkii degerinin 190587,3 $ oldugunu

gostermektedir. Sonug olarak yazarlar, dnerilen sebekeye bagli PV giines enerjisi santralinin Suriye’de

ekonomik, teknik ve ¢evresel olarak uygulanabilir oldugunu diistinmektedirler [11].

Demiryiirek ve dig. (2020) ¢alisilmalarinda, 200 kWp kurulu giice sahip, Lebit Enerji giines santraline ait

bilgileri, PVsyst V6.67-TRIAL programina aktarilmislar ve gergek iiretim degerleri ile simiilasyondan elde

ettikleri iiretim degerlerini karsilagtirilmiglardir. Simiilasyondan elde ettikleri rapor ile sisteme ait kayiplar

analiz etmislerdir. Yaptiklar1 ¢alismada, simiilasyondan elde ettikleri tiretim degerleri ile gercek tiretim

degerleri arasinda % 0.56’lik bir fark oldugunu gérmiislerdir. Elde edilen bu degerin, kurulum agamasinda

olan PV sistemleri i¢in, olusturulan fizibilite ¢aligmalarina 6nemli bir katki saglayabilecegi gibi, kurulumu
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gerceklestirilmis olan PV sistemlerinde verimli hale getirilebilmesi igin, gerceklestirilecek revizyon

caligmalarina 151k tutabilecegini belirtmektedirler [12].

Al-Shagea ve dig. (2021) ¢alismalarinda, Kocaeli Universitesi Teknoloji Fakiiltesinin ¢atisinda bulunan 5,1

kW’lik kurulu giice sahip sistemin gercek iiretim degerleri ile PVsol, PVsyst ve GEPA programlarindan

elde ettikleri tahmini iiretim degerlerini kiyaslamiglardir. 2018-2019 yillar1 arasinda, sistemin tahmini

tiretim performanslarini, PVsyst’a gére % 87,5-% 91, GEPA’ya gore % 96,6-% 100 ve PVsol verilerine

gore ise % 97,3-% 98,1 araliginda gerceklestigini hesaplamiglardir [13].

Akinsipe ve dig. (2021) ¢alismalarinda, Nijerya'nin Jos kentinde sebekeden bagimsiz elektrik iiretimi igin

PV sistemin uygulanabilirligini incelemislerdir. Jos kentinde (9.90N, 8.90E,) koordinatlarindaki bir konutun

elektrik tiiketimini karsilamak icin sebekeden bagimsiz bir PV sistemi tasarlamak ve analiz etmek igin

matematiksel bir modelleme yontemi benimsemislerdir. Matematiksel modelleme yaklasimini uygulanarak

yaptiklari calismada, her biri 275 Wp'lik 10 adet PV modiiliiniin ve 100 Ah'lik 5 adet pilin her birinin yillik

yaklasik 3132 kWh elektrik tiiketimini karsilayabilecegini gostermiglerdir. Calismada ayrica, yasam

dongiisti maliyet (LCC) analizi kullanilarak gergeklestirdikleri ekonomik analizde, yasam dongiisii

maliyetinin (LCC), yillik yasam dongiisii maliyetinin (ALCC) ve elektrik maliyetinin (COE) sirastyla

10.110,85 $/kWh, 593.75 $/kWh ve 0.18 $/kWh oldugunu belirlemislerdir. Bu modellemenin sonuglari ile

elektrik tretimi i¢in sebekeden bagimsiz PV sisteminin hem teknik hem de ekonomik olarak

uygulanabilirligini gostermislerdir [14].

Etci ve Bilhan (2021) ¢alismalarinda, PVsyst ile Konya ilinde sabit ve ¢ift eksenli giines takip sistemlerinin

modellenmesini yapmuglardir. PVsyst programi ile sabit veya ¢ift eksenli giines takip sistemlerinin

kullanilmasi halinde Konya ilinin giines enerjisi potansiyeline ait analizleri yapilmiglardir. PVsyst programi

ile farkl: tiplerdeki giines takip sistemlerinin analizlerini karsilastirilmislardir [15].

Cura ve dig. (2022) ¢alismalarinda, Yunanistan'in Kastoria kentinde 500 kW kurulu giice sahip, yere monte
edilmis ve Tiirkiye'nin Kocaeli sehrinde 110 kW kurulu giice sahip ¢atiya monte edilmis iki farkli giines
santralinden alinan tiretim degerlerini, PVsyst simiilasyon sonuglari ile karsilagtirilmislardir. Elde edilen

sonuglardan Kastoria ve Kocaeli santralleri i¢in performans oranlari sirastyla % 79 ve % 72,2, i¢ getiri orant

% 6,71 ve % 7,08, yapilan ekonomik analizlerde ise Net Bugiinkii Degeri sirasiyla 821900 € ve 174072 €

olarak elde etmislerdir [16].

Garip ve dig. (2022) ¢aligmalarinda, Milli Savunma Universitesi Deniz Harp Okulu Tuzla Kampiisii igin

stirdiiriilebilir, giivenli ve temiz enerji saglamay1 amaclamiglardir. Tuzla Kampiisii i¢in sebeke ve dizel

jeneratdriine ek olarak giines, riizgar, biyokiitle kaynaklarinin tiimiinii veya bir kismin1 iceren teknik ve

ekonomik olarak optimize edilmis bir hibrit enerji sistemini tasarlamiglardir. Caligmalarinda giines
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radyasyonu, riizgar hizi, beklenen enflasyon, elektrik birim fiyatlar1 gibi degiskenlerin sistem iizerindeki
etkileri analiz edilmislerdir. Calisma, Homer yazilimi aracilifiyla yasal diizenlemelere dayali iki farkli
senaryo altinda yiiriitiilmiistiir. Sonug olarak, her iki senaryoda da optimum sistem, fotovoltaik ve riizgar
tiirbinlerinden olusan sebekeye bagli hibrit bir sistemdir. Sonuglar, net mevcut enerji maliyetinde % 86,2 —
% 90, birim enerji maliyetinde % 92,7 -% 95,8, isletme ve bakim maliyetlerinde 862.093 $-933.695 $,
emisyonlarda % 79 -% 82 azalma oldugunu gostermistir [17].

Ayousha ve Abdullah (2022) ¢alismalarinda, Suudi Arabistan Kralligi, Dammam, AL Juaimah’da on-grid
bir fotovoltaik sistemin PVsyst simiilasyon programu ile tasarimini ve ekonomik analizini yapmislardir. 960
kWp kurulu giicline sahip santral tasarim i¢in 1920 adet PV panel ve 8 adet evirici kullanarak, PVsyst
simiilasyon programindan enerji liretimini 1616,9 MWh/y1l, performans oraninin % 82,3, geri ddeme

stiresini 6,9 yil ve CO2 azalimi ise 29878,2 tCO2 olarak bulmuslardir [18].

3. MATERYAL VE METOT

Bu calismanin amaci, PVsyst simiilasyon araci kullanilarak tasarimi yapilan sistemin yillik iretecegi enerji
miktarinin, performans oraninin ve ekonomik analiz caligmasiyla santralin amortisman siiresinin
belirlenmesidir. Calisma kapsaminda Tavsanli yerleskesinin 2022 yili aylik elektrik tiiketim miktarlar
incelenmigstir. Yerleske Tavsanli Uygulamali Bilimler Fakiiltesi ve Tavsanli Meslek Yiiksekokulundan

olugmaktadir. Cizelge 1’de yerleskenin aylara gore elektrik tiiketimleri ve fatura miktarlari verilmistir.

Cizelge 1: 2022 yilina ait yerleskenin elektrik tiiketimi ve fatura miktarlari [19]

Tavsanl Uygulamali Bilimler Fakiiltesi Tavsanli Meslek Yiiksekokulu
Ay Elektrik Tiiketim  Fatura Miktar1 Ay Elektrik Tiiketim  Fatura Miktar1
Verileri (kWh/ay) (TL/ay) Verileri (kWh/ay) (TL/ay)
Ocak 8.620,17 22.412,44 Ocak 7.220,92 18.786,30
Subat 6.648,15 17.152,22 Subat 6.822,96 17.751,00
Mart 9.514,41 22.549,15 Mart 8.819,52 20.945,06
Nisan 8.268,27 21.497,50 Nisan 6.809,12 17.714,90
Mayis 7.959,15 20.057,05 Mayis 6.811,48 17.221,10
Haziran 5.147,40 16.729,05 Haziran 4.508,52 14.662,00
Temmuz  4.276,62 13.899,01 Temmuz  4.039,48 13.136,70
Agustos  4.345,60 14.123,20 Agustos  4.179,88 13.593,20
Eyliil 4.734,78 20.017,10 Eyliil 4.929,60 20.840,80
Ekim 7.622,43 32.225,30 Ekim 8.999,12 38.045,50
Kasim 6.983,32 29.523,38 Kasim 7.134,20 30.161,20
Aralik 9.324,68 39.421,94 Aralik 9.676,88 40.910,80
Toplam 83.444,98 269.607,34 Toplam 79.951,68 263.768,56
(kWh/yil) (TL/y1l) (kWh/y1l) (TL/y1l)
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Cizelge 1’den goriildiigli tizere yerleskede, yillik 163.396,66 kWh elektrik tiiketimine karsilik olarak
533.375,90 TL elektrik faturas1 6dendigi goriilmektedir.

Sebeke bagh sistemler (on-grid), iiretilen enerjiyi uzak noktalara tasimadan en yakinda bulunan dagitim
sebeke sistemine baglanarak iletim, dagitim kayiplarini en az oranda tutabilmektedir. Bu sistem, iiretilen
elektrigin, {iretildigi anda ve iiretildigi yerde hicbir ilave depolama (akii, batarya v.b) birimi olmadan
sebekeyi besledigi ve aninda kullanildigi sistemlerdir [20]. Son yillarda on-grid sistemlerde, teknolojik
gelismelere bagli olarak ilk yatirim ve bakim maliyetlerinde kayda deger bir diisiis s6z konusu oldugundan

tasarimin1 gerceklestirdigimiz santral sebeke bagli (on-grid) bir glines santralidir.

Tavsanl ilgesinin Sekil 4.a’da verilen global radyasyon degerleri (kWh/m?), Sekil 4.b’deki giineslenme
stireleri (saat) ve Cizelge 1’deki yerleskenin elektrik tiiketim verileri de géz 6niinde bulundurularak, lisansiz
olarak kurulumunu diisiindiiglimiiz santralin giiciinii, yerleskenin ihtiyac1 olan elektrik {iretildikten sonra
tiketim fazlas1 elektrigin kayit altina alinarak mahsuplastirilip sebekeye satilarak yerleskede bulunan
okullar i¢in gelir elde edilmesi diisiiniilebileceginden 200 kWp olarak planlanmistir. Giines enerjisi santrali,
Kiitahya ili Tavsanl ilgesine bagli Beykdy mevkiinde 39° 57" 11" Kuzey ve 29° 45" 86" Dogu

koordinatlarima kurulacaktir. Sekil 5’de santralin kurulacag yerleske goriilmektedir.

Calisma Alaninin

Aciklamalar
B Calisma alam

Sekil 5: Tavsanl yerleskesi.

Sekil 5’den de goriildiigii gibi enerji santralinin kurulumu i¢in yerleskede, gdlgelenme unsurlarinin ve arazi
egiminin bulunmadigi, ulasimin kolaylikla saglandig1 ve enerji nakil hattina yakinlig1 sebebiyle yaklagik
40000 m?lik bir arazinin segimi yapilmuistir. Hava sirkiilasyonunun, panel verimlerine etkisi
diistiniildiigiinde, panellerin yerlestirilecegi alanda riizgan kisitlayan bir unsur bulunmamaktadir. Bu sayede

riizgar, yaz aylarinda panellerin sicakliginin diigmesine yardimei olacak ve sistemin verimini artiracaktir.
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Sekil 6’da goriildiigii iizere santralin cografi konumuna ait meteorolojik veriler, PVsyst simiilasyon aracinin

Meteonorm veri tabanindan yapay ortamda elde edilmistir.

Codrafi koordinatlar | Aylk hava durumu  Interakif haria

Updating geographical data ...
Secilen nokta

| + ’

Beykiy

iilke
Turkey

Harmaricik Enlem (%)
39,5711

Boylam ()
29.4586

° Rakim (m)
S
Taggant
Saat dilimi

3

; o Getir

L OpenStreetiap contributors.

[ veni konurm ‘ & vazdr | € ipral & ok |

Sekil 6: Caligma alanina ait meteorolojik verilerin aktarilmasina iligkin ekran alintisi.

Sekil 7°de fotovoltaik gilines panelleri i¢in gergeklestirilen egim ve azimuth ac1 degerleri verilmektedir.

Alan tipi |Sabit egik dizlerm j

Alan parametreleri

Diizlem edimi [36.0 j[“]

Azimut (0.0 j[“]
/ Bati Dodu

Edim 36° Azimut 0°

Glney
Yilhik hava durumu verimi
Optimizasyon tpi 5 Transpozisyon Fakkara FT 1.16
i+ ik isinlama werimi J Optimuma gére kayip 0.0%
" Vaz (Agu-Eyl) Kolektér dizleminde global 1738 kWh,/m=2

" Kig {Eki-Mar)

% Optirnizasyonu goster |

X iptal OK o

Sekil 7: Panellere ait egim ve azimuth ac1 degerlerini gosteren ekran alintisi.

Sekil 7 incelendiginde, giines panelleri sabit egik sistemde 36° egim ve 0° azimuth agisi ile
konumlandirilmistir. PVsyst simiilasyon programinda, planlanan kurulu giic ve PV modiillerin
yerlestirilecegi mevcut alan tizerinden gerekli hesaplamalar yapilarak panellere, inverterlere, seri ve paralel

dizelere ait segimler yapilmistir. Sekil 8°de sistem béliimiine ait ekran goriintiisii goriilmektedir.
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Global sistem konfigiirasyonu Global sistem ozeti
1 j Al dizilerin tir savis Modil sawisi 800 P4 nominal gicd 200 kiwp
Modil yizeyi 1082 m? Taksimum PY glcd 196 kiwdc
ﬂ '32:: Basit sema Invertdr sayisi 10 Morninal AC gicd 200 kiac
PY &rray ]
Alt dizinin ismi ye yond On boyutlandirma yardinm

Ad P Array " Boyutlandirmasiz Plarlanan glicti giriniz (+ [200.0 kip
- . Egim 36° e
¥in.  Sabit egik diizlem samdt 0° ﬂ Boyutlandr |« veyameveut alanmadil) 1082 m?

P¥ modiil secimi

|Mevcut j Filter |P.|| PV modules j Gereken tahmini moddl sayis 800
|Canadian Soler Ine. v | [250wp23v  Simons C56Y - 250M5 Sirce 2017 Marufacturer 2017 v | A

Wolkaj boyutlama :vmpp (60°C)  23.1 ¥
I” Use Optimizer Yoo {-10°C) 367 Y
invertirii seciniz

v S0Hz
Mewcuk | Cutput valtage 400 Y Tri S0Hz ¥ 60 Hz
[aoTar v| feokw  amo-omov T Sole0Hz aotal AsP-ankTLC Since 2012 | Ac
Trwertér sayis 10 ﬂ r Caligma valkait: 250-950 ¥ Invertér global gici 200 kwac
Maksiriur girig voltaj: 1000 ¥

Dizi boyutlandirmast
Modiil ve dizi sayisi Isletme kogullar

ﬂ ﬂ Wmpp (60°C) 462 Y

N Vmpp (20°C) 543 Y
Seri mod, sayis |20 j I 11 il 27 arasinda Vor (-10°C) 734y

Dizi savisi 40 j I tek olanak 40

Yizey ignlama 1000 W/m? " Maks veri * 5TCde
i Impp (STC) 374 4 Maksimurn igletme: gicd 180 ki
Az ik kaybi 0.0 % -
o, qi oran T B Boyutlandima ﬂ Isc (STC) 3934 1000 Wm? igin ve 50°C)
Modiil sayisi 800 Yiizey 1082 m? Isc (STC lerde) 393 & Alan nominal giicii (STC de) 200 kvp
Sistem dzeti X iptal o oK

Sekil 8: Tavsanl yerleskesi giines santrali sistem bilgileri ekran alintisi.

Cizelge 2’de secimi yapilan panellerin katalog bilgileri goriilmektedir. Tasarimda katalog degerleri verilen
Canadian Solar Inc marka 250 Wp 23Vgiiciinde Si-mono CS6V-250 MS tipindeki panellerden 800 adet
kullanilmistir. Bu panellerin 20°ser adedi seri baglanacak sekilde tasarlanarak 40 adet string, 4’er adet string

paralel baglanarak 10 adet array meydana getirilmistir.

Cizelge 2: Canadian Solar Inc giines paneli katalog bilgileri [21]

Elektriksel Ozellikler Mekaniksel Ozellikler
Nominal Gii¢ (Pmax) 250 Wp  Hiicre Teknolojisi ~ Si-mono
Agik Devre Gerilimi (Voc) 33.10V  Hiicre Sayisi 60 (6x10)
Kisa Devre Akimi (Isc) 9.83 A Panel Uzunlugu 1638 mm
Nominal Gerilim (Vmpp) 27.00V  Panel Genisligi 826mm
Nominal Akim (Impp) 9.26 A Panel Kalinlig: 40 mm
Modiil Verimi (%) 14.8 Agirhik 16 kg
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Cizelge 3’te katalog bilgileri verilen AOTAI ASP-20KTLC marka inverterlerden her array ¢ikisina 1 adet
olmak iizere toplam 10 adet inverter kullanilmistir. Montaj1, bakimi ve sevkiyatinin kolaylig1 nedeniyle dizi
inverter tercih edilmistir.

Cizelge 3: AOTAI ASP-20KTLC inverter katalog bilgileri [22]

Girig verileri Cikis verileri

Maksimum DC giris giicii 24 KW Nominal ¢ikis giicti 20 KW
Maksimum DC giris voltaji 1000 V Maksimum ¢ikis giicii 22 KVA
Maksimum DC giris akimi 22122 A Maksimum ¢ikis akimi 33A

MPPT voltaj arali1 250-950 V Anma sebeke gerilimi 400 V

MPP caligsma gerilimi 650 V Sebeke voltaj aralig1 310-480 Vac
MPPT sayist 2 Nominal gsebeke frekansi 50 Hz/60 Hz
Sistem verisi Mekanik veri

Verim % 98.5 Boyut (EXBXY) 517x510x191 mm
Sogutma tiirii Hava sogutma  Agirlik 25 kg
Sicaklik aralig -25~+60°C Koruma sinifi IP65

Sekil 9°da goriildiigii gibi PVsyst simiilasyon programu ile PV panellerin 3 boyutlu modellemesi yapilmis,
panel yerlesiminin {i¢ boyutlu ¢iziminde seri sekilde bagli giines panelleri arasindaki mesafe 3,5 m, paralel
baglanarak olusturulan 10 adet array aras1 mesafe 1,25 m ve modiillerin toplam alam ise 1082 m? olarak

tasarlanmis ve sisteme aktarilmustir.

-

Sekil 9: Panellerin 3 boyutlu modellenmesi.
Santralin kurulacagi bolgede, golgelenme unsuru bulunmamasina ragmen panel yerlesimine bagl olarak bir
golgelenme olabilecegi diisiincesiyle, Sekil 10°da verilen golgelenme analizi PVsyst yazilimi ile

gerceklestirilmistir.
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Sekil 10: Panellerin 3 boyutlu yerlesimi ve golgelenme analizi ekran goriintiisii.

Sekil 10°daki golgelenme analizi incelendiginde, sabah saat 09:00 oncesi ve 0gleden sonra saat 17:00

sonrasi panel yerlesimine bagli olarak % 0,3 oraninda gdlgelenme s6z konusudur.

4, EKONOMIK ANALIZ

Cizelge 4’te verilen 16/11/2022 tarihli Merkez Bankasinin kur verileri kullanilarak, Cizelge 5’te goriilen

santrale ait maliyet ¢izelgesi olusturulmustur. PVsyst simiilasyon programinin ekonomik degerlendirme

sekmesi kullanilarak, santralin 6z sermaye ile kurulmasi incelenmistir. Calisma kapsaminda CO2 emisyon

degeri de tespit edilmistir.

Cizelge 4: Kur degeri [23]
ABD Dolar ($) / TL

Cizelge 5: Maliyet cizelgesi

Maliyet kalemleri Tutar ($)
PV Modiil (Mono kristal) 133444 $
Inverter 23240 %
Personel Binasi 8760 $
Kablolamalar AC-DC 13000 $
Konstriiksiyon 17000 $
Koruma Ekipmanlari 5000 $
Trafo, beton, kdsk 7000 $
Iscilik + Nakliye 8420 $
Diger (Arazi diizenleme, sigorta, projelendirme, onay bedeli, kamera, 16000 $

tel orgii, panolar, uzaktan izleme, beklenmeyen giderler v.s )

Personel Giderleri
Bakim ve onarim

10973,64 $/ yil
3500 $/ yil

PVsyst simiilasyon araciyla yapilan ekonomik analiz i¢in Cizelge 6’daki kabuller yapilmgtir.
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Cizelge 6: Kabuller

Maliyet Kalemleri Tutar ($)
YEKDEM’in alim garantili fiyati (10 yillik) 0,133 $/kWh
Garantili alim sonunda satis fiyati % 40 disiis ongoriilmekte.
Elektrik satis orani % 100
Projenin faydali 6mrii 25 yil
Yillik tiretimdeki diisiis % 0,7
KDV % 0
5. BULGULAR VE TARTISMA

Yerleske i¢in tasarimini yaptigimiz fotovoltaik santralin, enerji liretim degeri, enerji kayip miktari, aylik

bazdaki performans oranlari ve ekonomik analiz bulgular1 PVsyst simiilasyon programu ile elde edilmistir.

Sekil 11°de santrale ait iiretim ve performans verileri goriilmektedir.

Bnens

Normalize dretim (kWp bagi): Nominal gig 200 kWp

PR Vg

Hormaas

1 T T T T T T T T T |

e Klnicde gyt (FV-din ionrgplan) 053 KWhAWpgln

Ly Sistorn Kaybe (iveorir, ) 01 KWhARigin 4
W1 Uretiben oyl enas (reeriSe gokoma) 3.5 KWhEpign

Performans oram PR

Pt Perlormans orani (Y11 )

T T T T T T
a1

May Har Tem AJu Eff Bk Kas  Aa Sub M Ms My Haz
Bilango ve genel sonuclar
GlobHor Difftor T_Amb Globlnc GlabiEff Ehrray E_Grid PR
KWhym? kvh 2 °C oy K2 MWH MR
Ocak 53 2500 [l 4 Ltk 158 1618 0936
Subat (LK) nn LA 13 k] 1613 157 k4]
Mart nes 51.7% EH 1244 1187 s oM 08
Misan 140 ¥ 1054 1489 L) w75 %12 nEm
Hays 1m3 8.7 1586 1624 L2 ] 47 e (0855
Haziran 145 B1.38 HH 1y a7 4 :nal 240 0E37
Temmuz 240 6830 ik 1547 04 nn % 0820
Adustos 1500 e By 1961 181 nw 1 e
Eylisl 1428 S48 1R 1642 160 X0 45 (845
Ekim 95 4182 131 1315 13 14 9 um
Kasim 3] EEEY) 645 105 6.2 an 1985 i)
Arahk Bl 2551 iR 53 W05 1751 174 0.538
il 144 EHM.46 1153 16806 16159 96.18 Bl 0856
Agkdama;  GlobHor Gobal yatay mnlama (GobEff 1AM ve giskgeliame icin diireltiimis: etidn Global
DiffHor Yatay diflz selama EAmay Dizinin glagnda efkin enor
T_Amb Ortam scal E_Grid Sebekeye enjside edlen enef
Gioblng Kokekitire yansrgan global PR Pérformans orant

Sekil 11: Santrale ait iiretim ve performans verileri.
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Sekil 11 incelendiginde, ortam sicakliginin artis gosterdigi aylarda enerji liretiminde de artis yagsandigi, yaz
aylarinda sicaklik artist nedeniyle PV hiicrelerinin verimlerindeki azalmadan dolay1 sistemin yaz
aylarindaki performansinin diistiigii, kis aylarinda yiikseldigi, ortalama performans oranin ise % 86,6 oldugu

goriilmektedir. Sekil 12’de PVsyst’dan elde edilen sisteme ait y1llik kayip diyagrami goriilmektedir.

Yil boyu kayiplar diyagrami

1494 KWh/m? Global yatay 1sinlama
+12.5% Kolektore yansiyan global

-0.06% Global incident below threshold
-1.79% YakKin golgelemeler: 1sinlama kaybi
-2.09% Global'e gore IAM faktori

1616 kWh/m? * 1082 m? kol. Kolektére isabet eden etkin 1sinlama
STC'de verim = 18.48% PV dénistirme
323.2 MWh Dizi nominal enerjisi (STC veriminde)

&I-U,DS% Isinlama seviyesi nedeniyle PV kaybi
-6.22% Sicaklik nedeniyle PV kaybi

0.00% Golgeleme: elektrik kayip mod. dizi. gore
+0.50% Modiil kalite kaybi

-1.10% Uyumsuzluk kayiplar, modil ve diziler
-1.00% Ohmik kablolama kaybi

298.2 MWh MPP'de varsayilan dizi enerjisi
-2.37% Galisan invertor kaybi (verimlilik)
\-) 0.00% invertér kaybi, asin giig
0.00% Invertér kaybi, akim sinir

K-) 0.00% invertdr kaybi, agir voltaj

\1 0.00% invertér kaybi, giic siniri

\-) 0.00% invertér kaybi, voltaj siniri
291.1 MWh invertor gikisinda kullanilabilir enerji
291.1 MWh Sebekeye enjekte edilen enerji

—_

Sekil 12: Simiilasyon aracindan alinan sisteme ait yillik kayip diyagramu.

Sekil 12°de goriildiigii iizere santralin kurulacag: yerde yatay diizleme gelen kiiresel 1stmim miktar1 1494

kKWh/ m2-y1l olarak bulunmustur. Verim degeri % 18,48 olan fotovoltaik paneller 36%lik egim agisiyla
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giineye bakacak sekilde konumlandirildiklarindan, panel yiizeyine diisen 1s1ma miktar1 % 12,5 artmaktadir.
Esik alt1 kiiresel kayiplar % 0,06, golgelenme kayiplar % 1,79, yansima kayiplar1 % 2,09 olarak 6l¢iilmiis
olup séz konusu kayiplar nedeniyle panele diisen 1smim miktar1 yilik 1616 kWh/m? dir. Tasarmm
gerceklestirilen sistemde % 7,85°lik dize kaybi, % 2,37 inverter kayb1 bulunmaktadir. Bahsi gecen kayiplar
dikkate alindiginda santralden yilda 291,1 MWh enerjinin sebekeye verilecegi hesaplanmigtir. Sekil 13°te

0z sermaye ile kurulumu diisiiniilen santral i¢in simiilasyon yazilimindan alinan uzun vadeli maliyet analizi

gosterilmistir.
Detayh ekonomik sonuglar (USD)
Yil Satillan isletme Amortis. Vergi. Vergi Net Birikmis %%
enerji gider. payi tabi gelir %00.00
2024 38'718 14'474 9'275 14'970 0
2025 38'447 14'474 9'275 14'699 0
2026 38'176 14'474 9275 14'428 0
2027 37'905 14'474 9'275 14'157 0
2028 37'634 14'474 9'275 13'886 0
2029 37'363 14'474 9275 13'615 ]
2030 37'092 14'474 9'275 13344 0
2031 36'821 14'474 9'275 13'073 0
2032 36'550 14'474 9'275 12'802 0
2033 36'279 14'474 9'275 12'531 0
2034 21'605 14'474 9'275 0 0
2035 21'442 14'474 9'275 0 0
2036 21'279 14'474 9'275 0 0
2037 21'117 14'474 9'275 0 0
2038 20'954 14'474 9'275 0 0
2039 20'792 14'474 9'275 0 0
2040 20'629 14'474 9'275 0 0
2041 20'466 14'474 9'275 0 0
2042 20'304 14'474 9'275 0 0
2043 20141 14'474 9'275 0 0
2044 19'978 14'474 9'275 0 0
2045 19'816 14'474 9'275 0 0
2046 19'653 14'474 9275 0 0
2047 19491 14'474 9'275 0 0
2048 19328 14'474 9275 0 0
Toplam 681'978 361'841 231'864 137'501 [+]

Sekil 13: Simiilasyon aracindan alinan sisteme ait y1llik kay1p diyagrama.

Sekil 13 incelendiginde, santralin yatirim maliyeti 231.864 $, YEKDEM’in 10 y1l siire ile sabit alim garantili
fiyati olan 0,133 $ /kWh tarifesinden sonra % 40’lik bir azalma ile sebekeye satilan enerjiden 681.978 $
gelir elde edilecegi hesaplanmustir. Ekonomik analizin bilango hesabinda, 2034 senesinde 237.378 $
kazanciyla, 231.864 § olan tesisin yatirim maliyeti 10,2 yilda geri 6deme siiresine ulagmustir. Sistemden

tiretilen enerji maliyet degeri 0,082 $/kWh, sistemin kullanim 6mrii siiresince net kar1 88.272,67 §, yatirimin
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getiri oram ise % 38,1 olacak sekilde hesaplanmustir. Oniimiizdeki yillarda fotovoltaik sistem kurulum
maliyetlerinin yerli iiretim tesvikler ile daha da asagilara diisecegi ongoriisiiyle 10,2 y1l olarak hesaplanan
geri 6deme siiresinin diigsecegi diistiniilmektedir. Sekil 14’te PVsyst simiilasyan programindan elde edilen

CO2 emisyon degeri goriilmektedir.

ESKES!_200kWh_GES
nt

m Siskemi  Sebekeye baghsistem
Pt modkl : S8y - 250MS Invertar : Actai_ASP-ZOKTLC
Vatrm ve iderler | Tarifeler | Malisonuglar —Karbon dengsleme
Overvien | Detaied System LCE |
¥ Bu sonuclar: basih raporda gister (7]
£6rid SystemLfetine  LCE Grid LCE System Carben Balance
2ot mwh X [25 yeas X 483 gcoz/kwh T 386 tcoz = 2maes tcoz
Annual degradation[%] : | 1.0  Manual  Manual L1767 tCoziyr

Turkey ~| @ country EA

13.971 b COzfkily
€ Energy Mix @ Detailed I

0.559 £ CO2/kWpjyr

2500
& 2000
£ 150
if 1000
R

Saved CO2 Emissions:

2794.163 tons

Sekil 14: PVsyst’den elde edilmis CO2 emisyon degeri.

Sekil 14 incelendiginde 291,1 MWh elektrik iiretiminin gerceklesmesi durumunda 2794,163 tCO. sera

gazinin atmosfere salinimi azaltilabilir.

5. SONUC VE ONERILER
Bu galigmada, Tavsanli Yerleskesinde kurulumu 6nerilen 200 kWp kurulu giice sahip sebeke bagli giines
santralinin PVsyst simiilasyon yazilimi aracilifiyla tasarimi, performansi ve ekonomik analizleri

yapilmustir.

Tasarimui yapilan sistemden panel verimi, sicaklik ve inverter kayiplar1 géz oniine alindiginda, yillik 291,1
MWh elektrik enerjisinin iiretilebilecegi hesaplannustir. Uretim ve performans verileri dikkate alindiginda,
ortam sicakliinin artig gosterdigi aylarda enerji iiretimininde arttigi gozlemlenmistir. Sebeke hattina en
fazla 32,56 MWh ile Temmuz ayinda, en az 15,71 MWh ile Subat ayinda elektrik enerjisi aktarilmustir.
Haziran, Temmuz ve Agustos aylarinda ortam sicakliginin yiikselmesi dolayisiyla, PV hiicrelerinin
verimlerindeki diigiise bagli olarak, sistemin yaz aylarindaki performansi azalmakta, kis aylarindaki
performanst ise artmaktadir. En diislik performans oraninin % 82 ile Temmuz ayinda, en yiiksek performans
oranin ise % 93,8 ile Aralik ayinda gerceklestigi goriilmektedir. Sisteme ait ortalama performans orani %

86,6 tir.
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Calismanin ekonomik analizinde, santralin kurulum maliyeti 10,2 yilda geri 6deme siiresine ulagmaktadir.

Sistemden iiretilen enerji maliyeti 0,082 $/kWh, santralin kullanim 6mrii siiresince net kar1 88.272,67 $,

yatirimin getiri orani ise % 38,1 olarak belirlenmistir. Yillik 291,1 MW elektrik {iretiminin gergeklesmesi

durumunda, 2794,163 tCO2 sera gazi emisyon miktar1 azaltilabilir ve sera gazi azalim geliri elde edilebilir.
5346 sayili yenilenebilir enerji kaynaklariin elektrik enerjisi tiretim amagli kullanimina iligkin kanunda,
yapilan yatirimin cinsine gore yerli iiretim destegi 0,067 $/kWh, toplam en yiiksek deger ise 0,2 $/kWh
olarak goriilmektedir. Yukarida belirtilen 0,133 $/kWh alim fiyati, yerli iiretim tegviklerinden faydalanilarak

kurulan ve sebekeye baglanan bir fotovoltaik sistem igin 0,2 $/kWh alim fiyat1 olarak ortaya ¢ikmaktadir.

Bu durumda sisteme yerli iiretim tesvikleri dahil edilerek, kurulumu onerilen santralin 6z sermaye ile

kurulmasi halinde geri 6deme siiresinin 5,2 yila diisecegi yapilan hesaplamalar ile saptanmistir.

GES’ler i¢in ayrilan tesvikler YEKDEM bazinda tiim yenilenebilir enerji teknolojilerinin {istiinde olsa da

diger tilkeler ile kiyaslandiginda iilkemizin tesvik sisteminin birim fiyat degeri olarak daha asagilarda olmasi

yatinnmcilarin ¢ekingen davranislar sergilemesine neden olmaktadir. GES sektdriinde 6ne ¢ikan bir diger

konu ise kamu alim garantisidir.

Cizelge 1’deki yerleskeye ait 2022 yil1 Ocak-Aralik arasindaki elektrik tiiketim degerlerine gore yerleskede
163.396,66 kWh (163,396 MWh) elektrik enerjisi tiiketilmistir. Kurulumu 6nerilen sistem ile yerleskenin
elektrik tliketim miktar1 iiretildikten sonra yaklasik 127,704 MWh enerji fazlaligt ongoriilmektedir.
Mahsuplastirma yontemiyle elektrik aligverisi kayit altina alinmak suretiyle, kullanim fazlasi elektrik
miktarinin sebekeye satilarak yerleskede bulunan okullar igin gelir elde edilmesi planlanabilir. Bu bilgiler
1s1g¢inda PV sistemden elektrik tiretimi, yerleske igin iyi bir segenek olarak on plana ¢iktigi goriillmektedir.

Tavsanh yerleskesinde kurulumu Onerilen sistem, lisans ve Onlisans egitimi alan 6grenciler i¢in enerji

alaninda egitim laboratuvari 6zelliginde olacagindan dolayi, bu alanda istihdama da katki saglayacagi

diistintilmektedir.

Santralin kurulum asamasinda, PV modiil ve inverter sayisini belirlemesi i¢in saatlik ortalama yiik talebine
gore HOMER, HYBRID2, RETScreen gibi yazilimlar1 kullanilarak analizler gerceklestirilebilir ve karar

vericiler i¢in geleneksel gilines enerjisi santrali kurma ydntemlerinin gelistirilmesine fayda saglayacagi

diisiiniilebilir.

Fotovoltaik sistemlerin tasarim asamalarinin oldukca karmasik olmasi, ¢ok sayida degisken parametre

icermesi ve tasarimi gergeklestirecek kisilerin yeterli bilgi ve tecriibeye sahip olmamasi gibi nedenlerden
dolayr simiilasyon destekli ¢alismalarin yapilmasi yiiksek kurulum maliyeti gerektiren bu sistemlerin
uygulama agsamasinda hata oranin1 azaltacaktir. Dogru sekilde yapilacak tasarimlar ile yatirimcilara iiretim,

performans ve ekonomik analiz degerleri agisindan optimum destek saglanmis olacaktir.
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Calismadan elde edilen bulgularin, Tavsanlh Yerleskesine kurulmasi muhtemel bir fotovoltaik giines enerjisi

santraline referans olacagi diistiniilmektedir.
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Tiirkiye konumu itibariyle diinyanin en etkili deprem kusaklarindan birinin iizerinde bulunmaktadir.
Tirkiye’de gecmiste birgok yikici deprem yasandigi gibi gelecekte de yikici depremlerin yasanmasi
kaginilmazdir. Tirkiye’de niifusun biiylik ¢ogunlugu, sanayi tesislerinin ve barajlarin neredeyse tamami
aktif deprem kusagindadir. Tirkiye’de insa edilecek sanayi binalarmin depreme dayanikli olmasi ve ilk
yapim ile igletme maliyetlerinin diisiik olmas1 gerekmektedir.

Tirkiye’de sanayi binalarmin insaatinda tasiyici sistem olarak celik, betonarme, betonarme prefabrik ve
bunlarin bir arada kullanilmasmdan olusan karma sistemler kullanilmaktadir. Bu ¢alismada Tiirkiye’deki
sanayi binalarini temsil edebilecek farkli boyutlara sahip tek aciklikli ve tek katli drnek sanayi binalari
secilerek ¢elik ve karma tastyict sistem igin Tiirkiye Bina Deprem Yonetmeligi 2019’a gore tasarlanmustir.
Tiirkiye Deprem Tehlike Haritalar1 2019°a gore farkli depremsellige sahip bolgelere (Kirklareli, Edirne,
Tekirdag Corlu ve Istanbul Beylikdiizii) gore tasarimi yapilan drnek sanayi binalarinin kaba yapim maliyet
hesaplar1 yapilmistir. Calismada incelenen 6rnek sanayi binalarmin hesap sonuglarina goére farkli tagiyici
sistemler i¢in kaba yapim maliyetleri karsilastirmali olarak degerlendirilmistir.

Anahtar Kelimeler: Sanayi Binalari; Celik Sanayi Binalari; Tiirkiye Bina Deprem Yonetmeligi; Kaba
Yapim Maliyeti
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ABSTRACT

Tirkiye is located on one of the most effective earthquake zones in the world due to its location. Just as
there have been many devastating earthquakes in the past in Tiirkiye, it is inevitable that devastating
earthquakes will occur in the future. Most of the population, almost all the industrial facilities and dams in
Tirkiye are in the active seismic zones. The industrial buildings to be built in Tiirkiye should be earthquake
resistant, the construction and operating costs should be low. Steel, reinforced concrete, reinforced concrete
prefabricated and mixed systems are used as structural systems in the construction of industrial buildings in
Tiirkiye. In this study, single-span and single-storey industrial buildings with different dimensions, which
can represent the industrial buildings in Tiirkiye, were selected and designed according to the Turkish
Building Earthquake Code 2019 for the steel and mixed structural system. The construction cost calculations
of industrial buildings designed according to regions with different seismicity according to Turkish
Earthquake Hazard Map 2019 (Kirklareli, Edirne, Tekirdag Corlu and Istanbul Beylikdiizii) were made.
According to the analysis results for the industrial buildings examined in the study, the construction costs
for different structural systems were evaluated comparatively.
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1. GIRiS

Tiirkiye’de 2023 yilinda meydana gelen Kahramanmaras depreminde (M=7.7 ve M=7.6) bir¢ok sehrimiz
ciddi sekilde etkilenmis, 14500 civarinda bina yikilmis veya agir hasar almis, yaklasik 55000 kisi hayatini
kaybetmis ve 50-100 milyar dolar civarinda ekonomik kayip meydana gelmistir [1]. Benzer sekilde 1999
Sakarya Depremi (M=7,4) ve Diizce Depremi (M=7,2)’nde bir¢ok sehrimiz tahrip olmus, 15400’e yakin
bina yikilmis, yaklasik 18000 kisi hayatini kaybetmis ve 10-25 milyar dolar civarinda ekonomik kayip
meydana gelmistir [2-4]. 2023 Kahramanmaras, 1999 Adapazart ve Diizce depremlerinde diger bina
tiirlerinde oldugu gibi sanayi binalarinda da ciddi hasar ve gogme meydana geldigi gdzlenmistir.

Icerisinde onemli makine ve malzeme bulunan sanayi binalari ile depolarinda, deprem etkisinde meydana
gelen hasarlar sebebiyle iilkelerin sanayi iiretimleri ve ekonomileri olumsuz sekilde etkilenmektedir [S]. Bu
sebeple, Tiirkiye’de insa edilecek sanayi binalarinin depreme dayanikli olmasi ve ilk yapim ile igletme
maliyetlerinin diisiik olmas1 gerekmektedir. Ayrica sanayi yapilarinin genis alanlari ortebilmesi, hizli ve
kolay insa edilebilmesi, ihtiya¢ olmasi durumunda gelecekte biiyiiyebilme 6zelliklerine sahip olmalar
gerekmektedir. Mimari tasarimin 6nemli bir adimi olan tasiyici sistem se¢imi, sahip olduklari sira dist
acikliklar ve kat yiikseklikleri sebebiyle sanayi binalarinda diger bina tiirlerine gore ¢ok daha fazla 6nem
kazanmaktadir. Agir calisma kosullarma dayanikli olarak insa edilen sanayi binalarmm ilk yapim
maliyetleri, biiylik acikliklar ve kat yiikseklikleri nedeniyle genellikle geleneksel yapilara gore daha
yiiksektir. Tastyict sistem malzemesi ve yapim yontemi se¢imiyle ilgili yapilan aragtirmalar sonucu dogru
kararin alinarak istenilen niteliklere ve en uygun tasiyici sisteme sahip sanayi yapilarinin olugturulmasi iilke
ekonomisi i¢in olduk¢a dnemlidir [6].

Tiim diinyada oldugu gibi Tiirkiye’de de deprem yonetmelikleri ile yapisal tasarim standartlari, deprem
miihendisligi ve yapisal tasarim alanindaki gelismelere paralel olarak belirli araliklarla revize edilmekte
veya yenilenmektedir. Tiirkiye’de 18.03.2018 tarihli resmi gazetede yayinlanarak 01.01.2019°da yiiriirliige
giren Tiirkiye Bina Deprem Yonetmeligi 2019 (TBDY 2019) ile birlikte iilkemizde uzun yillardan beri
kullanilmakta olan Deprem Bdlgelerinde Yapilacak Binalar Hakkinda Y6netmelik 2007 (DBYBHY 2007)
yiirlirliikten kaldirilmistir. TBDY 2019 ile birlikte 1996 yilindan beri kullanilmakta olan Deprem Bdlgeleri
Haritasi da yiiriirliikten kaldirilarak yerine Tiirkiye Deprem Tehlike Haritalar1 2019 (TDTH 2019) yiiriirliige
girmistir [7, 8].

Tiirkiye’de sanayi yapilarinda yaygin olarak kullanilan ¢elik binalar ile ilgili standart ve yonetmeliklerde de
son yillarda 6nemli degisiklikler olmustur. Tiirkiye’de uzun yillardan beri ¢elik yap1 tasariminda kullanilan
TS 648 Celik Yapilarin Hesap ve Yapim Kurallar, 2016 yilinda yiiriirliikten kaldirilmig yerine Celik
Yapilarm Tasarim, Hesap ve Yapmm Esaslarina Dair Yonetmelik 2016 (CYTHYEY 2016) yiiriirliige

girmistir.
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Tiirkiye’de yakin ge¢miste yiirlirliige giren yapisal tasarim ve deprem yonetmelikleri, diger bina tiirlerinde
oldugu gibi sanayi binalarinda da yapim maliyetini etkileyebilecek diizeyde tasarima yonelik 6nemli yenilik

ve degisiklikler getirmistir.

2. SANAYI BINALARI

Sanayinin ihtiya¢ duydugu iiretim islemlerinin gergeklesebilmesi ve iretim ile ilgili gerekli biitiin
etkinliklerin istenilen kosullar altinda yiiriitillebilmesi i¢in, {iretim alanini sinirlayan ve liretim karakterine
uygun alanlar saglayan mekanlardan olusan yapi ve/veya yapilar grubuna ihtiya¢ vardir [9]. Sanayi yapilari,
belirli bir liretim sistemi ile bir iiriiniin {iretilmesiyle ilgili eylemler biitiiniin gerceklestirildigi iiretim
mekanlaridir. Daha genis anlamda sanayi binasi; belirli bir {iriiniin {iretilebilmesi i¢in bir ulasim sistemi
icinde anapara, ¢alisan, makina, tesisat, arag, gere¢ vb. unsurlarin bagli olduklari sistemin bir pargasi olarak
organize edilmesi, kolay, ekonomik ve basarili bir bigimde isletilmesi amaci ile olusturulan bir isyeri
yapisidir [9].

Biiyiik ac¢iklikliklara sahip sanayi yapilarinda genellikle servis, sirkiilasyon ve makine alanlar1 olmak iizere
ii¢ farklh mekan diizenlenir. Bu tiir yapilarda mesnet agikliklar1 kullanilan is makinalar1 ve sirkiilasyon
alanlar1 dikkate alinarak belirlenir [10]. Sanayi binalarinin genis alanlar1 6rtebilmeleri, hizli ve kolay insa
edilebilmeleri, gelecekte ihtiyag duyulmasi durumunda biiyiiyebilme o6zelliklerine sahip, Tiirkiye gibi
depremselligi fazla olan iilkelerde depreme dayanikli olmalar gerekmektedir. Sanayi binalarmnin ilk yapim
maliyetleri gecilen acgikliklar ve kat yiikseklikleri sebebiyle diger bina tiirlerine gore yiiksek olup, sanayi
binalarmin tasiyici sistem, tasiyici sistem malzemesi ve yapim yonteminin ekonomik olarak uygulanabilir
olmasi onemlidir [6]. Sanayi ve endiistri faaliyetlerinin yiiriitildiigli bu tlir yapilar, tiretim odakl
oldugundan igerisinde ¢ok farkli siirecleri barindirir. Bir sanayi tesisi tasarlanmadan 6nce yatirimci, mimar
ve miihendislerin is birligi neticesinde siirece yonelik program hazirlanmalidir. Yapinin kullanim amaci ne
olursa olsun 6n projelendirme safhasinda ihtiyaclar net bir sekilde belirlenip, kategorize edilerek
iliskilendirilmelidir. Sanayi yapilarinin plan i¢inde diizenlenmesi i¢in verimlilik ilkesine bagli olarak
tagtyict sistem icin estetik, ekonomik ve yeterli dayanima sahip yapi malzemeleri segilmelidir [11].
Tiirkiye’de ve diinyada sanayi yapilarmin tastyici sistemleri, tasiyici sistem malzemeleri bakimindan; ¢elik
sanayi yapilari, betonarme prefabrik sanayi yapilari, betonarme sanayi yapilari ve karma sanayi yapilari

olarak dorde ayrilmaktadir [12].

421



Nuryadi & Ozsahin /Celik ve Karma Tasiyici Sistemli Sanayi Bina Orneklerinin Kaba Yapim Maliyetlerinin Trakya Bélgesi icin Karsilastiridmast
3. MATERYAL VE YONTEM

Bu ¢alismada sanayi binalarinin tasiyici sistem tiirliniin bina kaba yapim maliyetine etkisinin goriilmesi
amaciyla tek katl, tek acgiklikl gelik ve gelik-betonarme karma tastyici sistemli sanayi bina érnekleri farkli
yerel zemin siniflar i¢in TBDY 2019 ve CYTHYEY 2018’e gore tasarlanarak kaba yapim maliyetleri
projeler iizerinden hesaplanmigtir. Celik ve celik-betonarme karma tasiyict sistemli sanayi binalarinin

yapisal analizlerinde ideStatik v10.1 ve SAP 2000 v22 programlari kullanilmigtir [12-14].

3.1. Ornek sanayi binalarinin geometrik bilgileri

Bu caligmada incelenen sanayi bina modellerinde agikliklar, makasa paralel yonde 20,00-25,00 m ve
makaslara dik yonde 6,00 m olarak dngoriilmiistiir. Sanayi binalar1 makaslara paralel yonde bir agiklikl,
makaslara dik yonde yedi agiklikli olup, bina yiiksekligi 9,0 m ve serbest bina yiiksekligi 7,50 m’dir. Bu
Olciilere bagh olarak incelenen sanayi binalarinin boyutlart 20,00mx42,00m ve 25,00mx42,00m’dir.
Calismada celik ve karma tasiyici sistemli 6rnek sanayi binalarinin ¢at1 kirigleri; dolu gévdeli kiris, altigen
petek kirig ve kafes kirigli olarak tasarlanmigtir. Dolu govdeli kiris ¢ati makasl, altigen petek kiris gati
makasli, kafes kiris ¢ati makasl celik tastyici sistemli ve karma tastyici sistemli 6rnek sanayi binalari

Cizelge 1°de, 6rnek sanayi binast modellerinin tasarim parametreleri Cizelge 2°de verilmistir.

3.2. Calismada incelenen bolgeler

Ornek sanayi binalarmin tasarim ve maliyet hesaplari sanayi tesislerinin yogun olarak bulundugu, farkh
depremsellige sahip Kirklareli, Edirne, Tekirdag Corlu ve Istanbul Beylikdiizii Organize Sanayi Bélgeleri
i¢in ayr1 ayr1 yapilmustir. Incelenen bélgelerin deprem tasarim parametreleri Tiirkiye Deprem Tehlike

Haritalar1 2019 (TDTH 2019)’dan okunmustur (Sekil 1).
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Cizelge 1: Caligmada incelenen ¢elik ve karma tasiyict sistemli sanayi bina modelleri

Model Ad1 Tasiyic1 Sistem Cat1 Makasi Kesit
Malzemesi Tiirii
+9,00 GP @ 3
Dolu Gévdeli e =
Kiris Cat1 . Dolu Govdeli £
Makash Celik Celik Kiris 8
Tastyict Sistem +0.00
| ! | 20,00m - 25,00 m !
1 1
£
Petek Kiris Cati o 1
Makasl Celik Celik Altigen Gozli 5
; Petek Kirig ~
Tastyici Sistem
! 20,00m - 25,00 m ! |
1 1
+900 | @
+7$ | | E
Kafes Kirig Cati Cift L Profilli .
Makaslh Celik Celik Trapez Kafes 2
Tastyict Sistem Kiris =
+0&
! 20,00m - 25,00 m
[
+9@ CP
. +750 !
Dolu Govdeli =
Kirig Cati Dolu Govdeli
Makash Celik Karma Kiris
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Cizelge 2: Ornek celik ve karma tasiyici sistemli sanayi bina modellerinin tasarim parametreleri (Nuryadi, 2023 ’ten
diizenlenmistir) [12]

Tasarim Parametresi

Kat Adedi 1 Kat (Zemin Kat)

Kat Yiiksekligi (hkat) 7,50 m

Bina Yiiksekligi (Hx) 9,00 m

Bina Boyutlar 20,00 m x 42,00 m ve 25,00 m x 42,00 m

Cat1 Egimi % 15

Cat1 Kiris Tiri Dolu Govdeli IPE, Altigen Gozlii Petek Kiris, Sirt Sirta Cift L
Profilli Kafes Kirig

Kirig Kesit Tiirii IPE (stabilite kirislerinde)

Kolon Kesit Tiirii HEB (gelik tasiyict sistemli 6rnek sanayi binalarinda)

Kare Betonarme Kolon Uzeri HEB (karma tastyici sistemli rnek
sanayi binalarmda)

Cat1 Kaplamasi/Asik Trapez oluklu levha/UPN

Capraz Kesit Tiiri Boru Kesit (Cat1 ve duvar ¢aprazlarinda)

Birlesim Tiirii X dogrultusunda (Makas dogrultusunda) Rijit Birlegim
Y dogrultusunda (Makasa dik dogrultuda) Mafsall Birlesim

Celik Malzeme Smifi S235

Betonarme Malzeme Sinifi C25/30 - B420C

Bina Onem Katsayisi (I) 1,0

Deprem Yiikii Eksantrisitesi %5

Deprem Yer Hareket Diizeyi (DD) DD2

Etkin Yer Ivme Katsayisi TDTH 2019°dan her OSB i¢in okunmustur.

Bina Kullanim Sinifi (BKS) BKS=3

Deprem Tasarim Sinifi (DTS) Sps’e bagli olarak degisiyor.

Bina Yiikseklik Sinifi (BYS) 8

Tasiyici Sistem Davranig Katsayisi Rx 8 (Siineklik Diizeyi Yiiksek)
Ry 5 (Siineklik Diizeyi Yiiksek)

Dayanim Fazlaligi Katsayist Dx 3 (Siineklik Diizeyi Yiiksek)
Dy 2 (Siineklik Diizeyi Yiiksek)
Yerel Zemin Smifi ZA,7ZB,7ZC,7ZD ve ZE

Sekil 1: Tiirkiye Deprem Tehlike Haritas1 2019 [15]
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Calismada incelenen organize sanayi bolgelerinin TDTH 2019°dan okunan deprem parametreleri Cizelge
3-6’da verilmistir.
Cizelge 3: Kirklareli Organize Sanayi Bolgesi deprem parametreleri [12]

DD YZS Pca Pov Ss S1 Sps Sp1 Ta Ts To
(g (cm/s) ) ) O] ) (s) (s) (s)

ZA 0,171 11,489 0403 0,132 0322 0,106 0,066 0,328 6,0

7B 0,171 11,489 0403 0,132 0,363 0,106 0,058 0,291 6,0

S 7C 0,171 11489 0403 0,132 0,524 0,198 0,076 0,378 6,0
a Zb 0,171 11,489 0403 0,132 0,595 0308 0,104 0,518 6,0
ZE 0,171 11,489 0403 0,132 0,795 0,516 0,130 0,650 6,0
ZA 0,061 4,679 0,141 0,055 0,113 0,044 0,078 0,390 6,0
7B 0,061 4,679 0,141 0,055 0,127 0,044 0,069 0,347 6,0
é 7C 0,061 4,679 0,141 0,055 0,183 0,082 0,090 0,450 6,0

ZD 0,061 4,679 0,141 0055 0226 0,132 0,117 0,585 6,0
ZE 0,061 4,679 0,141 0,055 0,338 0,231 0,137 0,683 6,0

Cizelge 4: Edirne Organize Sanayi Bolgesi deprem parametreleri [12]

DD YZS Pca Pcv Ss S1 Sps Sp1 Ta Ts TL
(© (cm/s) O] ) ) O] (s (s) (s

ZA 0,165 10,764 0,390 0,123 0,312 0,098 0,063 0,315 6,0

7B 0,165 10,764 0,390 0,123 0,351 0,098 0,056 0,280 6,0

S 7C 0,165 10,764 0,390 0,123 0,507 0,18 0,073 0,364 6,0
a ZD 0,165 10,764 0,390 0,123 0,580 0290 0,100 0,499 6,0
ZE 0,165 10,764 0,390 0,123 0,783 0,491 0,125 0,627 6,0
ZA 0,056 4298 0,126 0,050 0,101 0,040 0,079 0,397 6,0
7B 0,056 4298 0,126 0,050 0,113 0,040 0,071 0,353 6,0
é 7C 0,056 4298 0,126 0,050 0,164 0,075 0,092 0458 6,0

ZD 0,056 4298 0,126 0,050 0,202 0,120 0,119 0,595 6,0
ZE 0,056 4298 0,126 0,050 0302 0210 0,139 0,694 6,0

Cizelge 5: Tekirdag Corlu Organize Sanayi Bolgesi deprem parametreleri [12]

DD YZS Pca Pcv Ss S1 Sps Sp1 Ta Ts TL
(© (cm/s) O] ) ) O] (s (s) (s

ZA 0,330 20,570 0,798 0221 0,683 0,177 0,055 0,277 6,0

7B 0,330 20,570 0,798 0221 0,718 0,177 0,049 0,246 6,0

S 7C 0,330 20,570 0,798 0,221 0,958 0,331 0,069 0,346 6,0
a Zb 0330 20,570 0,798 0,221 0942 0477 0,101 0,506 6,0
ZE 0,330 20,570 0,798 0,221 1,007 0,706 0,143 0,701 6,0
ZA 0,120 7,898 0,283 0,086 0,226 0,069 0,061 0,304 6,0
7B 0,120 7,898 0,283 0,086 0,255 0,069 0,054 0,270 6,0
é 7C 0,120 7,898 0,283 0,086 0368 0,129 0,070 0,351 6,0

Zb 0,120 7,898 0,283 0,086 0,445 0,206 0,093 0,463 6,0
ZE 0,120 7,898 0,283 0,086 0,653 0,361 0,111 0,553 6,0
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Cizelge 6: Istanbul Beylikdiizii Organize Sanayi Bolgesi deprem parametreleri [12]

DD YZS Pca Pgv Ss S1 Sps Sp1 Ta Ts TL
(@ (cm/s) O] ) ) O] () (s) (s

ZA 0,506 30,533 1,241 07334 0,993 0,267 0,054 0,269 6,0

7B 0,506 30533 1,241 0,334 1,117 0,267 0,048 0,239 6,0

S 7C 0,506 30,533 1,241 0334 1,489 0,501 0,067 0,336 6,0
a Zb 0,506 30,533 1,241 0334 1,245 0,657 0,105 0,527 6,0
ZE 0,506 30,533 1,241 0334 1,126 0,890 0,158 0,790 6,0
ZA 0,191 11,793 0,450 0,118 0,360 0,094 0,052 0,262 6,0
7B 0,191 11,793 0,450 0,118 0,405 0,094 0,047 0,233 6,0
é 7C 0,191 11,793 0,450 0,118 0,585 0,177 0,061 0,303 6,0

Zb 0,191 11,793 0,450 0,118 0,648 0279 0,086 0,430 6,0
ZE 0,191 11,793 0,450 0,118 0828 0476 0,115 0,575 6,0

Calismada incelenen bolgelerin zemin etiidii degerleri bulunmadigi igin 6rnek sanayi binalarinin tasarimlari
TBDY 2019°da tanimlanan ZA, ZB, ZC, ZD ve ZE zemin siniflar1 i¢in ayri ayr1 yapilmistir. Ornek sanayi
binalarmnin tasariminda zemin tagima giicleri ZA, ZB, ZC, ZD ve ZE zemin smiflar1 i¢in sirasiyla 100, 150,
200, 250, 300 kN/m? almmustir. Celik ve karma tastyici sistemli sanayi binalarinda betonarme tekil temel
tasarlanmugtir. Tasarimda temellerin zemin sifir kotundan en az 50 cm asagida oldugu, temellerin her iki
yonde birbirine bag kirisleri ile baglandigi kabul edilmistir. Zemin durumuna bagli derin temel kullanilmasi
veya zemin giliclendirilmesi gereken haller ile sanayi liretimine has makine ve ekipman i¢in 6zel temel

tasarimlart ¢aligma kapsami diginda tutulmustur.

3.3. Taswic sistem bilgileri

Calismada Tirkiye’de sanayi binalarinda yaygin kullanima sahip ¢elik ve karma tasiyict sistemler
incelenmis, betonarme prefabrik binalarin imalat boyutlar1 ve yapim maliyetleri iiretici firmalara gore
degisim gosterdigi icin kapsam diginda tutulmustur. Celik yap1 tasiyict sistemlerinde sicak sekillendirilmis
yapisal ¢elik elemanlar ile soguk sekillendirilmis elemanlar kullanilmaktadir. Tiirkiye’de ¢elik sanayi
binalarmda sicak sekillendirilmis yapisal celik tasiyici sistem elemanlar1 daha yaygin kullanildig: i¢in
calismada bu sistemler incelenmis, soguk sekillendirilmis tasiyict sistem elemanlarmm kullanildigi hafif
celik sanayi binalart kapsam dig1 birakilmigtir.

Celik tastyici sisteme sahip sanayi bina modellerinde kolonlarin temellere ankastre mesnetlendigi, makas
yoniinde ¢at1 ile kolon birlesimlerinin rijit ve makasa dik yonde mafsalli oldugu kabul edilmistir. Yapisal
hesaplarda tastyici sistem davranis katsayisi (R) ve dayanim fazlahig1 katsayisi (D) TBDY 2019’a gore
¢erceve yoniinde deprem etkilerinin tamaminin moment aktaran siineklik diizeyi yiiksek g¢elik ger¢evelerle
karsilandigi binalar i¢in R=8, D=3 ve ¢ergeveye dik yonde ise deprem etkilerinin tamaminin stineklik diizeyi

yiiksek merkezi ¢aprazli ¢elik cergeveler tarafindan karsilandigi binalar igin R=5, D=2 seg¢ilmistir [16].
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Celik sanayi binalarinda temeller disindaki tiim tasiyici sistem elemanlarinda S235 malzeme sinifinda sicak
sekillendirilmis profillerin kullanildig1 kabul edilmistir.

Yerinde dokme betonarme tastyici sistem ile ¢elik tasiyici sistemin bir arada kullanildigi karma tastyict
sistemli sanayi binalarinda deprem etkisinde her iki yondeki davranisi benzer olan kare betonarme kolonlar
ile celik ¢at1 makaslarm kullanildig1 kabul edilmistir. Karma (betonarme+celik) tasiyici sisteme sahip sanayi
bina modellerinde kolonlarin temellere ankastre mesnetlendigi, makas yoniinde ¢at1 ile kolon birlesimlerinin
rijit ve makasa dik yonde mafsalli oldugu kabul edilmistir. Yapisal hesaplarda tagiyici sistem davranig
katsayisi (R) ve dayanim fazlalig1 katsayis1 (D) TBDY 2019°a gore gergeve yoniinde deprem etkilerinin
tamaminin moment aktaran siineklik diizeyi yiiksek karma g¢ercevelerle karsilandigi binalar i¢in R=8, D=3
ve cergeveye dik yonde ise deprem etkilerinin tamaminin siineklik diizeyi yliksek merkezi ¢aprazli karma
¢erceveler tarafindan karsilandigi binalar i¢in R=5, D=2 secilmistir [16]. Karma tasiyict sistemli sanayi
binalarmin betonarme boliimlerinde C25/30 beton ve B420C donati ¢eligi, ¢elik boliimlerinde ise S235
celigi kullanildig1 kabul edilmistir.

Tiim tastyici sistemlerin tasariminda cat1 kaplamasi olarak poliiiretan yalitimli kompozit panel kullanilmus,
catr egimi %15 almmistir. Sanayi binalarmin tastyict sistem tasarimi yiiriirliikteki deprem yonetmeligi
TBDY 2019 ile CYTHYEY 2018, TS 500 ve TS 498 standartlarina gore yapilmstir [16-19]. Ornek sanayi
binalarmna etki eden deprem yiikleri TBDY 2019°a gore bes farkli yerel zemin sinifi i¢in hesaplanirken
riizgar yiikleri TS 498’e gore hesaplanmus, kar yiikii TS 498’e gore 0,75 kN/m? alinmis ve binalara etki

ettirilmigtir.
4. ORNEK SANAYI BINALARININ KABA YAPIM MALIYETLERI

Ayn1 plan boyutlu farkli tastyicr sistemli 6rnek sanayi binalarinin Kirklareli, Edirne, Tekirdag Corlu ve
Istanbul Beylikdiizii Organize Sanayi Bolgeleri icin kaba yapim maliyet farklarini ortaya koymak icin
maliyet hesaplarinda tastyici sistemlerdeki ortak imalatlar yerine farkli imalatlar dikkate alinmistir. Boylece
ornek sanayi binalari i¢in tasiyici sistem tiirlerinin maliyet farklan dikkate alinarak en ekonomik sanayi
binasi tastyici sistemi belirlenmeye ¢ahsilmustir. Ornek sanayi binalarinin kaba yapim maliyet hesaplarinda
dikkate alinan imalat kalemleri 6zet olarak Cizelge 7°de verilmistir. Ornek sanayi binalarinin kaba yapim
maliyet hesaplarinda T.C. Cevre, Sehircilik ve Tklim Degisikligi Bakanlig1 2022/3 Insaat ve Tesisat Birim

Fiyatlari’ndan yararlanilmistir [20].
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Cizelge 7: Kaba yapim maliyeti hesabinda dikkate alinan imalatlar ve birim fiyatlar1 [20]

Birim Fiyati

Poz Numarasi Tanimmm Birimi (TL)

Beton santralinde iiretilen veya satin alinan ve beton

3
15.150.1005 pompasiyla basilan C25/30 hazir beton m 1.046,16

A8-A12 mm nerviirlii beton ¢elik cubugu, ¢ubuklarin

15.160.1003 kesilmesi, biikiilmesi ve yerine konulmasi ton 19.325,13

A14-028 mm nerviirlii beton ¢elik cubugu, cubuklarin

15.160.1004 kesilmesi, biikiilmesi ve yerine konulmasi ton 19290,13

Her tiirli profil demirlerin miinferit veya birlesik
15.165.1001 . o . ton 27.424,96
olarak hazirlanmasi ve yerine tespit edilmesi

15.180.1003 Plywood ile diiz yiizeyli betonarme kalib1 yapilmasi m? 173,93
Demir yiizeylere iki kat solvent bazli epoksi boya

15.540.1113 ey P Y m? 76,04
yapilmasi

19.100.1113 Mobil ving'in 1 saatlik ticreti sa 382,79
175 mm kalinlhiginda dise delikli  tugla

15.220.1113 £ ¥y g m? 205,70

(240x175%235 mm) ile duvar yapilmasi

1 ton her cins betonarme demiri, profil ve lama demiri

15.100.1004 ile saclarin tagitlara yiikleme, bosaltma ve istifi ton 47.85

4.1. Ornek sanayi binalarinin kaba yapim maliyetleri

TBDY 2019 ve CYTHYEY 2018’e gore farkli zemin siniflari i¢in tasarimlart yapilan farkli tastyici sisteme
sahip 6rmek sanayi binalarinin projeler tizerinden hesaplanan kaba yapim maliyet sonuclar1 asagida 6zet

olarak verilmigtir.

4.1.1. Celik tasvyict sistemli ornek sanayi binalarumin kaba yapim maliyetleri

TBDY 2019°daki farkli zemin siniflar1 ve TDTH 2019°a gore tasarimlari yapilan 20 m agiklikli ¢elik tastyict
sistemli 6rnek sanayi binalarmin m? cinsinden kaba yapim maliyetleri Cizelge 8’de, 25 m agiklikli gelik

tastyic sistemli drnek sanayi binalarmin m* cinsinden kaba yapim maliyetleri Cizelge 9°da verilmistir.
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Cizelge 8: 20,00 mx42,00m boyutlu érnek gelik tastyici sistemli sanayi binalarinin m? kaba yapim maliyetleri (TL/m?)
(Nuryadi, 2023’ten diizenlenmistir) [12]

Bina Model Yerel Zemin Simifi
Konumu Ad1 ZA 7B ZC 7D ZE

_ Dolu Gévdeli Kirisli 3355,62 3356,03 342284 342801 3507,38
ggllg"are" Petek Kirisli 367,65 3267,65 332284 332395 339974
Kafes Kirisli 3205,92 3205,92 3267,81 3271,16 3324,70
_ Dolu Gévdeli Kirisli 3355,62 3356,03 3422.82 3428,73 350742
g‘;‘g“e Petek Kirisli 3267,60 3267,60 3317,68 3321,12 339583
Kafes Kirisli 3205,92 3205,92 3264,89 3268,36 332143
Tekirdag _Dolu Govdeli Kirisli 342135 3421,77 3468,83 3483,29 3803,34
Corlu Petek Kirisli 3317,00 3317,00 3383,83 3395,75 3735,50
OSB Kafes Kirisli 3256,09 3256,09 335841 3370,26 3658.89
istanbul Dolu Gévdeli Kirisli 3537,59 3537,59 3623,68 3859,37 402426
Beylikdiizii Petek Kirisli 345941 345941 3568,54 3812,16 400534
OSB Kafes Kirisli 3316,68 3316,68 3520,95 3751,84 3936,14

Cizelge 9: 25,00 mx42,00m boyutlu 6rnek ¢elik tasiyici sistemli sanayi binalarinin m? kaba yapim maliyetleri (TL/m?)
(Nuryadi, 2023’ten diizenlenmistir) [12]

Bina Model Yerel Zemin Smifi
Konumu Ad1 ZA 7B ZC 7D ZE

_ Dolu Gévdeli Kirisli 3365,31 3381,77 341222 3440,15 349258
ggllg"are" Petek Kirisli 3290,12 329965 332990 335542 344902
Kafes Kirisli 3080,35 3080,35 3134,76 3154,08 3229,69
] Dolu Gévdeli Kirisli 3365,31 3370,94 3401,74 3429,64 3482,69
g‘;‘g“e Petek Kirisli 3290,12 3295,89 3325,40 3350,92 344365
Kafes Kirisli 3080,35 3080,35 312823 3146,78 322224
Tekirdag _Dolu Govdeli Kirigli 3450,46 3461,41 3483,20 3574,50 3765,19
Corlu Petek Kirisli 3353,88 3353,88 3419,52 3469,86 3636,16
OSB Kafes Kirisli 3215,69 3215,69 3331,68 3365,12 3568,76
istanbul Dolu Gévdeli Kirisli 3508,58 3058,58 3530,10 3916,35 457923
Beylikdiizii Petek Kirisli 3441,06 3441,06 3474,80 3781,96 4207 35
OSB Kafes Kirisli 3371,92 3371,92 3409,86 3674,92 404423

4.1.2. Karma tasiyict sistemli ornek sanayi binalarinin kaba yapim maliyetleri

TBDY 2019°daki farkli zemin siniflart ve TDTH 2019°a gore tasarimlari yapilan 20 m ag¢iklikli karma
tastyici sistemli 6rnek sanayi binalarinin m? cinsinden kaba yapim maliyetleri Cizelge 10°da, 25 m agiklikli
karma tasiyici sistemli 6rnek sanayi binalarmm m? cinsinden kaba yapmm maliyetleri Cizelge 11°de

verilmigtir.
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Cizelge 10: 20,00 mx42,00m boyutlu drnek karma tagtyici sistemli sanayi binalarinin m* kaba yapim maliyetleri
(TL/m?) (Nuryadi, 2023 ten diizenlenmistir) [12]

Bina Model Yerel Zemin Simifi
Konumu Ad1 ZA 7B 7.C 7D ZE

_ Dolu Gévdeli Kirisli 2084,57 2084,57 2113,58 2118,77 218647
ggllg"are" Petek Kirighi 203002 203376 204636 205342 214654
Kafes Kirisli 1986,23 1991,74 2003,90 2014,77 2066,54
_ Dolu Govdeli Kirisli 2084,57 2084,57 2113,58 2118,77 2186,58
g‘;‘g“e Petek Kirisli 2030,02 2033,76 2047,88 2053,07 214467
Kafes Kirisli 1986,23 1991,74 2003,90 2014,77 2066,54
Tekirdag _Dolu Govdeli Kirisli 2123,58 2123,58 2147,73 215437 242671
Corlu Petek Kirisli 2061,12 2064,87 2084,17 2089,36 231827
OSB Kafes Kirisli 2010,17 2015,68 2016,55 2087,68 223837
istanbul Dolu Govdeli Kirisli 2123,58 2123,58 2147,73 224282 2504,99
Beylikdiizii Petek Kirisli 2061,12 2064,85 2084,17 2224,68 237878
OSB Kafes Kirisli 2011,47 2015,68 2016,55 2167,39 2312,54

izelge 11: 25,00 mx42,00m boyutlu 6rnek karma tagiyict sistemli sanayi binalarimin m? kaba yapim maliyetleri
g yu
(TL/m?) (Nuryadi, 2023 ten diizenlenmistir) [12]

Bina Model Yerel Zemin Smifi
Konumu Adi ZA 7B ZC ZD ZE

 Dolu Gévdeli Kirigli 210225 210225 2118,93 2130,88 2209,14
ggllg"are" Petek Kirisli 208388 209035 209913 210890 219844
Kafes Kirisli 2029,33 2029,33 2045,96 2053,51 2081,73
_ Dolu Gévdeli Kirigli ~ 2102,25 210225 2118,93 2130,88 2209,14
g‘;‘g“e Petek Kirisli 2083,88 2090,35 2099,13 2108,90 219844
Kafes Kirisli 2029,33 2029,33 2045,96 2053,51 2081,79
Tekirdag _Dolu Govdeli Kirisli  2207,04 2210,98 2247,13 2283,97 255425
Corlu Petek Kirisli 2098,82 2107,65 214780 2162,89 246029
OSB Kafes Kirisli 2048,16 2048,16 2072,67 2121,57 235924
istanbul  Dolu Govdeli Kirigli ~ 2265,16 2268,87 232234 2464,11 2675,62
Beylikdiizii Petek Kirisli 2127,88 2144,40 229553 2367,34 262325
OSB Kafes Kirisli 2068,09 207722 2101,73 2343,16 2506.88

4.2. Ornek sanayi binalarinin kaba yapim maliyetlerinin karsilastirilmast

Kirklareli OSB igin 20,00mx42,00m plan boyutlu farkli tagiyici sistemli 6rnek sanayi binalarmin m?
cinsinden kaba yapim maliyetleri karsilastirmali olarak Cizelge 12°de verilmistir. Celik tastyict sistemli ve
karma tastyici sistemli 20,00mx42,00m plan boyutlu drnek sanayi binalarmin kaba yapim maliyetlerinin
degisiminin kolaylikla yorumlanabilmesi i¢in Cizelge 12’deki maliyet sonuglari grafik olarak Sekil 2°de

verilmigtir.

430



Nuryadi & Ozsahin /Celik ve Karma Tasiyici Sistemli Sanayi Bina Orneklerinin Kaba Yapim Maliyetlerinin Trakya Bélgesi icin Karsilastiridmast

Cizelge 12: Kirklareli OSB igin 20,00mx*42,00m boyutlu ¢elik ve karma tasryici sistemli sanayi bina maliyetlerinin
karsilastirilmasi [12]

Yerel Celik Tasiyic1 Sistem Karma Tasiyic1 Sistem Karma/Celik Tasiyici Sistem

Zemin (TL/m?) (TL/m?) Maliyet Oranlari (%)

Sinifi Dolu Petek Kafes Dolu Petek Kafes Dolu Petek Kafes
Govdeli Kirisli  Kirisli Govdeli Kirisli  Kirisli Govdeli Kirisli Kirisli

7ZA 3355,62  3267,65 3205,92 2084,57 2030,02 198623 62,1 62,1 62,0
7B 3356,03 3267,65 3205,92 2084,57 2033,76 1991,74 62,1 62,2 62,1
7C 3422,82  3322,84 3267.81 2113,58 2046,36 2003,90 61,7 61,6 61,3
yA)) 3428,73 3323,95 3271,16 2118,77 2053,42 2014,77 61,8 61,8 61,6
ZE 3507,38 3399,74 3324,70 2186,47 2146,54 2066,54 62,3 63,1 62,2
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Sekil 2: Kirklareli OSB i¢in 20,00m>42,00m boyutlu ¢elik ve karma tagiyici sistemli sanayi binalarinin karsilagtirmali
kaba yapim maliyetleri [12]

Kirklareli OSB igin 25.00mx42.00m plan boyutlu farkli tasiyici sistemli érnek sanayi binalarmm m?
cinsinden kaba yapim maliyetleri karsilastirmali olarak Cizelge 13°de verilmistir. Celik tagiyict sistemli ve
karma tasiyici sistemli 25.00mx42.00m plan boyutlu drnek sanayi binalarmin kaba yapim maliyetlerinin
degisimin kolaylikla yorumlanabilmesi i¢in Cizelge 13’teki maliyet sonuglar1 grafik olarak Sekil 3’te

verilmigtir.
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Cizelge 13: Kirklareli OSB igin 25,00mx42,00m boyutlu ¢elik ve karma tasryici sistemli sanayi bina maliyetlerinin
karsilastirilmasi [12]

Yerel Celik Tasiy1c1 Sistem Karma Tasiyic1 Sistem Karma/Celik Tasiyici
Zemin (TL/m?) (TL/m?) Sistem Maliyet
Siifi Oranlari (%)

Dolu Petek Kafes Dolu Petek Kafes Dolu Petek  Kafes

Govdeli Kirisli  Kirisli Govdeli Kirisli Kirisli Govdeli Kirisli Kirisli
ZA 3365,31 3290,12 3080,35 2102,25 2083,88 2029,33 59,8 63,3 65,9
7B 3381,77 3299,65 3080,35 2102,25 2090,35 2029,33 62,2 634 65,9
7C 341222 3329,90 3134,76 2118,93 2099,13 2045,96 62,1 63,0 65,3
yA)) 3440,15 335542 3154,08 2130,88 210890 2053,51 61,9 62,9 65,1

ZE 3492,58 3449,02 3229,69 2209,14 219844 2081,73 63,3 63,7 64,5
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Sekil 3: Kirklareli OSB i¢in 25,00m>42,00m boyutlu ¢elik ve karma tasiyici sistemli sanayi binalarinin karsilagtirmali
kaba yapim maliyetleri [12]

Cizelge 12-13 ve Sekil 2-3’e gore Kurklareli OSB igin verilen sanayi binas1 m? kaba yapim maliyetleri
incelendiginde ¢elik tastyict sistem ve karma tastyict sistemli sanayi bina orneklerinin tamaminda en
ekonomik tastyict sistem tiiriiniin kafes kiris ¢att makasl tastyici sistem oldugu, onu sirasiyla petek kirig
cat1 makasl sistem ile dolu govdeli kiris ¢at1 makasl sistemin takip ettigi goriilmektedir. Kirklareli OSB
icin karma tasiyici sistemli sanayi binalarinin kaba yapim maliyetleri, gelik tasiyici sistemli sanayi
binalarmin kaba yapim maliyetlerinden daha diisiiktiir. 20,00mx42,00m plan boyutlu 6rnek bina
modellerinde; karma tastyici sistemli sanayi binalarinin kaba yapim maliyetlerinin ¢elik tasiyici sistemli
sanayi binalarmin kaba yapim maliyetlerine orani, dolu govdeli kiris cati makasl sistemlerde ortalama

%62,0; petek kiris ¢cat1 makasli sistemlerde ortalama %62,2 ve kafes kirig ¢cati makasl sistemlerde %61,8 dir
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(Cizelge 12). 25,00mx42,00m plan boyutlu 6rnek bina modellerinde karma tasiyict sistemli sanayi
binalarmin kaba yapim maliyetlerinin ¢elik tagiyict sistemli sanayi binalarmin kaba yapim maliyetlerine
orani dolu govdeli kiris ¢att makasl sistemlerde ortalama %61,9; petek kiris ¢ati makash sistemlerde
ortalama %63,3 ve kafes kiris ¢at1 makasl sistemlerde %65,3tiir (Cizelge 13). Kirklareli OSB i¢in celik ve
karma tastyici sistemli 6rnek sanayi binalarinin tamaminda tastyici sistem maliyetlerinin ZA yerel zemin

smifindan ZE yerel zemin smifina gidildikce arttig1 goriilmektedir.

Edirne OSB i¢in 20,00mx42,00m plan boyutlu farkli tastyici sistemli 6rnek sanayi binalarinin m? cinsinden
kaba yapim maliyetleri karsilastirmali olarak Cizelge 14’te verilmistir. Celik tasiyict sistemli ve karma
tagiyict sistemli Ornek sanayi binalarmm kaba yapim maliyetlerinin degigsiminin kolaylikla

yorumlanabilmesi i¢in Cizelge 14 teki maliyet sonuglari grafik olarak Sekil 4°te verilmistir.

Cizelge 14: Edirne OSB i¢in 20,00mx42,00m boyutlu ¢elik ve karma tasiyict sistemli sanayi bina maliyetlerinin
karsilastirilmasi [12]

Yerel Celik Tasiy1c1 Sistem Karma Tasiyic1 Sistem Karma/Celik Tasiyici
Zemin (TL/m?) (TL/m?) Sistem Maliyet
Smifi Oranlar1 (%)

Dolu Petek Kafes Dolu Petek Kafes Dolu Petek  Kafes

Govdeli Kirisli  Kirisli Govdeli Kirisli Kirisli Govdeli Kirisli Kirisli
ZA 3355,62 3267,60 3205,92 2084,57 2030,02 1986,23 62,2 62,1 62,0
7B 3356,03 3267,60 3205,92 2084,57 2033,76 1991,74 62,1 62,2 62,1
7ZC 342282 3317,68 3264,89 2113,58 2047,88 2003,90 61,7 61,7 61,4
7D 342873 3321,12 3268,36 2118,77 2053,07 2014,77 61,8 61,8 61,6

ZE 3507,42 3395,83 3321,43 2186,92 2144,67 2066,54 62,4 63,2 62,2
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Sekil 4: Edirme OSB i¢in 20,00mx42,00m boyutlu ¢elik ve karma tagtyici sistemli sanayi binalarinin kargilagtirmali
kaba yapim maliyetleri [12]
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Edirne OSB i¢in 25,00mx42,00m plan boyutlu farkli tastyici sistemli 6rnek sanayi binalarinin m?* cinsinden
kaba yapim maliyetleri karsilastirmali olarak Cizelge 15°te verilmistir. Celik tasiyict sistemli ve karma
tagiyict sistemli Ornek sanayi binalarmm kaba yapim maliyetlerinin degigsiminin kolaylikla

yorumlanabilmesi i¢in Cizelge 15 teki maliyet sonuglari grafik olarak Sekil 5°te verilmistir.

Cizelge 15: Edirne OSB i¢in 25,00mx42,00m boyutlu ¢elik ve karma tasiyict sistemli sanayi bina maliyetlerinin
karsilastirilmasi [12]

Yerel Celik Tasiy1c1 Sistem Karma Tasiyic1 Sistem Karma/Celik Tasiyici
Zemin (TL/m?) (TL/m?) Sistem Maliyet
Simifi Oranlari (%)

Dolu Petek Kafes Dolu Petek Kafes Dolu Petek  Kafes

Govdeli Kirisli  Kirisli Govdeli Kirisli Kirisli Govdeli Kirisli Kirisli
ZA 3365,31 3290,12 3080,35 2102,25 2083,88 2029,33 62,5 63,3 65,9
7B 337094 3295,89 3080,35 2102,25 2090,35 2029,33 62,4 634 65,9
7ZC 3401,74 332540 3128,23 2118,93 2099,13 2045,96 62,3 63,1 65,4
yA)) 342980 3350,92 3146,78 2130,88 210890 2053,51 62,1 62,9 65,3

ZE 3482,69 3443,65 322224 2209,14 219844 2081,79 63,4 63.8 64,6
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Sekil 5: Edirme OSB i¢in 25,00mx42,00m boyutlu ¢elik ve karma tagtyict sistemli sanayi binalarinin kargilagtirmali
kaba yapim maliyetleri [12]

Cizelge 14-15 ve Sekil 4-5’¢ gore Edirne OSB igin verilen sanayi binasi m* kaba yapim maliyetleri

incelendiginde ¢elik tasiyict sistem ve karma tasiyici sistemli sanayi binasi drneklerinin tamaminda en

ekonomik tastyici sistem tiiriiniin kafes kiris ¢att makasl tastyici sistem oldugu, onu sirasiyla petek kirig

cat1 makasl sistem ile dolu govdeli kiris ¢att makasl sistemin takip ettigi goriilmektedir. Edirne OSB i¢in

karma tastyict sistemli sanayi binalarmin kaba yapim maliyetleri, ¢elik tagiyici sistemli sanayi binalarinin
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kaba yapim maliyetlerinden daha diisiiktiir. 20,00mx=42,00m boyutlu 6rnek bina modellerinde karma tastyici
sistemli sanayi binalarinin kaba yapim maliyetlerinin ¢elik tasiyici sistemli sanayi binalarinin kaba yapim
maliyetlerine orani, dolu govdeli kiris ¢att makasl sistemlerde ortalama %62,0; petek kiris ¢att makash
sistemlerde ortalama %62.,2 ve kafes kiris cati makash sistemlerde %61,9’dur (Cizelge 14).25,00mx42,00m
boyutlu 6rnek bina modellerinde karma tastyici sistemli sanayi binalarinin kaba yapim maliyetlerinin ¢elik
tastyici sistemli sanayi binalarinin kaba yapim maliyetlerine orani dolu gdvdeli kiris ¢ati makasli sistemlerde
ortalama %62,5; petek kirig catt makasl sistemlerde ortalama %63,3 ve kafes kirig ¢att makasl sistemlerde
%65,4’tiir (Cizelge 15). Edirne OSB i¢in ¢elik ve karma tasiyici sistemli 6rnek sanayi binalarinin tamaminda
tagiyict sistem maliyetlerinin ZA yerel zemin sinifindan ZE yerel zemin smifina gidildikce arttigi

goriilmektedir.

Tekirdag Corlu OSB i¢in 20,00mx42,00m plan boyutlu farkl tasiyici sistemli 6rnek sanayi binalarmin m?
cinsinden kaba yapim maliyetleri karsilastirmali olarak Cizelge 16°da verilmistir. Celik tastyict sistemli ve
karma tastyici sistemli 20,00mx42,00m plan boyutlu drnek sanayi binalarmin kaba yapim maliyetlerinin
degisiminin kolaylikla yorumlanabilmesi i¢in Cizelge 16’daki maliyet sonuglar1 grafik olarak Sekil 6’da

verilmigtir.

Cizelge 16: Tekirdag Corlu OSB igin 20,00mx42,00m boyutlu ¢elik ve karma tasiyict sistemli sanayi bina
maliyetlerinin kargilagtiriimasi [12]

Yerel Celik Tasiy1c1 Sistem Karma Tasiyic1 Sistem Karma/Celik Tasiyici
Zemin (TL/m?) (TL/m?) Sistem Maliyet
Siifi Oranlar1 (%)

Dolu Petek Kafes Dolu Petek Kafes Dolu Petek  Kafes

Govdeli Kirisli  Kirisli Govdeli Kirisli Kirisli Govdeli Kirisli Kirisli

ZA 342135 3317,00 3256,09 2123,58 2061,12 2010,17 61,5 62,1 61,7
7B 3421,77 3317,00 3256,09 2123,58 2064,87 2015,68 61,5 62,2 61,9
7ZC 3468,83 3383,83 3358,41 2147,73 2084,17 2016,55 61,4 59,5 60,0
7D 348329 3395,75 3370,26 2154,37 2089,17 2087,68 61,3 594 61,9

ZE 3803,34 3735,50 3658,89 2426,71 231827 223837 63,2 583 61,2

Tekirdag Corlu OSB i¢in 25,00m*42,00m plan boyutlu farkl tastyici sistemli 6rnek sanayi binalarmin m?
cinsinden kaba yapim maliyetleri karsilastirmali olarak Cizelge 17’de verilmistir. Celik tastyict sistemli ve
karma tastyici sistemli 25,00mx42,00m plan boyutlu drnek sanayi binalarmin kaba yapim maliyetlerinin
degisiminin kolaylikla yorumlanabilmesi i¢in Cizelge 17’deki maliyet sonuglar grafik olarak Sekil 7°de

verilmistir.

435



Nuryadi & Ozsahin /Celik ve Karma Tasiyici Sistemli Sanayi Bina Orneklerinin Kaba Yapim Maliyetlerinin Trakya Bélgesi icin Karsilastiridmast

4000,004

y3803,34

3800,00.

N 3735,50
Y 3658,89

3600,00.

3400,001 p

(TL/m?)

1

3200,00.

= 3000,00

Maliyet

=}
< 2400,00.
¥

2200,00.

2000,00.

1800,00

ISNAN

Z
Dolu Gévdeli Cat1 Makash Tasiyici Sistem | Petek Kiris Catt Makasl Tastyici Sistem Kafes Kiris Cati Makasl Tastyici Sistem

Celik Tastyict Sistem @ Karma Tas1yic1 Sistem

Sekil 6: Tekirdag Corlu OSB i¢in 20,00mx42,00m boyutlu ¢elik ve karma tastyict sistemli sanayi binalarmm
karsilagtirmali kaba yapim maliyetleri [12]

Cizelge 17: Tekirdag Corlu OSB igin 25,00mx42,00m boyutlu ¢elik ve karma tasiyict sistemli sanayi bina
maliyetlerinin kargilagtiriimasi [12]

Yerel Celik Tasiy1c1 Sistem Karma Tasiyic1 Sistem Karma/Celik Tasiyici
Zemin (TL/m?) (TL/m?) Sistem Maliyet
Simifi Oranlari (%)
Dolu Petek Kafes Dolu Petek Kafes Dolu Petek  Kafes
Govdeli Kirisli  Kirisli Govdeli Kirisli Kirisli Govdeli Kirisli  Kirisli
ZA 345046 3353,88 3215,69 2207,04 209882 2048,16 64,0 62,6 63,7
ZB 3461,41 3353,88 3215,69 221098 2107,65 2048,16 63,9 628 63,7
ZC 348320 3419,52 3331,68 2247,13 2147,80 2072,67 64,5 628 62,2
yA)) 3574,50 3469,86 3365,12 228397 216289 2121,57 63,9 62,3 63,0
ZE 3765,19 3636,16 3568,76 255425 246029 235924 @ 678 67,7 66,1

Cizelge 16-17 ve Sekil 6-7°de gore Tekirdag Corlu OSB igin verilen sanayi binasi m? kaba yapim maliyetleri
incelendiginde ¢elik tasiyict sistem ve karma tasiyici sistemli sanayi binasi drneklerinin tamaminda en
ekonomik tastyict sistem tiiriiniin kafes kiris ¢att makasl tastyici sistem oldugu, onu sirasiyla petek kirig
cat1 makasli sistem ile dolu govdeli kiris cat1 makash sanayi sistemin takip ettigi goriilmektedir. Tekirdag
Corlu OSB i¢in karma tasiyici sistemli sanayi binalarinin kaba yapim maliyetleri, ¢elik tasiyici sistemli
ornek sanayi binalarinin kaba yapim maliyetlerinden daha diigiiktiir. 20,00m>42,00m boyutlu érmek bina
modellerinde karma tastyici sistemli sanayi binalarmin kaba yapim maliyetlerinin ¢elik tasiyici sistemli
sanayi binalarmin kaba yapim maliyetlerine orani, dolu govdeli kiris cati makasl sistemlerde ortalama
%61,8; petek kiris ¢at1 makasli sistemlerde ortalama %60,3 ve kafes kirig ¢ati makasli sistemlerde %61,3 *tiir

(Cizelge 16). 25,00mx42,00m boyutlu 6rnek bina modellerinde karma tastyici sistemli sanayi binalarinin
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kaba yapim maliyetlerinin celik tasiyici sistemli sanayi binalarmmn kaba yapim maliyetlerine orani, dolu
govdeli kirig ¢catt makasl sistemlerde ortalama %64,8; petek kiris ¢cati makasl sistemlerde ortalama %63,6
ve kafes kirig ¢cati makaslh sistemlerde %63,7’dir (Cizelge 17). Tekirdag Corlu OSB i¢in ¢elik ve karma
tagiyici sistemli drnek sanayi binalarinin tamaminda tagiyici sistem maliyetlerinin ZA yerel zemin sinifindan

ZE yerel zemin sinifina gidildik¢e arttigi goriilmektedir.
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Celik Tastyic1 Sistem @ Karma Tas1yic1 Sistem

Sekil 7: Tekirdag Corlu OSB i¢in 25,00mx42,00m boyutlu ¢elik ve karma tagiyict sistemli sanayi binalarmin
karsilagtirmali kaba yapim maliyetleri [12]

Istanbul Beylikdiizii OSB i¢in 20,00mx>42,00m plan boyutlu farkl tasiyic1 sistemli drnek sanayi binalarinmn
m? cinsinden kaba yapim maliyetleri karsilastirmali olarak Cizelge 18’de verilmistir. Celik tasiyici sistemli
ve karma tastyici sistemli 20,00mx42,00m plan boyutlu 6rnek sanayi binalarmin kaba yapim maliyetlerinin
degisiminin kolaylikla yorumlanabilmesi i¢in Cizelge 18’deki maliyet sonuglar1 grafik olarak Sekil 8’de
verilmigtir.

Cizelge 18: Istanbul Beylikdiizii OSB igin 20,00m»42,00m boyutlu ¢elik ve karma tastyici sistemli sanayi bina
maliyetlerinin kargilagtiriimasi [12]

Yerel Celik Tasiy1c1 Sistem Karma Tasiyic1 Sistem Karma/Celik Tasiyici
Zemin (TL/m?) (TL/m?) Sistem Maliyet
Smifi Oranlar1 (%)

Dolu Petek Kafes Dolu Petek Kafes Dolu Petek  Kafes

Govdeli Kirisli  Kirisli Govdeli Kirisli Kirisli Govdeli Kirisli Kirisli

ZA 3537,59 3459,41 3316,68 2123,58 2061,12 2011,47 60,0 59,6 60,6
7B 3537,59 345941 3316,68 2123,58 2064,85 2015,68 60,0 59,7 60,8
7ZC 3623,68 3568,54 3520,95 2147,73 2084,17 2016,55 59,3 584 57,3
7D 385937 3812,16 3751,84 224282 2224,68 2167,89 58,1 584 57,8

ZE 4024,26 400534 3936,14 250499 2378,78 2312,54 62,2 594 58,8
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Sekil 8: Istanbul Beylikdiizii OSB igin 20,00mx42,00m boyutlu gelik ve karma tasiyic1 sistemli sanayi binalarmn
karsilagtirmali kaba yapim maliyetleri [12]

Istanbul Beylikdiizii OSB igin 25,00m=42,00m plan boyutlu farkli tastyici sistemli érnek sanayi binalarmin
m? cinsinden kaba yapim maliyetleri karsilastirmali olarak Cizelge 19°da verilmistir. Celik tasiyici sistemli
ve karma tastyici sistemli 25,00mx42,00m plan boyutlu 6rnek sanayi binalarimin kaba yapim maliyetlerinin
degisiminin kolaylikla yorumlanabilmesi i¢in Cizelge 19’daki maliyet sonuglar1 grafik olarak Sekil 9°da
verilmigtir.

Cizelge 19: Istanbul Beylikdiizii OSB igin 25,00m»42,00m boyutlu ¢elik ve karma tastyici sistemli sanayi bina
maliyetlerinin kargilagtirtlmasi [12]

Yerel Celik Tasiy1c1 Sistem Karma Tasiyic1 Sistem Karma/Celik Tasiyici
Zemin (TL/m?) (TL/m?) Sistem Maliyet
Smifi Oranlar1 (%)

Dolu Petek Kafes Dolu Petek Kafes Dolu Petek  Kafes

Govdeli Kirisli  Kirisli Govdeli Kirisli Kirisli Govdeli Kirisli Kirisli
ZA 3508,58 3441,06 3371,92 2265,16 2127,88 2068,09 64,6 61,8 61,3
7B 3508,58 3441,06 3371,92 2268,87 214440 2077,22 64,6 62,3 61,6
7ZC 3530,10 3474,80 3409,86 232234 2295,53 2101,73 65,8 66,0 61,6
7D 391635 3781,96 367492 2464,11 2367,34 2343,16 62,9 62,6 63,8

ZE 4579,23 420735 404423 2675,62 262325 2506,88 584 62,3 62,0
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Sekil 9: Istanbul Beylikdiizii OSB igin 25,00mx42,00m boyutlu celik ve karma tastyici sistemli sanayi binalarmmn
karsilagtirmali kaba yapim maliyetleri [12]

Cizelge 18-19 ve Sekil 8-9’a gore Istanbul Beylikdiizii OSB icin verilen sanayi bina m?> kaba yapim
maliyetleri incelendiginde celik tagiyict sistem ve karma tastyici sistemli sanayi binast 6rneklerinin
tamaminda en ekonomik tasiyici sistem tiiriiniin kafes kiris ¢cat1 makasli tagiyici sistem oldugu, onu sirastyla
petek kiris cat1 makasli sistem ile dolu govdeli kiris cat1 makash sistemin takip ettigi goriilmektedir. Istanbul
Beylikdiizii OSB i¢in karma tastyic1 sistemli sanayi binalarmin kaba yapim maliyetleri, celik tastyici
sistemli 6rnek sanayi binalarmin kaba yapim maliyetlerinden daha diisiiktiir. 20,00mx42,00m boyutlu 6rnek
bina modellerinde karma tagiyici sistemli sanayi binalarinin kaba yapim maliyetlerinin ¢elik tasiyici sistemli
sanayi binalarinin kaba yapim maliyetlerine oran1 dolu gdvdeli kiris cati makaslh sistemlerde ortalama
%359.,9; petek kiris ¢cat1 makasli sistemlerde ortalama %59,1 ve kafes kirig ¢cati makasl sistemlerde %59,1 dir
(Cizelge 18). 25,00mx42,00m boyutlu 6rnek bina modellerinde karma tastyici sistemli sanayi binalarinin
kaba yapmm maliyetlerinin celik tasiyici sistemli sanayi binalarmm kaba yapmm maliyetlerine oran1 dolu
govdeli kirig ¢catt makasl sistemlerde ortalama %63,3; petek kiris ¢cat1 makasl sistemlerde ortalama %63,0
ve kafes kiris cat1 makasli sistemlerde %62,1°dir (Cizelge 19). Istanbul Beylikdiizii OSB igin ¢elik ve karma
tagiyici sistemli drnek sanayi binalarinin tamaminda tagiyici sistem maliyetlerinin ZA yerel zemin sinifindan

ZE yerel zemin sinifina gidildik¢e arttigi goriilmektedir.
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5. SONUCLAR

Bu caligmada Tiirkiye’deki mevcut sanayi binalarini temsil edebilecek ¢elik ve betonarme-celik karma
tastyict sistemli tek agikli ve tek katli 6rnek sanayi binalar1 Trakya bolgesinde farkli depremsellige sahip
bolgeler icin Tiirkiye Bina Deprem Yonetmeligi 2019°a gore tasarlanmis ve projeler iizerinden kaba yapim
maliyetleri hesaplanarak karsilastirilmistir. Tiirkiye Bina Deprem Yonetmeligi 2019°daki farkli zemin
smiflar1 ve Tiirkiye Deprem Tehlike Haritalar1 2019°a gore farkli depremsellige sahip Kirklareli OSB,
Edirne OSB, Tekirdag Corlu OSB ve Istanbul Beylikdiizii OSB’ye gore tasarimlari yapilan ayni plan
boyutlu sanayi binalarinin farkli tasiyici sistem tiirleri i¢in hesaplanan kaba yapmm maliyetlerinin
karsilagtirmali olarak degerlendirilmesinden asagidaki sonuglara varilmistir:

Tiirkiye Deprem Tehlike Haritalar1 2019°a gore incelenen bolgeler iginde depremselligi en az olan Edirne
OSB’de tasarim deprem ylikiine bagli olarak goérece kiigiik kesitler tagima giicli giivenligini sagladig1 igin
Edirne OSB’de ¢elik ve karma tastyici sistemli sanayi binalarinin kaba yapim maliyetinin en diigiik oldugu
gOriilmiistiir. Tlirkiye Deprem Tehlike Haritas1 2019°a gore depremsellik diizeyi Edirne OSB’ye benzer olan
Kirklareli OSB i¢in yapisal hesap sonuglarina gére bulunan kesit boyutlarmin Edirne OSB’ye oldukga yakin
oldugu, Kirklareli OSB i¢in gelik ve karma tasiyici sistemli sanayi binalarinin kaba yapim maliyetlerinin
Edirne OSB i¢in bulunan maliyetlere ¢cok yakin degerler aldig1 goriilmiistiir. Tiirkiye Deprem Tehlike
Haritas1 2019’a gore Edirne OSB ve Kirklareli OSB’ye gore depremselligi daha fazla olan Tekirdag Corlu
OSB ve Istanbul Beylikdiizii OSB’de deprem yiiklerindeki artis ile sanayi binasi tasiyici sistem kesit
boyutlart ve kaba yapim maliyetleri artmaktadir. Kaba yapim maliyet sonuglarma gore ¢elik ve karma
tastyict sistemli 6rnek sanayi binalari i¢in hesaplanan kaba yapim maliyetlerinin Edirne OSB’de en diisiik,
Istanbul Beylikdiizii OSB’de en yiiksek oldugu; kaba yapim maliyetlerinin en diisiikten en yiiksege dogru
Edirne OSB, Kirklareli OSB, Tekirdag Corlu OSB ve Istanbul Beylikdiizii OSB seklinde siralandig
goriilmiistiir.

Calismada incelen bolgelerin tamaminda tiim zemin siniflart i¢in karma tastyict sistemli sanayi binalarinin
kaba yapim maliyetleri, ¢elik tastyici sistemli sanayi binalarinin kaba yapim maliyetlerinden diisiiktiir. Celik
ve karma tasiyici sistemler arasindaki bu maliyet farkinin, yatay yiikler igin celik tastyici sistemli sanayi
binalarinda diigey tasiyici elemanlar arasinda yatay stabilite elemanlarina ihtiya¢ duyulurken; karma tastyict
sistemli sanayi binalarinda diigsey tasiyicilar arasinda stabilite elemanlarma ihtiya¢ olmamasindan ve
Tiirkiye’de yerinde dokme betonarme imalatin ¢elik imalatindan daha ucuz olmasindan kaynaklandigi
rahatlikla s6ylenebilir.

Calismada incelen tiim bolgelerde ¢elik ve karma tastyici sistemli 6rnek sanayi binalarinin tamaminda,
tagiyict sistem maliyetlerinin ZA yerel zemin sinifindan ZE yerel zemin smifina gidildikce arttigi

goriilmektedir.
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Incelenen bélgelerin tamaminda tiim zemin siniflant igin celik tasiyici sistemli sanayi bina &rneklerinin
tamaminda en ekonomik sistemin kafes kirig ¢cat1 makasli tasiyici sistem oldugu, onu sirasiyla petek kiris
cat1 makash sistem ile dolu govdeli kiris cati makash sistemin takip ettigi goriilmiistiir. Celik tastyici
sistemlere benzer sekilde karma tasiyici sistemler icin de en ekonomik tasiyict sistemin kafes kiris cati
makasli tagiyici sistem oldugu, onu sirastyla petek kirig ¢at1 makasli sistem ile dolu gévdeli kiris ¢att makasl
sistemin takip ettigi goriilmiistiir.

Bu ¢aligmada elde edilen sonuglar, incelenen ¢elik ve karma tastyici sistemli sanayi binast drnekleri igin
gecerlidir. Uygulamada sanayi binalari i¢in ekonomik tagiyici sistem sec¢imi, bu ¢alismada elde edilen

sonuclar dikkate alinarak proje 6zelinde yapilacak maliyet hesaplari ile belirlenmelidir.

Not: Bu ¢alisma Kirklareli Universitesi Fen Bilimleri Enstitiisii Insaat Miihendisligi Ana Bilim Dali
“Tiirkive Bina Deprem Yonetmeligi 2019'a Gore Tasarlanmis Sanayi Yapilarmin Kaba Yapim
Maliyetlerinin Karsilagtirilmasi” bashkl yiiksek lisans tezinden tiretilmistir.

CIKAR CATISMASI BEYANI

Yazarlar arasinda ¢ikar ¢atigmast bulunmamaktadir.

YAZARLARIN KATKILARI

H.N.: Yontem, yazilim, dogrulama, arastirma, kaynaklar, yazi yazma.

B.O.: Yontem, yazilim, dogrulama, arastirma, kaynaklar, yaz1 yazma - gdzden gegirme ve diizenleme.
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Bu aragtirmada Lamiaceae familyalasina ait Thymus longicaulis’in sulu ekstraktlarinin Aspergillus flavus’
un biiylimesi iizerine olan etkisinin in vitro ve in vivo olarak degerlendirilmesi gerceklestirilmistir.
Kurutulmusg T. longicaulis’in tozlar1 A flavus’ un misel biiytimesini %70.53 oraninda inhibe etmistir. T.
longicaulis sulu ekstraktlarmin A. flavus’a karsi minimum inhibitér konsantrasyon (MIK) degeri 1000
pug/mL idi. T. longicaulis sulu ekstraktlar1 sivi besiyerindeki 5 glinliik saklanma siirelerinden sonra petri
kaplarina aktarildiginda ayc¢icegi, bugday, misir ve piringte yapay olarak olusturulan A. flavus ¢iiriimesini
tamamen engelleyememistir. Test edilen tiim konsantrasyonlarda 5 giinliik inkiibasyon siiresi boyunca T.
longicaulis sulu ekstraktlarinin sadece aygigeginde etkin oldugu belirlenmistir (p<0.05). T. longicaulis sulu
ekstraktlarinin hifal morfoloji lizerine lizis, ¢Okertme, yassilagsma ve kirisik hiicre ylizeyli hiicreler
dejeneratif degisimlerini yapti§it SEM analizi ile tespit edilmistir. Arastirmanin sonuglarina gore T.
longicaulis sulu ekstraktlarmin aflatoksin B1 iireticisi olan toksijenik 4. flavus 'un aygiceginde olusturdugu
enfeksiyonlar1 6nleyebilmek igin koruyucu olarak rol oynayabilecegini ifade edebiliriz.

Anahtar Kelimeler: Aspergillus flavus; Thymus longicaulis; Antifungal; Bitki ekstrakti; SEM

Assesment of Thymus longicaulis to Control The Growth of Toxigenic
Aspergillus flavus

ABSTRACT

In this study, the effect of aqueous extracts of Thymus longicaulis, belonging to the Lamiaceae family, on
the growth of Aspergillus flavus was evaluated in vitro and in vivo. Dried powders of T. longicaulis inhibited
myecelial growth of A. flavus by 70.53%. The minimum inhibitory concentration (MIC) value of T.
longicaulis aqueous extracts against A. flavus was 1000 pg/mL. When T. longicaulis aqueous extracts were
transferred to petri dishes after 5 days of storage in liquid medium, they could not completely prevent the
artificially induced A. flavus decay in sunflower, wheat, corn and rice. T. longicaulis aqueous extracts were
found to be effective only in sunflower at all tested concentrations during the 5-day incubation period
(p<0.05). It was determined by SEM analysis that agueous extracts of T. longicaulis made lysis, collapse,
flattening and degenerative changes of cells with wrinkled cell surfaces on hyphal morphology. According
to the results of the study, we can state that aqueous extracts of T. longicaulis can play a protective role in
order to prevent infections caused by toxigenic A. flavus, a producer of aflatoxin B1, in sunflower.

Keywords: Aspergillus flavus; Thymus longicaulis; Antifungal; Plant extract; SEM
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1. GIRIS
Gidalarin mikotoksinler ile kontaminasyonu, tahillar ve diger tarim iirlinleri i¢in 6nemli bir gida gilivenligi
sorunudur. Mikotoksinlerle, 6zellikle de aflatoksinler ile kontamine gidalar bazen 6liimciil akut hastaliklara
neden olabilmektedir. Her y1l diinyadaki tahil mahsullerinin énemli bir yiizdesi aflatoksinler gibi tehlikeli
mikotoksinler ile kontamine olmaktadir [1].
Filamentli kiiflerden Aspergillus cinsi, gida kontaminasyonundan sorumlu baslica kiiftiir. Bu kiifler uygun
sicaklik ve nem kosullarinda, uygun olmayan sekilde depolanan musir, piring, yer fistig1, ac1 biber, sirke, pamuk
tohumu, musir, aga¢ yemisleri, bugday ve baharat gibi gida maddeleri iizerinde biiyiiyebilirler [2]. Bunun
sonucunda gidalarda bozulmalara, besin degerlerinde azalmaya, duyusal kalitenin degigsmesine neden olurlar.
Bazi Aspergillus tiirleri ise mikotoksin irettiginden dolayr halk sagligi sorunu haline gelmistirler [3].
Aspergillus flavus Link ex. Fries, tahillar1 ve diger gidalar1 kontamine eden, kanserojen ve oldukga toksik bir
mikotoksin olan aflatoksin B1 iireten aerobik bir kiif tiiriidiir [4].
Biiyiik ¢apli tiretimlerde gidanin korunmasi i¢in sentetik katki maddelerinin yaygin olarak kullanimi zorunlu
olmustur. Fakat bazi sentetik katki maddelerinin giinliik alimi, aragtirmacilar ve devlet kurumlari i¢in bir endise
kaynagi olmustur [5]. Tiiketicilerde sentetik koruyucularin agir1 kullanimindan endise duymakta ve yeni dogal
koruma ydntemlerini arzulamaktadir. Duyulan bu endise 'yesil' politikalar olusturmak i¢in gida sektoriinii
harekete gegirmistir.
Kimyasal koruyucu madde icermeyen gidalara artan talep ile birlikte bu koruyucular ile ilgili siki denetim
mevzuati, gida endiistrisinde “dogal olarak elde edilen” antimikrobiyallere yonelik arastirmalarin artmasini
tesvik etmistir [5].
Bilimsel ¢alismalar, potansiyel olarak bitkilerde, baharatlarda ve tiirevlerinde bulunan biyoaktif bilesiklerin,
antimikrobiyal, antioksidan ve antikanser aktivitelerini gostermistir [6, 7]. Kimyasal bilesikler yerine bitki
bazl aktif iceriklerin kullanimi genellikle daha giivenli, ¢evre dostu ve mantarlarin biiyiimesini kontrol etmede
etkili oldugu ve farkli mekanizmalarla toksik bilesikleri ortadan kaldirdig1 i¢in genellikle tercih edilmektedir
[8].
Antimikrobiyal ve antifungal etkinligi bilinen Thymus longicaulis’in [9] literatiirde A. flavus’ un biiyiimesi
lizerine olan etkisinin ayrmtili bir sekilde in vitro ve in vivo incelenmesine rastlanilmamistir. Bu projede
Lamiaceae familyasina ait T. longicaulis sulu ekstraktlarinin gidalarda bozulmalara neden olan ve aflatoksin
iretme yetenegindeki A. flavus’un iizerine antifungal etkinliginin in vitro ve in vivo degerlendirilmesi

amaglanmustir.
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2. MATERYAL VE METOD

2.1. Mikroorganizma

Aspergillus flavus Trakya Universitesi Arda Meslek Yiiksekokulu kiif koleksiyonundan temin edildi. Saf
kiiltir, canliligi devam ettirilmek tizere yatik agarli Patates Dekstroz Agar (PDA) besiyerlerinde +4°C'de
muhafaza edilerek ayda bir pasajlandi.

2.2. Thymus longicaulis Ekstraktinin Hazirlanmast

Kirklareli, Merkez, Armagan koyii baraj civarindan toplanan Thymus longicaulis Dr. Hiiseyin ERSOY
tarafindan teshis edildi. Direk giines 15181 almayacak bir alanda golgede kurutulan T. longicaulis, 6giitiilerek
toz haline getirildi ve kullanima kadar +4°C'de muhafaza edildi.10 gr bitki tozu kaynayan 100mL distile suda
10 dk. siire ¢alkalanarak demleme yolu ile ekstrakte edildi. Daha sonra filtre edilerek liyofilizasyon islemi
gerceklestirildi. Ekstraktlarin uygun agirhiginin distile suda ¢oziilmesi bitki ekstraktlarinin cesitli sulu

konsantrasyonlar1 hazirland1 [10].

2.3. Aspergillus flavus’un Misel Biiyiimesi Uzerine Thymus longicaulis’in in vitro Etkisi

40°C'de eritilmis 100 mL PDA'ya 10 gr bitki tozu eklendi. Olusan siispansiyon 10 dk. karistirilarak 121°C'de
15 dk. otoklavlandi. Daha sonra steril gazli bezden siiziilerek petri plaklarina dokiildii [11]. Petri plaklar1 PDA
besiyerinde aktif olarak biiyliyen bir haftalik kiiltiiriin aktif biiylime ucundan steril mantar delici ile alinan 7
mm capindaki kiif diskleri ile asilandi. 25°C'de 5 giin inkiibe edildi. Misel biiyiime inhibisyonu (MBI) =
[(KBMC-BTBMC)/KMBC] x 100 formiiliinden hesaplandi (KBMC; kontrol besiyeri misel ¢apini, BTBMC;

bitki tozlu besiyerinin misel ¢apini ifade etmektedir [12].

2.4. Thymus longicaulis’in Minimum Inhibitor Konsantrasyonunun (MIiK) Belirlenmesi

A. flavus kiifiine (10* CFU/mL) kars1 T. longicaulis ekstraktinin antifungal aktivitesi Klinik ve Laboratuvar
Standartlar1 Enstitiisii (CLSI) prosediiriine gore test edildi [13]. MIK degerleri morfolinopropansiilfonik
(MOPS) ile pH 7.0'ye tamponlanmigs RPMI-1640 besiyerinde 96 kuyucuklu plaklarda gerceklestirildi. Plaklar
5 giin siiresince 25°C'de inkiibe edildi. MIK degeri gorsel olarak, inkiibasyondan sonra fungal biiyiimenin

olmadigi en diisiik konsantrasyon seklinde belirlendi.

2.5. Cesitli Tahillarda Yapay Olarak Olusturulan Aspergillus flavus Ciiriimesine Karsi Sulu
Thymus longicaulis Ekstraktinin Etkisi

Cesitli tahil taneleri (aygicegi, bugday, musir ve piring) 40°C de 48 saat kurutuldu ve Erlenmayerlere konularak
121°C de 15 dk. otoklavlandi. Otoklavlanmus tahillar 10* CFU/mL spor igeren tiiplere transfer edilerek 1 dk.

445



Balkan & Balkan / Toksijenik Aspergillus flavus 'un Biiyiimesini Kontrol Etmek i¢in Thymus longicaulis ’in Degerlendirilmesi

bekletildi. Daha sonra 2, 4, 8, 16 ve 32 mg/mL konsantrasyonlar da sulu bitki ekstrakti i¢eren test tiiplerine
alindi. Kontroller test edilen tahil taneleri, A. flavus sporlari ve besiyerinden olusmakta idi. Tiipler 25°C de 5
giin inkiibe edildi. Sonrasinda ise tahil taneleri PDA igeren petri plaklarina aktarildi [14]. Radyal misel
biiylimesi 5 giin boyunca kaydedildi.

2.6. Aspergillus flavus Hifal Morfoloji Uzerine Sulu Thymus longicaulis Ekstraktun Etkisinin
Taramal Elektron Mikroskobu Ile Belirlenmesi

7 giinliik kiiltiirden hazirlanan spor siispansiyonundan (10* spor/mL) PDA igeren petri plaklarinin merkezine
10uL damlatildi ve 2 giin 25°C’de inkiibe edilerek misel biiyiimesi saglandi. Daha sonra T. longicaulis sulu
ekstrakt: petri plaklarinin {izerini tamamen kapatacak sekilde damlatildi (4MIK). 3 giin 25°C’de inkiibe edilen
A. flavus kiiltiirlerinden mantar delici ile yarigap1 1 cm’lik misel diskler ¢ikarildi. SEM analizi i¢in bu misel
diskler oda sicakliginda 2 saat 0.1 M fosfat tamponu (pH 7.2) i¢inde hazirlanmis %2.5’1lik gluteraldehit ile
fiske edildi. Fiksasyondan sonra ornekler 30 dk. etanol serilerinden (%70, 80, 90 ve 100) gegirilerek
dehidrasyona ugratildi [12]. Orneklerin 5Kv voltajda SEM Quanta 400 kullamilarak dijital goriintiileri elde
edildi.

2.7. Istatistiksel analiz
Verilerin istatistiksel degerlendirmeleri igin tanimlayici istatistik analizi yapildi. Grup ortalamalari arasindaki
farkin 6nemlilik derecesi varyans analizi (ANOVA) ve Mann-Whitney U Testi ile belirlendi. Bu islemler icin

“SPSS for Windows, v 15.0” istatistik paket programi kullanildi ve p<0.05 ten kiiciik degerler anlamli olarak
kabul edildi.

3. BULGULAR VE TARTISMA

Thymus longicaulis tozlar1 A. flavus’un misel biiyiimesi tizerine %70.53 oraninda inhibitor etki gostermistir.
Fungal biiylime iizerine bitki ekstraktlarinin etkisinin onlarin sekonder metabolitlerinden (fenolik, alkaloidler,
flavonoidler ve terpenoidler gibi) dolay1 olabilecegi rapor edilmistir [15]. Patojenik ajanlarin gelisimini
engellemede fenolik bilesiklerin pek ¢ok etki tarzi oldugu dnerilmistir. Bu etkiler nedeni ile patojenik ajanin
enerji tiretimindeki enzimatik prosesleri bozulur, hiicre membraninin gegirgenlik bariyeri hasar goriir ya da
zayiflar, hiicresinin fizikokimyasal yapisi degisir veya niikleik asit sentezi etkilenir [16]. Elde ettigimiz sonug
ve ayni zamanda benzer ¢alismalardaki sonuglar dikkate alindiginda [11, 10, 17] T. longicaulis’in potansiyel
antifungal aktiviteye sahip oldugunu sdyleyebiliriz.

MIK kiif gelisimini inhibe eden bitki eksraktinin en diisiik konsantrasyonudur. Calismamizda T. longicaulis
ekstraktinin MIK degeri 1000 pg/mL olarak bulunmustur. Almeida vd. tarafindan [5] A. flavus’a kars:

Origanum vulgare ve Mentha arvensis yagimin MIK degeri siras1 ile 4 ve 8 mg/mL olarak rapor edilmistir.
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Solanum aculeastrum igin A. flavus’a kars1t MiK degeri 25 mg/mL olarak bildirilmistir [18]. Cymbopogon
citratus, Moringa oleifera, Ocimum gratissimum ve Clerodendrum volubile bitkilerinin etanol, soguk ve sicak
su ekstraktlariin A. flavus’a kars: etkinliginin arastirildig1 baska bir calismada en diisiik MiK degerlerinin
Cymbopogon citratus sicak su ekstraktlar1 (6.25 mg/mL), Moringa oleifera etanol ve sicak su ekstraktlari (12.5
mg/mL), Ocimum gratissimum etanol ve sicak su ekstraktlar1 (25 mg/mL) ve Clerodendrum volubile soguk su
eksrakti (25 mg/mL) ile belirlendigi rapor edilmistir [19]. Farkli bitkiler ile A. flavus’a karsi yapilan testlerin
sonuglarina gore A. flavus’un antifungal ajanlara duyarlilik derecesinde biiyiik farkliliklar gosterdigi
gorlilmektedir.

T. longicaulis sulu ekstraktlarmin sivi besiyerindeki 5 giinliik saklanma siirelerinden sonra petri kaplarina
aktarildiginda A. flavus’un misel bilyiimesini tamamen engelleyemedigi belirlendi. Petri kaplarinda 5 giinliik
inkiibasyon siiresinin sonunda kontrol &rnekleri ile karsilastirildiginda A. flavus un misel biiylimesinde
gerileme oldugu tespit edildi. Ozellikle aygigeginde test edilen tiim konsantrasyonlarda T. longicaulis sulu
ekstrakt1 5 glinliik inkiibasyon siiresi boyunca etkindi (Sekil 1; p<0.05). T. longicaulis’in test edilen ekstrakt
konsantrasyonlarinin piringte A. flavus misel biiylimesi iizerine anlamli bir etkinlik gosteremedigi belirlendi
(Sekil 2; p<0.05). Bugdayda A. flavus’un misel biiyiimesi lizerine T. longicaulis sulu ekstraktlarinin 16 ve 32
mg/mL konsantrasyonlarda 4 giinliik inkiibasyon sonunda anlamli bir etki gosterdigi gozlendi (Sekil 3;
p<0.05). Misirda A. flavus’un misel biiylimesi iizerine T. longicaulis sulu ekstraktlarinin 32 mg/mL
konsantrasyonlar1 inkiibasyon siiresi boyunca anlamli bir etkinlik gosterdigi tespit edildi (Sekil 4; p<0.05).
Tahillarin mineralleri, vitaminleri, pH's1 veya dogal fenolik bilesikleri gibi ozellikleri degiskenlik
gostermektedir. Bu nedenle T. longicaulis sulu ekstraktlari test edilen tahillarda farkli koruyucu etkinlik
gostermis olabilir.

Lima vd. [14] tarafindan yapilan ¢alismada benzer sonuglar rapor edilmistir. Misir tanesi kontaminasyon
modelinde, karvakrol ve timol igeren sivi besiyerlerinde 7 giinlikk saklama periyodunun sonunda A. flavus
bliylimesinin goriilmedigi ancak misir taneleri petri kaplarina aktarildiginda misel biiylimesinin inkiibasyonun
2. giiniinden itibaren goriildiigii belirtilmistir. Koruyucu etkinin sadece tahillar ile temas sirasinda oldugu ifade

edilmistir.
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Sekil 1: Aygciceginde A. flavus’ un biiylimesi tizerine T. longicaulis sulu ekstraktlarinin etkisi.*p<0.05.
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Sekil 2: Piringte A. flavus’ un biiylimesi iizerine T. longicaulis sulu ekstraktlarinin etkisi. *p<0.05.
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Sekil 4: Misirda A. flavus’ un biiylimesi iizerine T. longicaulis sulu ekstraktlarinin etkisi. *p<0.05.

Dejeneratif degisimlere sahip ve saglikli hiflerin SEM goriintiileri Sekil 5 ve 6’da gosterilmistir. T.
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longicaulis’in 4MIK sulu ekstraktina maruz kalns ve maruz kalmamis A. flavus’un hifal morfolojileri
karsilagtirlldiginda 6nemli morfolojik degisimler belirlendi. Saglikli A. flavusun hifal yapisi dogrusal,
diizenli ve homojen olarak gozlendi. T. longicaulis sulu ekstraktlarinin hif morfoloji tizerine yaptigi belirlenen
dejeneratif degisimleri; lizis, ¢okertme, yassilagma ve kirisik hiicre yiizeyli hiicreler olarak siralayabiliriz. Bu
bulgular uygulanan sulu bitki ekstraktinin A. flavus’un biiylimesini inhibe eden fitotoksik 6zelliklere sahip
antifungal bilesikler i¢erdigini dogrulamaktadir.

R

ﬁ 3/30/2022 \Y ot | mag [] | pressure WD 1 vac mode ———20 um
4:08:54 PM 3. 5 000 x 90 Pa 8.8 mm | Low vacuum NABILTEM

Sekil 5: 4MIK T. longicaulis sulu ekstraktina maruz kalmis A. flavus hiflerinin SEM goriintiisii.
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Sekil 6: Bitki ekstraktina maruz kalmamug A. flavus saglikli hifinin SEM goriintiisii.

4. SONUC

T. longicaulis, A flavus’ un misel biiyimesini %70.53 oraninda inhibe etmistir. T. longicaulis sulu
ekstraktlarinin ay¢igegi, bugday, misir ve piringte yapay olarak olusturulan A. flavus giliriimesini tamamen
engelleyemedigi sadece aygigeginde etkin oldugu belirlenmistir (p<0.05). Hifal morfoloji iizerine dejeneratif
degisimler yapmustir. Elde edilen sonuglara gére T. longicaulis sulu ekstraktlarinin aflatoksin B1 {ireticisi olan
toksijenik A. flavus'un aygiceginde olusturdugu enfeksiyonlarin 6nlenebilmesi igin dogal koruyucu olarak

degerlendirilebilecegini ifade edebiliriz.
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0z

Son yillarda, FPGA-tabanli yaklasimlar, biyomedikal miihendislik uygulamalarinda yogun bir sekilde
kullanilmaktadir. Sunulan bu ¢alismada, NIBP, ETCO; ve SpO; yasamsal belirti sinyalleri Zynq-7000 serisi
XC7Z020 FPGA ¢ipi iizerinde, gercek zamanli biyomedikal uygulamalarinda kullanilmak amaci ile
gercgeklestirilmistir. Calismada oncelikle, NIBP, ETCO; ve SpO; sinyalleri MATLAB ortaminda niimerik
olarak modellenmistir. Sinyallerin sayisal modelleri, MIT-BIH aritmi veri bankasi Physiobank ATM
kisminda bulunan yasamsal belirti sinyallerinin zaman ve genlik degerleri i¢in uyumlu ve 6zgiin olarak
cikartilmistir. Ardindan, bu sinyallerin bulundugu FPGA-tabanl sistem, VHDL ile Xilinx Vivado
yaziliminda tasarlanmistir. Tasarimin matematiksel modelleri baz alinarak, FPGA-tabanl sistemin tirettigi
sonugclar ve hata analizleri verilmistir. Sonrasinda, NIBP, ETCO; ve SpO; sinyallerini i¢eren tasarim Xilinx-
Vivado ile Zyng-7000 XC7Z020 FPGA ¢ipi i¢in sentezlenmis ve Place&Route isleminin sonucunda kaynak
tiikketim istatistikleri sunulmustur. FPGA-tabanli tasarimlarin maksimum ¢aligma frekansi 651,827 MHz
olarak elde edilmistir. FPGA-tabanli tasarimlanan NIBP, ETCO. ve SpO. yasamsal belirti sinyalleri,
gelistirme Kitiyle ¢alisan 2 adet 14-bit AN9767 DA Kkartiyla 4 kanala sahip bir osiloskop tizerinden gergek
zamanli gozlemlenmistir. Calisma ile FPGA-tabanli tasarimi yapilarak dogrulanan NIBP, SpO; ve ETCO;
yasamsal belirti sinyallerinin biyomedikal uygulamalarda ve tibbi cihazlarin kalibrasyon testleri icin
kullanilabilecegi gosterilmistir.

Anahtar Kelimeler: Kalibrasyon; FPGA; ETCO,; SPO,; NIBP; VHDL

FPGA-based Design and Real-time Implementation of NIBP, SpO. and
ETCO: Vital Signals with VHDL

ABSTRACT

In recent years, FPGA-based approaches have been used extensively in biomedical engineering applications.
In this study, NIBP, ETCO, and SpO; vital signals have been performed on the Zyng-7000 series XC72020
FPGA chip for use in real-time biomedical applications. First of all, NIBP, ETCO, and SpO; signals have
been numerically modeled in MATLAB environment. The numerical models of the signals have been
obtained in accordance with the time and amplitude values of the vital signals in the MIT-BIH arrhythmia
database Physiobank ATM. Then, the FPGA-based system including these signals has been designed using
VHDL in Xilinx Vivado software. Based on the mathematical models of the design, the results and error
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analyze produced by the FPGA-based system are given. Afterwards, the design including NIBP, ETCO,
and SpO; signals has been synthesized for the Xilinx-Vivado and Zyng-7000 XC7Z020 FPGA chip, and
because of the Place&Route process, resource consumption statistics of the system have been presented.
The maximum operating frequencies of FPGA-based designs are 651,827 MHz. FPGA-based designed
NIBP, ETCO; and SpO; vital signals have been observed in real time from a 4-channel oscilloscope by
means of 2 14-bit AN9767 DA modules working in harmony with the development board. In this study, it
has been shown that NIBP, SpO. and ETCO:; vital signals, which have been verified by FPGA-based design,
can be used in biomedical applications and for calibration tests of medical devices.
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1. GIRiS

Giintimiizde kiiresel FPGA (Field Programmable Gate Arrays-Alanda Programlanabilir Kap1 Dizileri)
pazari 9 milyar $ seviyesinde olmakla birlikte bu degerin 2027 yilina kadar 16 milyar $ seviyesine ulagsmasi
beklenmektedir. FPGA ¢ipleri, hizli ilk tiretim, tekrar tekrar programlanabilme, paralel sinyal isleme ve
diisiik giic tiiketimi gibi iistiinliiklere sahip oldugundan diger sayisal sinyal isleme platformlarina gore daha
fazla tercih edilmektedir. Her gegen giin kullanim alani artan FPGA gipleri gémiilii sistem [1], haberlesme
[2], kriptoloji [3], rasgele sayi iiretegleri [4], kontrol [5], gorintii isleme[6], otomotiv [7], yapay zeka ve
uygulamalari [8], [9], nonlineer osilatorler [10], tiiketici elektronigi [11], enerji [12], savunma sanayi [13],
endiistriyel uygulamalar [14], tersine mithendislik [15], biyomedikal [16], [17] olmak iizere birgok alanda
kullanilmaktadir. Bu ¢aligma alanlarindan biri olan biyomedikal alaninda da son yillarda yogun bir sekilde
FPGA tabanli c¢aligmalar yapilmaktadir. Bu ¢aligmalarin bir boliimii biyomedikal miihendislik
uygulamalarinda kullanilan sinyallerin FPGA ¢ipleri {izerinde modellenmesidir [18]. Literatiirde
biyomedikal sinyallerin FPGA-tabanli modellenmesi alanindaki ¢alismalardan birisi olan Madiraju ve
arkadaglari, Virtex-6 FPGA ile Pan-Tompkins yontemi ile EKG (Elektrokardiyografi) sinyalleri lizerinde
QRS genisligi (Ventrikiiller Arasi Ileti Gecikmesi) tespiti yapilmistir [19]. EKG sinyalleri iizerinde yapilan
diger bir ¢alismada, Meddah ve arkadaglan tarafindan Xilinx Nexys-4 ile QRS tespiti ve kalp hizi
hesaplamasi yapilmustir [20]. Literatiirde sunulan bir diger ¢alismada, Zairi ve arkadaslar1 Artix7 serisi
Xilinx FPGA ¢ipi ile yapay sinir aglari-tabanli EKG sinyali siniflandirilmasi iglemi basarili bir sekilde
gerceklestirilmistir [21]. Karatas ve arkadaslari, Normal Siniis Ritmi sinyalini VHDL ile modellemislerdir.
Modellenen sinyal Zyng-7000 XC7Z020 FPGA bordu tizerinde Xilinx-Vivado programi kullanilarak
gerceklestirilmistir [22]. Bir diger ¢alismada, Giorgio ve arkadaslar1 Altera Cyclone-V FPGA Kkiti ile
Ventrikiiler ge¢ potansiyellerinin saptanmasi iglemini basarili bir sekilde gergeklestirmigler ve ¢alismadan
elde ettikleri sonuglart sunmuslardir [23]. 2020 yilinda Jain tarafindan yapilan bir ¢aligmada, ZedBoard
(Zyng-7000) FPGA kart1 ile EKG sinyallerinin R-R araligi ile kalp atis hiz1 hesaplanmistir [24]. Zhu ve
arkadaglarinin 2021 yilinda literatiire sunduklar1 ¢alismada, FPGA iizerinde, veri toplama, analog-sayisal
¢evrim, 6n-u¢ ve elektrotlardan olusan 8 kanalli EKG sinyal sistemi yapisi tasarlanmigtir [25]. Diger bir
calismada Karatas ve arkadaslar1 8 tane yasamsal aritmik EKG sinyallerini FPGA iizerinde VHDL ile
tasarlayarak Matlab tabanli EKG sinyallerini referans alarak elde edilen sonuglart karsilastirmuglardir.
Sunduklari ¢aligma ile FPGA tabanli EKG sinyal iiretim sisteminin FPGA ¢ipleri lizerinde uygulanabilecegi

ve tasarlanan sistemin EKG simiilatorlerinde giivenle kullanilabilecegini gosterilmislerdir [26].

Sunulan bu ¢alismada, literatiirde verilen ¢alismalardan farkli olarak, yasamsal isaretlerden ETCO; (End
Tidal Carbon dioxide-Soluk sonu Karbondioksit), SPO, (Peripheral Oxygen Saturation- Periferik Oksijen

Satiirasyonu) ve NIBP (Noninvaziv Blood Pressure- Noninvaziv Kan Basinci) sinyaller 6nce niimerik olarak
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Matlab ortaminda tasarlanmis ve sonra VHDL (Very High Speed Integrated Circuit Hardware Description
Language-Yiiksek Hizli Tiimlesik Devreler i¢in Donanim Tanimlama Dili) ile Xilinx-Vivado ortamminda
FPGA tabanli modellenmesi yapilmistir. Calismanin Ikinci Béliimiinde, FPGA ¢ipleri, tasarini yapilan
yasamsal ETCO,, SPO; ve NIBP ile ilgili ayrmtili bilgi verilmistir. Makalenin Ugiincii Béliimiinde,
niimerik-tabanli yasamsal belirti sinyallerinin matematiksel modeli ve bu model kullanilarak elde edilen
sinyallere ait grafikler sunulmustur. Dordiincii Boliimde, yasamsal belirti sinyallerinin tasarimi VHDL dili
ile kodlanmistir. Xilinx Vivado programi iizerinde bu sinyallerin simiilasyonlar1 gerceklestirilmistir.
Ardindan ilgili tasarim Zyng-7000 XC7Z020 FPGA ¢ipinde kullanilmak tizere sentezlenmistir, 14-bit
AD9767-DAC (Digital-Analog Converter- Dijital Analog Doniistiirticii) kitiyle 4 kanala sahip bir osiloskop
iizerinde gercek zamanli gozlemlenmistir. Matlab-tabanli yagamsal belirti sinyalleri referans olarak alinarak
FPGA tabanli yasamsal belirti sinyalleri tasarimindan alinan ¢ikis degerleri ile karsilastirilmasi yapilmistir.

Calismanin son boliimiinde ise tasarimdan elde edilen sonug¢lar sunulmustur.

Tibbi cihazlarin fonksiyonel testi ve kalibrasyonu, periyodik olarak yapilmasi gereken
rutin bir islemdir. Bu ¢alisma neticesinde elde edilen sonuglar gostermis ki, donanimsal olarak tasarlanan
FPGA-tabanli yasamsal sinyal iretim sisteminin, FPGA c¢ipleri kullanilarak tasarlanabilecegi ve
biyomedikal kalibrasyon uygulamalarinda 6nemli rol oynayan EKG simiilatorlerinde giivenli bir sekilde

kullanilabilecegi gosterilmistir.

2. MATERYOL VE METOT

2.1. Yasamsal Belirti Sinyalleri

Sunulan ¢aligmada, FPGA-tabanli biyomedikal uygulamalarda kullanilmak tizere NIBP, ETCO: ve SpO:
sinyalleri kullanilmigtir. NIBP, dolagim sisteminde bulunan atardamarlar i¢indeki en yaygin fizyolojik
6lgtimlerden biri olan ve kardiyovaskiiler sistem ile ilgili bityiik 6neme sahip bilgi sunan kan basincidir [27].

Bu sinyalin zamana gore basing degisimini gosteren grafik Sekil 1’de verilmistir.
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Sekil 1: NIBP sinyali.

FPGA-tabanli tasarimi yapilan sinyallerden birisi olan ETCO; sinyali 6rnegi Sekil 2’de verilmistir. Bu
sinyal dort adet segmentten olugsmaktadir. Birinci segment olan A-B segmenti, sifir taban ¢izgisini ifade
etmektedir. Ikinci segment olan B-C segmenti, ara hava yollarindan gelen gaz ile ilgili hizli, keskin yiikselisi
belirtmektedir. Ugiincii segment olan C-D segmenti, alveolar gaz tespitiyle ilgili diiz alveolar platoyu ifade
etmektedir. D noktasi, alveoldeki soluk sonu karbondioksit konsantrasyonudur. Dordiincii segment olan D-
E segmenti, karbondioksit icermeyen taze gazin inspirasyonunu (disaridan havanin akcigerlere alinmasi)
ifade eder. Insan anestezisi ve yogun bakimda, standart bir islem olarak degerlendirilen solunum gazi
analizi, klinisyene pulmoner sistemin kiiresel fizyolojisi ve sagligi hakkinda 6nemli bilgiler vermektedir

[271.

38 c

- .

0 Zaman

Sekil 2: ETCO;sinyali.

Oksijen doygunlugu olarak da tanmimlanan SpO2, bireyin kan dolasimindaki oksijen miktarini
tanimlamaktadir. SpO2 sinyali 6rnegi Sekil 3’te verilmistir. Oksijen satlirasyonu, birey muayenesinde
gergeklestirilen 6l¢limlerden biridir. Kalp normal sartlarda bir yetiskin i¢in dokulara yaklasik 5000 ml/dk

kan pompalamakta ve bu sekilde dokulara 1000 ml/dk oksijen vermektedir. Kandaki oksijen miktarinin
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oldukea diisiik olmasi nedeniyle insan viicudunun stabil ¢alismama haline hipoksemi adi1 verilmektedir. Bu

durumun sonucu olarak, birey ciddi saglik sorunlar1 yasayabilmektedir [27].

. Second eak
Primary peak /axy P
0.1F \\ /// N\ "\
A AN [ % . - X
1\ ;o =E e | N\ Pu\ls:e\ np‘ ituder /
~ ', ‘ \ \ \ / " \ /
R, [ "= [ AC comp¢nent \ [ % % P S f
0.05F X X X f o \J/ \Jy  \J
X/ KV Y e AN
| DC component Pulse width Trough
0 ! Y 1 1 1 1
0 1 2 3 4 5

Time (s)

Sekil 3: SpO- sinyali.

2.2. FPGA Karti ve Sistem Komponentleri

Glinlimiizde sayisal sistemlerin tasarlanmasi amaci ile kullanilan Programlanabilir Lojik Araglarin
(Programmable Logic Devices (PLD)) en 6nemli uygulamasi olan FPGA ¢ipleri, paralel ¢alisma, diisiik gii¢
tiikketimi, hizli ilk prototipleme, yiiksek performans ve yiiksek ¢alisma frekansi gibi avantajlarindan dolay1
bir¢ok uygulamada oldukga yaygin bir sekilde kullanim alani bulmaktadir. Son yillarda FPGA ¢ip iiretimi
konusunda 6nde firmalardan olan Xilinx (AMD) ve Altera (Intel) firmalari, saf FPGA mimarisi ile ARM
mimarilerinin birlikte kosturuldugu hibrit FPGA platformlarn gelistirmektedirler. Xilinx firmasinin bu
kapsamda gelistirdigi mimarilerden birisi olan Zyng-7000, ayni cihazin igerisinde bulunan yeniden
programlanabilir mantiga sahip ¢ift ¢ekirdekli Cortex-A9 islemci ile uyumlu ¢alismaktadir. Bu platform
tek/cift ¢ekirdekli ARM Cortex-A9 islem sistemini (Processing System (PS)) ve programlanabilir lojik
(PL)) yapilarini birlestirmektedir. Bu yap1 kullanilarak Alinx firmasi tarafindin gelistirilen ALINX AX7020
FPGA gelistirme kartina ait gorsel Sekil 4’te verilmistir [28].

USB-to-Uart ZYNQ-7000 FPGA USB SLAVE
USB HOST

Power

Switch 10/100/1000 Mbps

®) Tri-Speed Ethernet PHY

5V DC (PS
Power
Interface
33.33 Mhz
PS Oscillator

Real Time Clock

50Mhz
PL Oscillator

40-Pin
Connector

HDMI Input/Output
Connector COn?\:cmlrJ a

8GB DDR3 (AX7020) HDMI Video Output
Sekil 4: ALINX-AX7020-Zyng-7000-SoC-XC7Z020 FPGA gelistirme Kiti.
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FPGA c¢iplerinden elde edilen sinyallerin osiloskop iizerinde gozlenebilmesi ve sayisal sinyallerin analog
sinyale doniistiiriilebilmesi amaci ile projede 14-bit AD9767/AN9767 Dijital Analog Déniistiiriicii (Digital
Analog Converter (DAC)) kullanilmigtir. Bu DAC modiilii, 125 MPS DA'y1 destekleyen ve 14-bit cift
baglant1 noktali olup ve bagimsiz ¢ift baglanti noktalari igermektedir. Modiil tizerinde, FPGA ¢ipi tarafindan
iiretilen sayisal sinyalin osiloskop iizerine aktarilabilmesi i¢in 40 pimli bir disi baslik bulunmaktadir. Bu

modiile ait gorsel Sekil 5’te sunulmugtur [29].

Sekil 5: 14-bit Cift Baglant1 Noktali DAC Cikis Modiilii.

3. BULGULAR VE TARTISMA

3.1. Yasamsal Belirti Sinyallerinin sayisal tabanl tasarimi
75 vuru/dk. kalp hizinda parametresi olan bireyin tansiyonunu ifade eden ve numerik olarak modellenen
NIBP sinyaline iliskin matematiksel esitlik parcali fonksiyon halinde Cizelge 1’de bulunan denklem 1-5’te
verilmistir.

Cizelge 1: Matlab’da tasarlanan NIBP sinyali i¢in matematiksel denklemler.

x = 0.000:0.001:0.050;

y1 = 83333.3333** - 4583.3333%x3 + 79.1667*x? - 0.0833*x ; )
X = 0.050:0.001:0.165 : @
yo = 212.29%x3 - 105.45%x2 + 16.608* - 0.443 ;

X = 0.165:0.001:0.260 ;

ya = -2329.6%x4 + 2240.5%x3 - 769.18%x? + 110.11%x - 5.1856 : @)
X = 0.260:0.001:0.375 : @
ya = -6.8227*x2 + 4.289*x - 0.4739 ;

x =0.375:0.001:0.800 ;
ys = 1428.4*x6 - 5027.1%x5 + 7264*x* - 5514.4%x3 + 2320.2*x2 - 513.88*x + 47.059 ; ()

Matematiksel ¢ikarimu elde edilip basing-genlik degerlerine iliskin olarak tasarimi yapilan NIBP sinyaline
ait Matlab model sonucu Sekil 6.(a)’da sunulmustur. Ayn1 sekilde 60 vuru/dk. kalp hizina sahip bir kisinin
soluk sonu CO; degerini gosteren pargali fonksiyonlar kullanilarak Matlab’da matematiksel olarak zaman

ve genlik degerine gore modellenen ETCO; sinyaline ait gorsel Sekil 6.(b)’de sunulmustur. 75 vuru/dk. kalp
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hizinda parametresi olan bireyin Periferik Oksijen Satiirasyonunu ifade eden matematiksel denklemler
kullanilarak elde edilen zaman-genlik degerlerine gore tasarimi yapilan SPO; sinyaliyle iliskili sinyal Sekil

6.(c)’de verilmistir.

pressure Ccoy
(mmHg) (mmHg)

1t

0875 0.875

075 075

0.625 0.625

051 05t

0375 0.375

0.25

0125
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time (s) time (s)
-0.125 -0.125 3 * : 7 g 4 8
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

@) — — (b)
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0125
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0125 L s L L " L
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Sekil 6: (a) Niimerik tabanli NIBP sinyali, (b) ETCO; sinyali, (c) SpO; sinyali.

3.2. Yasamsal Belirti Sinyallerinin FPGA tabanl tasarimi

Bu boéliimde, VHDL dili kullanilarak Xilinx-Vivado programinda 3 adet yagamsal belirti sinyalinin tasarimi
yapilmigtir. Tasarimin en {ist seviye tasariminda sistemin senkron bir sekilde ¢alismasini saglamak amaci
ile 1-bit clk sinyali kullanilmustir. Sinyallerin tiretiminin kontrollii bir sekilde elde edilmesi i¢in kullanici
butonlar1 giris olarak verilmistir. Sistemin ¢ikiginda {retilen sinyallerin  osiloskop iizerinde
goriintiilenebilmesi amaci ile 14-bitlik c¢ikis sinyalleri ve DAC igin kontrol sinyalleri ¢ikiglar
bulunmaktadir. FPGA-tabanli yasamsal belirti sinyallerine ait tasarimin blok RTL semas1 Sekil 7°de

sunulmustur.
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Sekil 7: Parametrelere gore yasamsal belirti sinyallerini lireten blogun RTL semast.

Tasarimin dogrulanabilmesi amaci ile VHDL dilinde bir testbench olusturulmustur. Olusturulan testbench
Xilinx Vivado Design Suite programi lizerinde calistirilarak Sekil 8’da NIBP sinyali, Sekil 9°da ETCO;

sinyali ve Sekil 10’de SpO:; sinyali igin simiilasyon sonuglari sunulmustur.

Name Value

& cik 0

12 rst 0

4 en 1
> Wflekg_signall13:0] 017578125

Sekil 8: NIBP Sinyalinin Vivado Simiilasyonu.

Name Value

& clk 0

14 rst o

14 en 1

> Bl ekg_signal[13:0] 0.072265625

Sekil 9: ETCO- Sinyalinin Vivado Simiilasyonu.
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z 355 G000
Name Value 0 ms 500 m= 1,000 ms 1.F00 m= Z,.000 ms Z,.500 m=s
1 clk 1
12 rst o
1 en 1

| ekg_signal[13:0] 0.0234375

Sekil 10: SpO; Sinyalinin Vivado Simiilasyonu.

FPGA-tabanli NIBP sinyali tasariminin dogrulanabilmesi amaciyla niimerik tabanli NIBP sinyali referans
almmistir. VHDL ile tasarlanan ve Vivado programu ile simiile edilen NIBP sinyaline ait degerler bir
dosyaya kaydedilmistir. Cizelge 2’de NIBP sinyalinin numerik modeli ve Vivado programinda elde edilen
zaman Ve genlik degerlerinin karsilastirilmasi sunulmustur. Karsilastirma sonuglarina gore, FPGA-tabanlt
NIBP, ETCO; ve SpO2 sinyallerinin maksimum MSE hata degerleri sirasiyla 1,6671E-06, 4,9464E-06 ve
1,0472E-06 olarak elde edilmistir.

Cizelge 2: NIBP sinyalinin Matlab ve Vivado ortaminda zaman-genlik degerlerine gore karsilastiriimasi.

NIBP Zaman (s) Basin¢ (mmHg)
Matlab ve Vivado Matlab Vivado
0,00000 0,000000 0,000000
Denklem 1 4 02000 0,016668 0,016479
0,04000 0,108337 0,106812
0,06000 0,533501 0,527954
0,08000 0,788964 0,788879
Denklem 2 010000 0,934153 0,935669
0,12000 0,994542 0,994263
0,14000 0,995607 0,994568
0,16000 0,962821 0,963440
0,18000 0,851290 0,848694
Denklem 3 ( 20000 0,680999 0,682373
0,22000 0,536242 0,535278
0,24000 0,453292 0,453796
0,26000 0,446059 0,446167
0,28000 0,476635 0,476379
0,30000 0,495274  0,495300

Denklem 4  0,32000 0,500267 0,500488
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0,34000 0,469317 0,468750
0,36000 0,433001 0,432434
0,38000 0,380433 0,381165
0,42000 0,318858 0,318298
0,46000 0,263873 0,263367
0,50000 0,202321 0,202026
0,54000 0,146470 0,146484
Denklem5 - £2000 0,110174 0,110168
0,62000 0,095556  0,095520
0,66000 0,090231 0,090027
0,70000 0,075048 0,074768
0,74000 0,042378 0,042114
0,80000 0,027404 0,027466

VHDL dili ile FPGA ¢ipi iizerinde ¢aligmak igin tasarlanan NIBP, ETCO, ve SpO; sinyalleri Zyng-7000
XC772020 FPGA c¢ipinde kullanmak amaciyla sentezlenmistir. Sonrasinda Place&Route siirecinden sonra
elde edilen FPGA kaynak tiiketimi parametreleri Cizelge 3‘te sunulmustur. NIBP sinyalinin maksimum
calisma frekansi 651,827 MHz degerinde elde edilmistir. 14-bit AN9767-DAC Kiti tizerinden Sekil 11°de

gosterildigi sekliyle osiloskop ile incelenmistir.

Cizelge 3: FPGA-tabanli yagamsal belirti sinyallerinin ¢ip kullanim istatistikleri.

Logic Utilization / Usage rate NIBP ETCO: SpO:2
Number of BUFGCTLs 2 [ %6,25 2 | %6,25 2/ %6,25
Number of Slice LUTs 40/%0,075 40/ %0,075 40/ %0,075

Maximum Operating Frequency (MHz) 651,827 651,827 651,827

ZynQg-7000-XC72020 FPGA Kkiti ile calisan 2 adet 14-bit AN9767-DAC kart1 ile 4 kanala sahip bir
osiloskoptan elde edilen NIBP, ETCO- ve SpO- sinyal ¢ikislari sirasiyla, Sekil 11 (a), (b), (c)’de verilmistir.

Ayrica, bu sinyallerle ilgili tasarimi yapilan sistemin osiloskop ¢ikislari ve sistem bilesenleri (Bilgisayar,
Zyng-7000-XC7Z020 FPGA kiti ve 2 tane 14-bit-AN9767 DAC, 4 kanal osiloskop) Sekil 12’de

sunulmustur.
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Sekil 11: (a) NIBP sinyaline ait osiloskop sonucu, (b) ETCO. sinyaline ait osiloskop sonucu, (¢) SpO; sinyaline ait
osiloskop sonucu.

Sekil 12: Tasarima ait sistem komponentleri ve ETCO,, NIBP ile SPO; sinyalleri osiloskop sonuglari.
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4. SONUC

Bu calismada, biyomedikal uygulamalarda kullanilmak amaci ile 3 adet NIBP, SpO2 ve ETCO2 yasamsal
belirti sinyalleri Zyng-7000 serisi XC7Z020 FPGA ¢ipi tizerinde gergeklestirilmistir. Calismada ilk olarak,
3adet NIBP, ETCO; ve SpO; sinyalleri sayisal olarak modellenmistir. Sonrasinda bu sinyalleri igeren sistem
tasarimu VHDL dilinde Xilinx Vivado Design Suite programi kullanilarak tasarlanmistir. Tasarimin
matematiksel modelleri referans alinarak tasarimdan elde edilen sonuglar ve hata analizleri sunulmustur.
Tasarim igleminin ardindan, NIBP, ETCO; ve SpO; sinyallerini i¢eren tasarim Xilinx-Vivado ile Zyng-
7000-XC7Z020 FPGA ¢ipinde kullanilmasi amaciyla sentezlenmistir. Place-Route isleminden sonrasinda
Zynq-7000-XC7Z020 FPGA ¢ipi igin kaynak tiiketim istatistikleri ve FPGA-tabanli sistemin maksimum
calisma frekansi sunulmustur. FPGA-tabanl tasarimlarin maksimum c¢aligsma frekans1 651,827 MHz olarak
elde edilmistir. Gergek zamanli tasarimi yapilan NIBP, ETCO, ve SpO; yasamsal belirti sinyallerinin
tasarimi, gelistirme kartiyla uyumlu olan 2 adet 14-bit-AN9767-DA modiilii ile 4 kanala sahip bir osiloskop
iizerinden gercek zamanli gdzlemlenmistir.

Sunulan ¢alisma ile FPGA-tabanl tasarimi yapilarak dogrulanan NIBP, ETCO; ve SpO; yasamsal belirti
sinyallerinin FPGA ¢ipleri kullanilarak tasarlanabilecegi, biyomedikal kalibrasyon uygulamalarda ve tibbi
cihazlarin kalibrasyon testleri icin kullanilmakta olan EKG simiilatdrlerinde uygulanabilecegi

gosterilmistir.
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0z

Kaya siniflandirmasi tiinel ve yeralti ¢alismalarinin yani sira madencilik ve hidrokarbon arastirmalarinda
da onem teskil eder. Kayalarin tiiriiniin yanlis tespiti hem para hem de zaman kaybina yol agar. Bu
calismada 4 farkli kaya simifinin fiziksel ve mekanik ozellikleri kullanilarak kaya siniflandirmasi
yapilmustir. Siniflandirma icin Bulamk Sirasiz Kural Indiiksiyon Algoritmasi, Bulanik Kafes Akil
Yiirlitme, Cok Amagli Evrimsel Bulanik siniflandiricilar1 kullanildi. Cok Amagli Evrimsel Bulanik MOE
Bulanik siniflandiricisi, ENORA ve NSGA II algoritmalarina dayanmaktadir. Bu nedenle bu algoritmalar
ayrt ayr1 kullamlmistir. Verilere siniflandirma &ncesi Sentetik Azinlik Asirt Ornekleme Teknigi
uygulanilmis ve bu islemden 6nceki ve islem sonrasinda simiflandirma performanslari karsilastirilmustir.
Sonug olarak Sentetik Azinlik Asirt Ornekleme Teknigi ile siiflandirma basarisinm arttigi goriilmiistiir.
Siiflandirmada en basarili algoritma FURIA algoritmast olmustur. Algoritmanin dogrulugu %93, hata
degeri 0.16’dur.

Anahtar Kelimeler: Bulanik mantik algoritmalari; Kaya; Siiflandirma; Yapay Zeka.

Rock Classification with Fuzzy Logic Algorithms

ABSTRACT

Rock classification is important in mining and hydrocarbon exploration as well as tunnel and underground
work. Incorrect determination of the type of rocks leads to a waste of both money and time. In this study,
physical and mechanical properties of 4 different rock classes have been used. For classification, Fuzzy
Unordered Rule Induction Algorithm, Fuzzy Lattice Reasoning, Multi-objective Evolutionary Fuzzy
classifiers have been used. The MOE Fuzzy classifier is based on the ENORA and NSGA Il algorithms.
Therefore, these algorithms have been used separately. The Synthetic Minority Oversampling Technique
has been applied to the data before classification and the classification performances have been compared
before and after this process. As a result, it has been observed that the classification success increased with
the Synthetic Minority Oversampling Technique. The most successful algorithm in classification has the
FURIA algorithm. The accuracy of the algorithm is 93% and the error value is 0.16.

Keywords: Fuzzy logic algorithms; Rock; Classification: Artificial Intelligence
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1. GIRIS

Yeralt1 yapilar, tiinel baraj gibi miithendislik projeleri igin kayalarin fiziksel ve mekanik 6zelliklerinin
bilinmesi gerekir. Kayalar bu fiziksel ve mekanik 6zelliklerine gore siniflandirilirlar. Bu projelerdeki
tehlikelerin ¢ogu kayalarin tiirliniin yanlis tespit edilmesinden kaynaklanir [1]. Bu nedenle kaya
simiflandirmas1 miihendislik projelerinde onemli bir yere sahiptir. Oncelikle kaya siniflandirilmasinda
kayalarin fotograf goriintiileri kullanildi. Bu goriintiiler derin bir evrigimli sinir agina girdi olarak verilip
kaya sinifi belirlendi [2]. Birlestirilmis evrisimli sinir aglarina dayali petrografik ince kesit goriintiilerde
kaya siniflandirmast yapildi [3]. Karbonat kaya mikro CT goriintiileri kullanilarak litolojik siniflandirmasi
yapildi [4]. Gama 1sin1, Ozdireng, nétron-yogunluk gozeneklilik farki, ortalama ndtron yogunluk ve
jeolojik kisitlama degiskenleri derin evrisimli sinir agina girdi parametreleri olarak kullanildi ve
kuyulardaki litolojik fasiyes siniflandirmasi yapildi [5]. Tiinel ¢aligsmalari igin derin 6grenme tabanli kaya
siniflandirmasi yapildi [6]. Kaya kiitlesi siniflandirmasinda makine 6grenimi tekniklerinden faydalanildi
[7]. AdaBoost algoritmasi kullanilarak kaya kiitlesi sinifi tahmin edildi [8]. Dag tiinelinin kaya
siniflandirmasinda sinir aginin uygulanabilirligi arastirildi [9]. Kaya kiitlesi 6zelliklerini tahmin etmek igin
kaya siniflandirmasini yeniden gozden gegcirildi [10]. Entropi agirhigina dayal kaya kiitlesi siniflandirmasi
yapild1 [11]. Zagros tiineli-B Iran icin cesitli kaya kiitlesi siiflandirma/karakterizasyon sistemleri
arasindaki korelasyonlar incelendi [12]. Kaya kiitlesi siniflandirmada ¢esitli optimizasyon algoritmalari da
kullanildi. Pargacik Siirii Optimizasyonu En Kiigiik Kareler destek vektoriine dayali tiinel ¢cevreleyen kaya
kiitlesi i¢in bir siniflandirma yontemi 6nerildi [ 13]. Tiinel miihendisliginde kaya sikistirma siniflandirmasi
icin gri kurt optimizasyonuna dayali gelistirilmis olasiliksal sinir ag1 algoritmasi kullamildi [14].
Konvoliisyonel Sinir Ag kullanarak mineral kaya¢ siniflandirmasi yapildi [15]. Onemli 6ngériicii
degiskenleri tanidiktan sonra kaya patlamasi tahmini i¢in akilli siniflandirma modelleri gelistirdi [16].
Flis gibi tektonik olarak bozulmus heterojen kaya kiitlelerinin jeoteknik siniflandirilmasi yapildi [17].
Kaya smiflandirmasi Maden ve hidrokarbon aragtirmasinda da onemli bir yere sahiptir. Maden ve
hidrokarbon arastirmasi sondaj karotlarindan ¢ikarilan jeolojik ve jeoteknik bilgilere dayanir. Geleneksel
karot karakterizasyonu tamamen bir jeologun uzmanhigina baghdir. Yeni teknolojiler, tahribatsiz bir
sekilde otomatik mineral analizi yapabilir. Bununla birlikte, otomatik kaya kiitlesi karakterizasyonu
onemli bir zorluk teskil etmektedir. Bu baglamda konvoliisyonel sinir aglari otomatik kaya kalitesi
belirlemede kullanilmistir [18]. Evrigsimli sinir aglar kullanarak sondaj karot goriintiilerinden otomatik
litoloji smiflandirmas: yapilip [19], kaya gecirgenliginin otomatik olarak siniflandirilmasi i¢in bir veri
madenciligi yaklasimi 6nerilmistir. Yapilan calismada alt1 siniflandirma algoritmasi (k-NN, NB, C4.5, RF,
SMO ve MLP) kullanmildi ve kayalarin gegirgenligini dort farkli smifa ayrildi [20]. Yapay zeka

algoritmalar ile pliitonik kayalarin otomatik siniflandirilmasi [21] ve dmiir yolunu ¢evreleyen kayaglarin
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duyarlik tahmini yapildi [22]. Ayrica granitik sert kaya akiferleri bulunan alanlarda yeralti suyu
potansiyeli haritalamas1 i¢in geleneksel siniflandirma modelleri kullanildi [23]. Doéner sondaj isleminde
titresim sinyali kullanarak andezit, granit, kiregtas: ve beton simiflandirildi [24]. Bu ¢alismada volkanitler
arkoz kumtas1 ve kirectaslarinin mekanik ve fiziksel 6zellikleri kullanilarak bulanik mantik algoritmalari
ile bu kayalar siniflandirildi. Bu ¢aligmada kullanilan veri seti ve siniflandirma algoritmalar1 2. Boliimde
aciklanmis, algoritmalarin performans degerlendirmesi 3. Boliimde yapilmis ve sonuglart sunulmustur. 4.

Boliimde sonuglar yorumlanarak ¢alisma sonlandirilmustir.
2. MATERYAL VE METHOD

Calisama i¢in Kocaeli bolgesindeki bes bolgeden kaya ornekleri toplanmis ve laboratuvar testleri
yapilmigtir. Laboratuvar testleri ile 10 volkanik ve 86 sedimanter kaya¢ olmak iizere toplam 96 kaya
orneginin P dalgas1 hizi, kuru birim agirligi, tek eksenli basing dayanimi, Nokta Yiik indeksi, Brezilya
Cekme Dayanimi, gozeneklilik ve Schmidt Geri Tepme Sayisi belirlenmistir [1]. Bu degerler
simiflandirma igin kullanilmistir. Veri setinin dengesiz olmasi nedeniyle Sentetik Azinlik Asir1 Ornekleme
Teknigi (Smote) kullanilmistir. Bu teknik, veri setinde veri sayist az olan smiflari, sayica ¢ok olan
siniflarla esitleyen bir tekniktir. Diigiik sayiya sahip smiftaki verileri sinif i¢cinde bulunan komsu verilere
gore rastgele cogaltarak yapar. Boylelikle sinif dengesizligi problemi ¢6ziilmiis olur [25]. Daha sonra
algoritmalarin bu teknigi uygulanmadan ve bu teknik uygulandiktan sonraki siniflandirma performanslari

karsilagtirilmastir.

Siniflarin veri sayisi

70
60
60 56 5656 55

50
40

30 2

20
10 8

Volkanitler Arkoz Kum tag! Kireg tasi

SMOTE'siz SMOTE'li

Sekil 1. Veri setindeki siniflarin 6rnek sayilar

2.1. Bulanik Swrasiz Kural Indiiksiyon Algoritmast (FURIA)

Bulanik kural tabanli bir algoritmadir. FURIA, geleneksel kurallar yerine bulanik kurallari ve kural
listeleri yerine sirasiz kural kiimelerini 6grenir. [26]. Bu sayede veri setlerinden bulanik mantik kurallarini
iretebilir. Ayrica etkili bir kural esnetme yontemi kullanir. Bu algoritma bir kural ¢ikarim algoritmasi olan

RIPPER algoritmasini genisletilmis halidir.
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2.2. Bulanik Kafes Akil Yiiriitme (FLR)

Bulanik kafes akil yiiriitme algoritmasi olarak tasarlanmistir. Olusturulan bir matematiksel kafes i¢inde
karar kurali iiretir [27]. Algoritmanin 6grenme hiz1 yiiksektir. Asamali 6grenme s6z konusudur. Ogrendigi
kurallara bagli kalir. Algoritma ayrica eksik verilerle basa ¢ikma yetenegine sahiptir.

2.3. Cok Amach Evrimsel Bulanik (MOE Fuzzy)

ENORA veya NSGA-II Cok Amagli Evrim Algoritmasini kullanarak bulanik kural tabanli bir
siniflandirict olusturur. Bu siniflandiricinin amaci, en yiiksek dogrulukta siniflandirma yapabilmek igin
kural sayisini ve hata oranini en aza indirip her bir bulanik kiime setine dilbilimsel etiketleme yaparak
siniflandirma yapmaktir [28]. Bu siniflandirici, ENORA ve NSGA 1I algoritmalarina dayanmaktadir.
NSGA-II ile ENORA algoritmalar1 birbirlerinden popiilasyon i¢indeki elemanlarin siralamasinin
hesaplama seklidir. ENORA algoritmasinda, popiilasyon igindeki bir elemanin sirasi, o elemanin
bulundugu kiimede baskin olmayacak bir diizeyde tutulur. NSGA-II algoritmasinda ise baskin olmayacak
seviyeye getirilir.

3. PERFORMANS DEGERLENDIRMES]

Volkanitler, arkoz, kum tas1 ve kire¢ tasi 4 farkli bulamik mantik algoritmasi kullanilarak
siniflandirtlmistir. Siniflandirma performanslarini karsilastirmak icin 10 kat capraz dogrulama yontemi
kullanilmistir. Egitim ve 10 kat ¢apraz dogrulama yontemi sonrasinda elde edilen karisiklik matrisi Sekil

2’de verilmistir.

EGITIM 10-KAT CAPRAZ DOGRULAMA
Tahmin edilen Tahmin edilen
\Volkanitler |Arkoz  [Kumtasi|[Kiregtasi \Volkanitler |Arkoz [Kumtasi [Kiregtasi
» Volkanitler |10 0 0 0 Volkanitler |9 0 0 1
- f‘; Arkoz 0 8 0 0 Arkoz 0 0 8 0
5|Kumtag:t |0 0 56 0 Kumtagi |1 0 55 0
© Kirectast |0 0 17 5 Kiregtagt |0 0 19 3
\Volkanitler |Arkoz [Kumtasi|Kiregtasi \Volkanitler |[Arkoz [Kumtagi [Kiregtasi
Volkanitler 10 0 0 0 \Volkanitler |9 0 0 1
<| 4 |Arkoz 0 8 0 0 Arkoz 0 5 3 0
% gKumtasl 0 0 53 3 Kumtas1 (1 0 2 3
Lo Kiregtasi |0 1 3 18 Kiregtasi |1 1 5 15
\Volkanitler |Arkoz [Kumtasi[Kiregtasi \Volkanitler |Arkoz [Kumtagi [Kiregtasi
| [Volkanitler 10 0 0 0 \Volkanitler |9 0D 1
O| s |Arkoz 0 8 0 0 Arkoz 1 3 3 1
E gKumtasl 1 2 45 8 Kumtas1 |1 0 7 8
O Kirectagi |2 0 6 14 Kiregtagi [0 2 10 10
~ \Volkanitler |Arkoz [Kumtasi|Kiregtasi \Volkanitler |Arkoz [Kumtagi [Kirectagi
&S| Volkanitler [0 0 0 10 \olkanitler [9 o D 1
2| =|Arkoz 0 8 0 0 Arkoz 0 4 4 0
% [Kumtas1 [0 1 53 2 Kumtas1 |1 0 1 4
© Kiregtasi |0 1 4 17 Kiregtagt |2 0 10 10

Sekil 2. Egitim ve ¢apraz dogrulama sonrasi karmasiklik matrisi
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Sekil 2’ye gore biitiin algoritmalarin ¢apraz dogrulama yontemi uygulandiginda dogal olarak dogru
tahmin ettikleri 6rnek sayisinda bir azalma goériilmektedir. Capraz dogrulamada FURIA algoritmasi ile
yapilan simiflandirmada en yiiksek dogru tahmin sayisina ulasilmistir. Algoritma biitiin drneklerden sadece
15 tanesini yanlis siniflandirmigtir. Algoritmalarin egitim ve ¢apraz dogrulama sonrasi elde edilen metrik
degerleri sirasiyla Cizelge 1 ve Cizelge 2°de verilmistir. Cizelgelerde her sinifin Dogru pozitif (DP) oran,
Yanlis pozitif (YP) orani, Kesinlik, Duyarlilik, F-Skoru, MCC, AUC ve Kappa degerleri bulunmaktadir.
Bu metrik degerlerinin lolmasi ¢ok iyi bir siniflandirmanin gergeklestiginden s6z edilebilir. Tablolar
incelendiginde NSGA?2 algoritmasinda bazi metrik degerlerinin hesaplanamadigi goriilmektedir. Buna
karsin en yiiksek metrik degerleri hem egitimde hem de c¢apraz dogrulamada FURIA algoritmasi
kullanildiginda hesaplanmigtir. Bu durum bu algoritmanin diger algoritmalardan daha basarili oldugu

seklinde yorumlanabilir. Siniflandirmalarda en yiiksek Kappa degeri egitimde 0.87, dogrulamada ise 0.72

olarak hesaplanmistir
Cizelge 1: Egitim sonrasi siniflandirma dl¢iitleri
FLR
Siuf DP Orani YP Oram1 Kesinlik Duyarlililk F-Skoru MCC AUC Kappa
Volkanitler 1 0 1 1 1 1 1
Arkoz 1 0 1 1 1 1 1
Kumtasi 1 0.42 0.76 1 0.86 0.66 0.78 0.66
Kiregtasi 0.27 0 1 0.22 0.37 0.43 0.61
Ortalama 0.82 0.24 0.86 0.82 0.77 0.67 0.78
FURIA
S f DP Orani YP Oranm1  Kesinlik Duyarlilik F-Skoru MCC AUC Kappa
Volkanitler 1 0 1 1 1 1 1
Arkoz 1 0.1 0.88 1 0.94 0.93 1
Kumtasi 0.94 0.07 0.94 0.94 0.94 0.87 0.94 0.87
Kiregtasi 0.81 0.04 0.85 0.81 0.83 0.79 0.91
Ortalama 0.92 0.05 0.92 0.92 0.92 0.87 0.94
ENORA
Siuf DP Orani YP Oram1  Kesinlik Duyarlilik F-Skoru MCC AUC Kappa
Volkanitler 1 0.03 0.76 1 0.87 0.86 0.98
Arkoz 1 0.02 0.8 1 0.88 0.88 .098
Kumtasi 0.80 0.15 0.88 0.80 0.84 0.64 0.82 0.67
Kiregtasi 0.63 0.10 0.63 0.63 0.63 0.52 0.76
Ortalama 0.80 0.11 0.80 0.80 0.80 0.66 0.84
NSGA2
Simf DP Orani YP Oram1  Kesinlik Duyarlilik F-Skoru MCC AUC Kappa
Volkanitler 0 0 -- 0 -- -- 0.50
Arkoz 1 0.02 0.80 1 0.88 0.88 0.98
Kumtasi 0.94 0.10 0.93 0.94 0.93 0.85 0.92 0.67
Kiregtasi 0.77 0.16 0.58 0.77 0.66 0.55 0.80
Ortalama 0.81 0.97 -- 0.81 -- -- 0.85
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Cizelge 2: 10-kat ¢apraz dogrulama sonrasi siniflandirma dlgiitleri

FLR
Simf DP Oran1  YP Oramt Kesinlik Duyarlihk  F-Skoru MCC AUC Kappa
Volkanitler 0.9 0.01 0.9 0.9 0.9 0.88 0.94
Arkoz 0 0 -- 0 -- - 0.50
Kumtasi 0.98 0.67 0.67 0.98 0.79 0.42 0.65 0.37
Kirectasi 0.13 0.01 0.75 0.13 0.23 0.25 0.56
Ortalama 0.69 0.39 - 0.69 - - 0.65
FURIA
Sinif DP Orani  YP Orani Kesinlik Duyarlilk  F-Skoru MCC AUC Kappa
Volkanitler 0.9 0.02 0.81 0.90 0.85 0.84 0.99
Arkoz 0.62 0.01 0.83 0.62 0.71 0.70 0.86
Kumtasi 0.92 0.20 0.86 0.92 0.89 0.74 0.88 0.72
Kirectasi 0.68 0.05 0.78 0.68 0.73 0.66 0.84
Ortalama 0.84 0.13 0.84 0.84 0.83 0.73 0.88
ENORA
Sinif DP Orani  YP Orami Kesinlik Duyarlilk  F-Skoru MCC AUC Kappa
Volkanitler 0.9 0.02 0.81 0.90 0.85 0.84 0.93
Arkoz 0.37 0.02 0.60 0.37 0.46 0.43 0.67
Kumtasi 0.83 0.32 0.78 0.83 0.81 0.52 0.75 0.50
Kiregtasi 0.45 0.13 0.5 0.45 0.47 0.33 0.66
Ortalama 0.71 0.22 0.70 0.71 0.71 0.50 0.74
NSGA2
Simf DP Orant  YP Oram1 Kesinlik Duyarliik  F-Skoru MCC AUC Kappa
Volkanitler 0.90 0.03 0.75 0.90 0.81 0.79 0.93
Arkoz 0.50 0 1 0.50 0.66 0.69 0.75
Kumtasi 0.91 0.35 0.78 0.91 0.84 0.59 0.78 0.58
Kiregtasi 0.45 0.06 0.66 0.45 0.54 0.44 0.69
Ortalama 0.77 0.22 0.77 0.77 0.75 0.58 0.77

Veri setindeki dengesizligi gidermek i¢in yapilan Smoote islemi sonrasinda ¢apraz dogrulama yapilmis ve

karigiklik matrisi Sekil 3’te diger metrik degerleri ise Cizelge 3’te verilmistir.

FLR FURIA
Tahmin edilen Tahmin edilen
\Volkanitler |Arkoz [Kumtasi|Kiregtasi \Volkanitler |[Arkoz [Kumtagi [Kiregtasi
o Volkanitler |60 0 0 0 Volkanitler |60 0 0 0
= @ Arkoz 0 35 21 0 Arkoz 0 56 |0 0
SlKumtagt |1 0 39 16 Kumtag1 |1 0 49 6
© Kiregtasi |0 0 15 40 Kiregtagi |0 1 6 48
ENORA NSGA?2
Tahmin edilen Tahmin edilen
\Volkanitler |Arkoz [Kumtasi[Kiregtasi \Volkanitler |Arkoz [Kumtagi [Kiregtasi
\Volkanitler |60 0 0 0 \Volkanitler |60 0 0 0
< | «|Arkoz 0 56 0 0 Arkoz 0 54 2 0
Z| SlKumtag1 ]2 5 25 24 Kumtasi |4 2 8 12
1o Kirectagi |2 0 6 a7 Kirectagt |2 1 4 8

Sekil 3.Smote ve Capraz dogrulama sonrasi karmasiklik matrisi
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Cizelge 3: Smote ve 10-kat ¢apraz dogrulama sonrasi siniflandirma metrikleri

FLR
Sinif DP Oram1  YP Oram1  Kesinlik Duyarliik  F-Skoru MCC AUC Kappa
Volkanitler 1 0 0.98 1 0.99 0.98 0.99
Arkoz 0.62 0 1 0.62 0.76 0.74 0.81
Kumtasi 0.69 0.21 0.52 0.69 0.59 0.44 0.74 0.68
Kiregtasi 0.72 0.09 0.71 0.72 0.72 0.63 0.81
Ortalama 0.76 0.07 0.80 0.76 0.77 0.70 0.84
FURIA
Simf TP Rate  FP Rate Kesinlik Duyarlilik F-Skoru MCC AUC Kappa
Volkanitler 1 0 0.98 1 0.99 0.98 0.99
Arkoz 1 0 0.98 1 0.99 0.98 1
Kumtasi 0.87 0.03 0.89 0.87 0.88 0.84 0.93 0.91
Kiregtasi 0.87 0.03 0.88 0.87 0.88 0.84 0.94
Ortalama 0.93 0.02 0.93 0.93 0.93 0.91 0.96
ENORA
Simf TP Rate FP Rate Kesinlik Duyarlilk F-Skoru MCC AUC Kappa
Volkanitler 1 0.02 0.93 1 0.96 0.95 0.98
Arkoz 1 0.02 0.91 1 0.95 0.94 0.98
Kumtasi 0.44 0.03 0.80 0.44 0.57 0.51 0.70 0.77
Kiregtasi 0.85 0.14 0.66 0.85 0.74 0.66 0.85
Ortalama 0.82 0.05 0.83 0.82 0.81 0.77 0.88
NSGA2
Sinif TP Rate FP Rate Kesinlik Duyarlihlk F-Skoru MCC AUC Kappa
Volkanitler 1 0.03 0.90 1 0.95 0.93 0.98
Arkoz 0.96 0.01 0.94 0.96 0.95 0.94 0.97
Kumtasi 0.67 0.03 0.86 0.67 0.76 0.70 0.82 0.84
Kiregtasi 0.87 0.07 0.80 0.87 0.83 0.78 0.90
Ortalama 0.88 0.03 0.88 0.88 0.87 0.84 0.92

Sonuglar incelendiginde smoote isleminin algoritmalarin hesaplanan metrik degerlerini arttirdig
goriilmektedir. Kappa degeri 0.91°e kadar yiikselmistir. Algoritmalarin SMOTE islemi oncesi ve sonrast

elde edilen dogruluk ve hata degerleri Sekil 4’te verilmistir.

Dogruluk (%)

04
81 47

92
80 0,29

V]

2
[SE=]
=]

[ "

8]
=}
[=]

FURIA ENORA NSGA2 FURIA ENORA NSGA2
M Egitim W Egitim
m 10-kat gapraz dogrulama (SMOTE'siz) m 10-Kat ¢apraz dogrulama(SMOTE 'siz)i
10-kat ¢apraz dogrulama (SMOTE'den sonra) 10-kat capraz dogrulama (SMOTE'den sonra)
(@) (b)

Sekil 4. Algoritmalarin a) dogruluk b) Rms degerleri
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4. SONUCLAR

Dort farkli bulamk mantik algoritmasi kullanilarak yapilan kaya siniflandirmalarinda genel olarak
algoritmalar basarili sonuglar vermistir. Algoritmalarin siniflandirma basarilart hem dengesiz veride hem
de dengesizlik giderildikten sonra karsilastirilmistir. Algoritmalarin dengeli verilerde daha iyi sonuglar
verdigi gorilmiistiir. Algoritmalardan en basarili olan algoritma FURIA algoritmast olmustur. Bu
algoritma hem dengesiz veri setinde hem de dengeli veri seti kullanildiginda diger algoritmalardan daha
yiiksek metrik degerlerine sahip olmustur. Algoritma en yiiksek dogruluk oranina sahip olmasinin yani

sira en az hata oranina ile bu siniflandirmay1 yapmaistir.
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Kiiresel iklim degisikligi; yanginlar, kuraklik, seller, deniz seviyesindeki degisiklikler vb. seklinde yer
kiirenin farkli noktalarinda etkilerini gostermektedir. Bununla birlikte yasanilan dogal afetler, enerji
tiikketimi, kaynaklarin ve biyolojik ¢esitliligin azalmasi gibi kiiresel ¢evre sorunlar1 giderek artmaktadir.
Cevresel etkiler lizerinde onemli bir yeri olan binalar toplam enerji tiiketiminin %40’1 ve sera gazi
emisyonlarimin 3/1 inden sorumludur. Bu nedenle binalarda enerji verimliligi kiiresel 6lcekteki 6nemini
korumaktadir. Binalarin enerji tiiketimini ve sera gazi salinimlarini azaltma konusundaki etkisi agisindan
iilkeler ¢aligmalarini yogunlastirmaktadir.

Binalarda enerji verimliligi; yasam standardi ve hizmet kalitesinden 6diin vermeden enerji tiikketiminin
azaltilmasi olarak tanimlanmaktadir. Enerji verimliligi yiiksek binalarin sahip olmasi gereken ilk 6zellik,
binanin bulundugu cografi 6zelliklere gore yonlendirilmesi, giinesten kisin maksimum kazang saglayacak
yazin da korunacak sekilde biyoklimatik ve pasif tasarim ilkelerine gore tasarlanmasidir. Bununla birlikte
bina kabugunda 1s1 kayiplarini azaltacak ve yeterli 1s1l direnci saglayacak 6nlemler alinmalidir. Enerji
verimli binalar ayn1 zamanda kullanicilarinin saglik, iiretkenlik ve konfor sartlarini saglayabilmektedir.

Toplam bina stoku icerinde 6nemli bir yere sahip olan mevcut binalarin enerji verimli yenilenmesinin
Onemi, asamalari, uygulamalari bu ¢alismanin ana amacini olusturmaktadir. Calismada Binalarda Enerji
Performansi Yonetmeligi kapsaminda gelistirilen BEP-TR2 hesap yontemi kullanilarak mevcut iki katli bir
konut 6rneginde uygulanacak farkli yenileme (renovasyon) senaryolari sonuglariin yillik enerji tiiketimleri,
sera gazi emisyonlart ve enerji simiflari agisindan karsilastirilmasi hedeflenmistir. Farkli iyilestirme
seceneklerinde yillik enerji tiiketiminde, sera gazi emisyonunda ve kg esd CO2/m?y1l miktarinda degisen
oranlarda diisiis goriilmektedir. Bu diisiis ayn1 zamanda binanin enerji performans simifinin iyilesmesini
saglamaktadir.

Anahtar Kelimeler: Enerji verimliligi; Enerji verimli yenileme; Enerji kimlik belgesi; BEP-TR
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Energy Efficiency Renovation and EKB Application in Existing Buildings

ABSTRACT

Global climate change exhibits its effects in various parts of the world, such as wildfires, droughts, floods,
sea level changes, and more. Furthermore, global environmental issues like natural disasters, energy
consumption, depletion of resources, and biodiversity loss are increasing. Buildings play a crucial role in
these environmental consequences, responsible for 40% of total energy consumption and one-third of
greenhouse gas emissions. Thus, the need to construct energy efficient buildings on a global scale is evident.
Countries enhance their efforts to minimize energy consumption and greenhouse gas emissions in buildings.

Energy efficiency in buildings is defined as minimizing the energy consumption with maintaining living
standards. In the pursuit of high-energy efficient buildings, it is necessary to design based on bioclimatic
and passive design principles. This design should consider the geographical location to maximize solar gain
in winter and provide effective thermal insulation in summer. Furthermore, efforts to decrease the heat loss
through the building envelope and guarantee adequate thermal resistance are essential. Energy-efficient
buildings can also increase the well-being, productivity, and comfort of their occupants.

This study primarily aims to reveal the significance, various stages, and applications of making existing
buildings which plays a significant role in the overall building stock more energy-efficient. This study
intends to utilize the BEP-TR2 calculation method, developed under the Building Energy Performance
Regulation, to compare the results of various renovation scenarios in an existing two-story residential
building. The comparison will evaluate their annual energy consumption, greenhouse gas emissions, and
energy efficiency ratings. Various renovation options yield different levels of reduction in yearly energy
use, greenhouse gas emissions, and kg-eq CO./m?year. These reductions also contribute to enhancing the
building's energy performance rating.

Keywords: Energy efficiency; Energy efficient renovation; Energy identity certificate; BEP-TR
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1. GIRIS

Iklim degisikligi ve cevresel etkileri kiiresel endiseleri de zamanla artirmistir. Olusan gevresel etkiler global
oOlcekte iilkeleri farkli platformlar altinda iklim degisikligi ile ilgili nlemler alip bunlar1 uygulamaya koyma
yolunda bir araya getirmistir. 1970’li yillarda baslayan bu calismalar belli araliklarla sozlesmeler,
konferanslar, protokoller, anlagmalar seklinde siirmektedir. Bu ¢alismalar; Viyana s6zlesmesi (1985) [1],
Montreal Protokoli (1987) [2], Rio Konferansi (1992) Kyoto Protokolii (1997) [3], Taraflar Konferansi /
COP1 (1995) ile baslaylpp COP 27 (2022)’a kadar devam etmistir [4]. Ozellikle 2015 yilindaki Paris
Anlagmasi, ortalama kiiresel sicaklik artisinin sanayi 6ncesi doneme gore 2 derecenin altinda 1.5 derece
seviyesinde tutulmasi i¢in, iilkeleri bu anlamda ciddi 6nlemler almaya sart kogsmustur [5,6]. Bununla birlikte
stireg icerisinde ODP (Ozone Depletion Potential/Ozon Azaltma Potansiyeli), GWP (Global Warming
Potential/Kiiresel Isinma Potansiyeli), GHG (Green Houses Gases/Sera Gazlari) arttirict eylemlerin

siirlandirilmasina gidilmistir [7].

Diinya genelinde enerji tiiketimi 1990’11 yillara gore artig gostermektedir. Uluslararasi Enerji Ajansi (IEA)
verilerine gore 2022 yilinda yaklasik 15.000 milyar TON esdeger petrolliik seviyeye yiikselmistir. Kiiresel
enerji talebini karsilamak {izere; %30 petrol, %27 komiir, %23 dogal gaz vb fosil kdkenli kaynaklar
kullanilmaktadir. Tiirkiye de enerji tiiketimi 1990 da 52 milyon ton esdeger petrolken 2022 de 156 milyon
ton esdeger petrole yiikselmistir. Kullanilan enerji kaynagi yine yaklasik olarak %82’nin iizerinde fosil

kaynaklidir [8].

Ulkelere gore enerji tiiketimi kiiltiir, iklim ve refah acisindan farkliliklar gdstermektedir. Gelismis iilkeler
enerji verimliligiyle ilgili olarak yeni teknolojiler, malzemeler ve uygulamalar dogrultusunda yol haritalar
belirlemekte ve enerji tiiketimini azaltici hedefler koymaktadir. Ana hedef ¢evrenin korunmasi ve

emisyonlarin azaltilmasinin yaninda enerji verimliliginin de saglanmasidir.

Mevcut binalar ve yapr sektori, kiiresel enerji tiiketiminin %40 ile emisyonlarin tigte birinden sorumludur
[9]. Birgok iilkede yaslanan binalarin zayif enerji performansi, s6z konusu emisyonlara biiyiik katki
saglamaktadir [10]. Var olan eski bina stoku yeni enerji verimliligi gerekliliklerini saglayamadigindan fazla
enerji tiiketerek daha fazla emisyon yaymaktadir [11,12,13] Bu nedenle, kiiresel enerji kullaniminin
zamaninda azaltilmas1 ve cevresel siirdiiriilebilirligin desteklenmesi i¢in mevcut binalarda enerji
verimliliginin hizla arttirilmas1 biiyiilk Oonem tasimaktadir [14,15]. Mevcut binalarin enerji verimli
yenilenmesiyle ilgili literatiirde farkli iilkelerde pek c¢ok calisma yiiriitilmektedir. Farkli bina tipoloji
tizerinde mevcut binalarda enerji verimli yenilemede; Karar verme siiregleri, yenileme stratejileri, politikalar

ve yenilemenin 6niindeki zorluklar arastirmacilarin giindemini olusturmaktadir [10, 15 - 20].
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Binalarda tiiketilen enerji; 1sitma, sogutma, aydinlatma, havalandirma, sicak su vb. ihtiyaglar1 kargilamak
tizere harcanmaktadir. Binalarin 6zellikleri ve insa edildikleri yere gore enerji ihtiyaclar degismektedir.
Soguk iklim bolgelerindeki binalarda 1sitma, sicak iklim bolgelerinde ise sogutma ihtiyaci i¢in enerji daha
cok kullanilmaktadir. Genel olarak enerji tiikketiminin biiyiik bir boliimii iklimsel konforun saglanmasinda
harcanmaktadir. Binalarin enerji tiiketimleri agisindan simiflandirilmalarinda bu tiiketimleri dikkate
alimmaktadir. Gliniimiizde hedef sifir enerjili-kendi kendine yetebilen binalar retmektir. Bu bina
tasarimlari artan enerji talebini karsilamak igin yeterli enerjiyi iiretebilen yenilenebilir enerji tedarik

sistemlerine sahip bina yaklagimidir [21].

Yiiksek enerji tiiketimlerine ragmen bina sektorii, diger sektorlere gore enerji ve emisyon tasarruflari
bakimindan en yiiksek potansiyele sahiptir. Bina sektorii, diisiik maliyetli enerji tasarrufu potansiyeli gok
yiiksek oldugu igin, enerji verimliliginde 6ncelikli alan haline gelmistir. Diinyanin her yerinde enerji
verimliliginin en goézde uygulama alani binalar olmustur. Ayni1 zamanda enerji tiilketen ekipman ve
altyapmin ekonomik Omiirlerine baktigimizda binalarin ekonomik &miirleri asgari olarak 40 yil kabul
edilmesine ragmen potansiyel omiirleri asgari dmiirlerinin ¢ok daha istiine ¢ikabilmektedir. Binalar bu
anlamda iyi ve uzun vadeli yatirimlar olarak goriilmektedir. Artan bina stokuna karsi enerji tiikketiminin ve

olumsuz gevresel etkilerin azaltilmasinda bina enerji verimliligi 6n plana ¢ikmaktadir [22].

Kiiresel 6l¢ekte bu konuda caligmalar devam ederken Avrupa Birligi (AB) Konseyi, 2019-2024 Stratejik
Giindeminde “Herkes I¢cin Temiz Bir Gezegen” stratejik vizyonunu sunarak bu kapsamda; iklim agisindan
notr, yesil, adil ve sosyal bir Avrupa kitasi insa etmeyi hedeflemistir. Konsey 12 Aralik 2019 tarihinde
acikladigr “Yesil Mutabakat” ile karbon nétr bir AB'ye ulagmak igin belirlenen hedefleri yasal hale
getirmistir. AB Konseyi 2030’a kadar sera gazi emisyonlarini, 1990 yilindaki meydana gelmis olan emisyon
miktarindan %55 daha diisiirmeyi hedeflemektedir [23].

Enerji tiikketiminde 6nemli bir etkisi olan binalar a¢isindan, AB Konseyine iiye iilkelerde, Binalarda Enerji
Performans Direktifi (EPBD) 2002 yilinda yiiriirlige girmistir. 2010 ve 2018 yillarinda, tadil edilen
(2002/2010/2018) Binalarda Enerji Performans Direktifi; hem yeni hem de mevcut binalar i¢in gecerli olan,
ticari ve konut tipi bina tiirlerini de kapsayan performansa dayali bir aragtir. Buna gére 31 Aralik 2020°den
itibaren yeni binalar “Yaklasik/Neredeyse Sifir Enerjili Binalar / (Nearly/Zero Energy Buildings (nZEB))”
olarak iiretilecektir. AB yol haritasinda 2050 yilina kadar sera gazlar1 emisyonunda 1990 seviyesine gore
%80/85 oraninda azaltma ve karbonsuzlagma hedeflenmektedir. Yaklagik/Neredeyse Sifir Enerjili Binalar:
“Enerji ihtiyact ¢ok diisiik, enerji performansi ¢ok yiiksek ve gerekli enerji miktarimin ¢ogunilukla

yenilenebilir enerji kaynaklariyla karsilandigi bina” olarak tanimlanmaktadir [24].

481



Mihlayanlar& Meral | Mevcut Binalarda Enerji Verimli Yenileme ve EKB Uygulamast

Yeni yapilacak binalarin yaklasik sifir enerji hedefleriyle yapilmasinin yaninda Direktif (2012/27/EU) kamu
binalarinda toplam zemin alaninin en az %3'linde her yil enerji verimli iyilestirme yapmasini ve mevcut
binalarin da enerji verimli hale getirilmesini istemektedir [25]. Bu anlamda mevcut binalarin yenilenmesi,

enerji verimliliginin artirilmasi ve gevresel etkinin azaltilmasi a¢isindan oldukga 6nemlidir [26].

Kiiresel oranlara benzer olarak Tiirkiye’de nihai enerji tiiketiminin iigte biri binalar i¢in harcanmaktadir
[27]. Tirkiye’de enerji verimliligi ¢calismalar1 1970’11 yillarda baglamis 6zellikle 1s1 korunumu konusunda
yasa ve yonetmelikler yiiriirliige girmistir. 1985 yilinda Is1 Korunumu Yonetmeligi (Bayindirlik ve Iskan
Bakanlig1-1985), TS 825 Binalarda Is1 Yaliim Kurallar1 Standardi (1998, 2005, 2008, 2013), TS 825
Binalarda Is1 Yaliim Yd&netmelikleri (2000, 2008) 1sitma enerjisinin sinirlandirilmasi: ve hesaplanmasi
iizerinedir. Oncelikli olarak 1sitma ihtiyacinin azaltilmas1 hedeflenmekte ve bu ihtiyacin belirlenmesinde TS
825 Binalarda Is1 Yalitim Kurallar1 Standardi kullanilmaktadir. Ayrica 2007 yilinda ¢ikan 5627 Sayili Enerji
Verimliligi Kanunuyla enerjinin etkin kullanilmasi, israfin dnlenmesi, enerji maliyetlerinin ekonomi
tizerindeki yiikiiniin hafifletilmesi amaglanmaktadir [28]. Binalarda Enerji Performans (BEP) Y6netmeligi
2008 yilinda Resmi Gazete de yayinlanarak, 2009 yilinda yiiriirliige girmistir (2008, 2010,2011, 2017,
2022). Yonetmeliginin amaci; binalarda enerjinin ve enerji kaynaklarinin etkin ve verimli kullanilmasini,
enerji israfinin 6nlenmesini ve gevrenin korunmasina iligkin usul ve esaslari diizenlemektir [29]. BEP ile
binalarin 1sitma, sogutma, aydinlatma ve havalandirmay:r da igine alan toplam enerji tiiketimi
belirlenmektedir. BEP-TR hesap yontemi ile belirlenen yillik toplam enerji tiikketimine bagl olarak “Enerji
Kimlik Belgesi/EKB ” hazirlanmasi zorunlulugu da getirilmistir. Ayrica Enerji Verimliligi Strateji Belgesi
(2012-2023) [30], Ulusal Enerji Verimliligi Eylem Plan1 (2017-2023) [31], Binalar ve Yerlesmeler i¢in
Yesil Sertifika Yonetmeligi (2017-2022) (YES-TR) [32,33] ile bu diizenlemeler desteklenmektedir.

Binalarin enerji tiiketim oranlarinin belirlenmesine yonelik olarak ¢ogu iilkede zorunlu Enerji Performans
Sertifikalar1 diizenlenmektedir. Enerji tiiketen ekipmanlar i¢in yillardir kullanilan bu yéntem binalara da
uygulanmaktadir. Yiiksek enerji performansindan diisiik enerji performansina dogru degisen enerji kodlari,
binalarin enerji tiiketimlerini ifade etmektedir. Toplam bina stoku i¢indeki mevcut binalarin sayisinin ve
enerji tiiketimlerinin yeni binalardan daha yiiksek oldugu bilinmektedir [10-13]. Tiirkiye'de binalar biiyiik
miktarda enerji tiiketiminden sorumludur ve yiiksek enerji tasarrufu potansiyeline sahiptir [34]. Bu
calismada mevcut iki katli bir konut 6rneginde, Binalarda Enerji Performansi Yonetmeligi kapsaminda
gelistirilen BEP-TR2 hesap yontemi kullanilarak uygulanacak farkli yenileme (renovasyon) senaryolart ile

yillik enerji tiiketimleri, sera gazi emisyonlar1 ve enerji siniflar1 sonuglar karsilastirilmaktadir.
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2. BINALARDA ENERJi PERFORMANS YONETMELIGI VE EKB

Tiirkiye’de binalarin toplam enerji tiiketiminin belirlenmesinde Enerji Performans Y 6netmeligi kapsaminda
2011 yilindan bu yana Binalarda Enerji Performans1 Hesaplama Yontemi (BEP-HY) kullanilmaktadir.
Cevre Sehircilik ve iklim Degisikligi Bakanlig1 sunuculari iizerinden web tabanli erisim saglanan Bina
Enerji Performansi Hesaplama Yontemi Tirkiye (BEP-TR), ile bina enerji performansi hesabi
yapilabilmekte ve binalarin Enerji Kimlik Belgeleri (EKB) iiretilebilmektedir. BEP-TR hesap yontemi ile
binalarin 1sitma, sogutma, havalandirma, aydinlatma ve sicak su temini i¢in tiikettikleri enerji, karbondioksit
(COy)/sera gaz1 salinim ve enerji siniflart belirlenerek EKB belgesi verilmektedir [35]. Binanin enerji
tilketim ve sera gazi salimim siniflar1 en yiiksek performanstan “A,B,C,D,E,F,G” ye dogru azalan renk
kodlariyla, yenilenebilir enerji potansiyeli kullanimi da s6z konusu ise; hesaplamaya dahil edilerek,

kullanim orani yiizde (%) ifadesi ile belge tizerinde belirtilmektedir [36].

Ulusal hesap metodu BEP-TR programu EN ISO 13790:2008 (Energy performance of buildings —
Calculation of energy use for space heating and cooling) standardina goére gelistirilmistir. BEP-TR,;
standardin binalarin 1sitilmasi ve sogutulmasi i¢in binanin ihtiyaci olan net enerji miktariin belirlenmesinde
onerdigi li¢ yontemden biri olan, yar1 dinamik basit saatlik hesaplama metodu prensibi ile hesap
yapmaktadir [37]. EN 1SO 13790:2008 Standardi 2017 yilinda EN ISO 52016-1 olarak revize
edilmistir [38].

Yonetmelik ¢ergevesinde olusturulan BEP-TR yazilim programinin ilk versiyonu (BEP-TR1) 2011 yilinda
kullanilmaya baglanmigtir. Ancak bu dénemde programin isleyisindeki aksakliklar ve EKB’nin alinmasi
konusunda ¢esitli problemlerle karsilasilmistir. Yasanilan problemlerin giderilmesi igin yapilan
caligmalardan sonra bu aksakliklar giderilerek, BEP-TR2 yazilimi olusturulmustur. BEP-TR1 olarak
adlandirilan eski program 1 Kasim 2017 tarihinden itibaren yiiriirliikkten kaldirilmistir [39]. 2017 yili
itibariyle BEP-TR2 kullanilmaktadir.

BEP-TR yazilimina gore, Enerji Kimlik Belgesi alacak olan 01.01.2011 tarihinden sonra yap1 ruhsati alan,
yeni binalar en az “C” smifi enerji titketimine ve karbondioksit salimina sahip olmak zorundadir. Enerji
Kimlik Belgesi, diizenleme tarihinden itibaren 10 yil siire ile gecerlidir. Enerji Kimlik Belgesinin, binanin
tamami i¢in hazirlanmasi sarttir. Enerji Kimlik Belgesi diizenlenmeyen binalara ilgili idarelerce yap:
kullanma izin belgesi verilmez. Mevcut binalar i¢in belirlenmis bir sinif yoktur ve 01.01.2011 tarihinden
once yap1 ruhsati alan mevcut binalara zorunlu EKB diizenlenmesi uygulamasi 2 May1s 2017 tarihi itibartyla
baglamistir. Ancak binalar veya bagimsiz boliimlere iliskin alim, satim ve kiraya verme ile ilgili is ve
islemlerde Enerji Kimlik Belgesinin aranmasi sart1 01.01.2020 tarihinde uygulanmaya baslamistir. Sanayi

alanlarinda iiretim faaliyetleri yiiriitiilen, kullanim siiresi iki y1ldan az olan, toplam kullanim alan1 50 m?’nin
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altinda olan binalar, tarimsal binalar, seralar, atolyeler, miinferit olarak insa edilen ve isitilmasina ve
sogutulmasina gerek duyulmayan depo, cephanelik, ardiye, ahir, agil gibi binalar yonetmelik kapsami

digindadir. Bu binalar i¢in EKB diizenlenmesi zorunlu degildir [36].

2009 yilinda yiirtirliige giren Enerji Performans Yonetmeligi ile birlikte Binalarda Is1 Yaliim Yo6netmeligi
yiiriirlikten kaldirlmistir. Siireg icerisinde yonetmelikte ¢esitli giincellemeler yapilmaktadir. 19.02.2022
tarihinde yapilan degisiklik ile Binalarda Enerji Performans Yonetmeligine gére normal binalardan
“Neredeyse Sifir Enerjili Binalar” konseptine gecisin asamal1 olarak zorunlu hale getirildigi 01.01.2023
tarihli 5.000 m? den biiyiik olan tiim binalarin enerji performans sinifinin “B” sinifi olmas1 ve kullandig
enerjinin en az %S5 inin yenilenebilir enerji kaynaklar1 (fotovoltaik panel, riizgar tiirbiinii, 151 pompasi vb)
saglanmasinin zorunlu oldugu ve bu dogrultuda binalarin mimari, mekanik ve aydinlatma projelerinin BEP
yonetmeligine uygunlugunu gosteren 6n hesap sonucu ruhsat eki ile birlikte Belediye’ye sunulmasi
gerekmektedir. 2022 yilinda 6n onay almis olsa dahi 01.01.2023 tarihinden sonra alinacak yeni yapi
ruhsatlart icin BEP yonetmeligi hiikiimleri dogrultusunda gerekli islemlerin yapilmasini zorunlu
kilmaktadir [40]. Ayrica 2025 yili itibariyle 2000 m? ingaat alani lizerindeki binalarin en az "B" sinifi veya
daha yiiksek bir EKB'ye sahip olmasi ve yenilenebilir enerji kaynaklarmin binanin toplam birincil enerji
tiiketiminin en az %10'unu saglamas1 gerekmektedir [41]. Cevre Sehircilik ve Tklim Degisikligi Bakanlig
Mesleki Hizmetler Genel Miidiirliigiine gére EKB uygulamasinin bagladigi 2011 yilindan itibaren 2023
Eyliil ayma kadar EKB belgesi almis bina sayis1 1.519.339’dur. EKB alan binalar i¢inde yenilenebilir enerji
kullanim oran1 % 8.35 dir. EKB alan toplam bina sayisi igindeki yeni bina sayis1 1.172.050, eski bina say1si
347.319°dur. Bu sayiya A dan G ye tiim belge alan binalar dahildir. Tiim siniflardaki EKB sayis1 dagilimi
Cizelge 1 de verilmektedir. D, E, F, G smiflarini i¢ine alan mevcut binalarda toplam EKB sayis1 116.718
dir [42]. Ancak D-G siniflari arasinda EKB alan mevcut binalarin yeni binalara oranla yiiksek enerji tiiketimi

oldugu agikardir.

Cizelge 1:Tirkiye’de 2011 yilinda Eyliil 2023’e kadar EKB almig bina sayis1 ve siniflari [42]

EKB smifi Bina sayis1
A 3.740
B 359.412
C 1.039.472
D 77.208
E 26.990
F 10.488
G 2.032
EKB alan toplam bina sayisi 1.519.339
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Literatiirde ulusal BEP-TR programi kullanilarak ¢esitli binalarda 1sitma, sogutma, aydinlatma,

havalandirma enerji ihtiyaglarinin hesaplandigi ¢alismalar yer almaktadir [37, 43- 49].

2.1. Binalarda Enerji Verimli Yenileme

Enerji verimliligi, binalarda kullanici yasam konforu ve hizmet kalitesinin, sanayi isletmelerinde ise
iiretimin kalitesi ve nicelik diislisiine yol agmadan, birim veya {iriin miktar1 basina enerji kullaniminin
azaltilmasidir. Enerji verimliligi stratejileri, ekonomik ve sosyal bilyiime ile siirdiiriilebilir kalkinma
hedefleriyle dogrudan iliskili olmasinin yaninda toplam sera gazi emisyonlarinin azaltilmasinda da énemli

rol oynamaktadir [50].

Binalarda yapay 1sitma, sogutma, havalandirma ve aydinlatma ihtiyaglar1 toplam bina enerji tiiketiminin
% 40 - % 70'ini karsilamakta ve enerji tasarruflu onlemlerle 1sitma ve sogutma enerjisinde yaklasik % 60,

aydinlatma enerjisinde ise % 50 oraninda enerji tasarrufu saglanabilmektedir [51].

Binalar az katli veya c¢ok katli olarak farkli fonksiyonlara hizmet etmek i¢in planlanip insa edilirler. Bina
kabugunda enerji kayiplar1 ve kazanglar1 saydam ve opak yapi elemanlardan gergeklesir. Bu agidan yap1
elemanlarinin termofiziksel ve optik 6zellikleri 6nemlidir. Is1 kayip ve kazanglarinin bilyiik bir kismi yap1
kabugundan olurken kayip ve kazanglarin kalan bir kismi1 da yapinin yonlenmesi, havalandirma ve hava

kagaklaryla iligkilidir.

Bina enerji performansi {izerinde tasarim parametreleri [35] ile bina kabugunun dogru planlanmasi ve
uygulanmas1 énemli rol oynamaktadir. iklim verileri, konum, yonelim, form, engel durumu, bina kabugu,
kazancglar, dogal havalandirma, aktif 1sitma sistemleri, aktif sogutma sistemleri, aktif havalandirma
sistemleri, aydinlatma sistemleri, sicak su sistemleri, yenilenebilir enerji sistemleri bina enerji performansint
belirlemektedir [24]. Bu stratejiler ayn1 zamanda bina kullanicilarinin saglik, iiretkenlik ve konfor sartlarini
da etkilemektedir. Cizelge 2’de tasarim parametreleri ve bina kabugu kesitinin enerji verimli bina ve

kullanicit konforu tizerindeki etkileri 6zetlenmektedir.

Cizelge 2: Enerji verimli bina ve kullanicisi i¢in saglik, iiretkenlik, konfor saglanmasinda tasarim parametreleri ve
bina kabugu 6zellikleri

Tasarim parametreleri Bina kabugu kesitinin dogru tasarlanmast ve
uygulanmasi
- Biyoklimatik, pasif tasarim - Yeterli 1s1l direng
- Binada 1s1 kayiplarinin azaltilmasi - Yeterli 151 kiitle
- Hava sizdirmazlik - Kontrollii ve yeterli havalandirma
- Havalandirma - Kesitte yogusma meydana gelmemesi
- Ekipman, Cihazlar
- Yenilenebilir enerji kaynaklar1 kullanimi
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Mevcut bir binada enerji verimli yenileme literatiirde genel olarak enerji etkin iyilestirme, giiclendirme,
verimlilik tadilati gibi terimlerle kullanilmaktadir [15, 52 - 56]. Enerji verimli yenilemede binanin mevcut
durumu iyi analiz edilmeli bunun i¢in yerinde inceleme, gézlem ve hesaplamalar yapilmalidir. Bina enerji
etkinligini arttiracak 6nlemler hayata gegirilmeden analiz edilerek bu 6nlemlerin uygun kombinasyonlar ile
olusturulan iyilestirme paketlerinin belirlenip, simanmasi ve Onerilerin etkinliklerinin karsilastiriimasi
yapilarak uygun tedbirlere dair karar verilebilmektedir [57]. Strdirilebilirlik, yasam dongiisii, maliyet
etkinlik agilarindan yapilan analizler sonrasinda se¢im yapilmalidir [24, 58, 59]. Saglam binalarin enerji
verimli hale getirilmesi i¢in bina tipolojisi, iklimi ve kabuk ozellikleri mekanik ve aydinlatma ile

yenilenebilir enerji katkisinin biitiinlesik bir yaklagimla ele alinmasi gerekmektedir [57,59].

Enerji verimli yenileme uygulanacak olan iyilestirme asamalarina gore, genel olarak “Temel-Kiigiik
(Minor)”, “Orta (Moderate-Medium)”, “Biiyiik-Derin (Deep)” iyilestirme [60, 61] veya ¢ok biiyiik
“Kapsamli (Yaklasik Sifir Enerjili Bina Renovasyonu” [62] seklinde uygulanabilmektedir.

Yapilan 6n inceleme ve fizibilite ¢alismalari sonrasinda enerji verimli yenilemenin hangi sistemlerde
uygulanacagina ve asamalarina Karar verilmelidir. Enerji verimli yenilemede bina kabugunda uygulanacak
iyilestirme calismalari, 1sitma, sogutma, aydinlatma ve gii¢ sistemlerinin verimli hale getirilmesiyle
yenilebilir enerji kaynaklari binaya entegre edilebilmektedir. Bina enerji tiikketiminde etkisi olan yenileme

Onerileri Cizelge 3 de gibi 6zetlenebilir[62].

Cizelge 3: Bina enerji verimliligini arttiracak yenileme secenekleri

Yenileme Onerileri Uygulamalar

Bina kabugunda Yapi elemanlarinda yalitim, yiiksek termal performansli cam ve dograma sistemleri,
pencere-duvar oraninin uygun olmasi, dis gélgeleme araglart kullanim

Isitma, sogutma, sicak su Kazan, boiler vb elemanlarin yenilenmesi, kazan atik ve 1s1 geri kazanimi sistemleri

sistemlerinde kullanilmasi, kojenerasyon, trijenerasyon sistemlerin kullanimi, 1sitma sogutma

¢evrimlerinde termostatik vanalarin kullanimi, diigiik debili dus basliklari, lavabolar
icin diisiik debili musluklar ve iki sifon ayarli klozetler, bina otomasyon ve enerji
izleme sistemleri kullanimi

Aydinlatma sistemlerinde Enerji tasarruflu aydinlatma sistemi ve armatiirleri (LED, kompakt flouresan),
hareket sensorlii armatiir kullanimi

Giig sistemlerinde Pompa ve fanlar, vb kullanimi

Yenilenebilir enerji Riizgar, glines vb yenilenebilir kaynaklar binaya entegre ederek enerji ihtiyacin

sistemleriyle karsilamak, jeotermal 1s1 pompalari, vb kullanimi

Bina kabugunda alinacak Onlemlerin basinda yapi elemanlarindaki 1sil kayiplarmin engellenmesi
gelmektedir. Binalarda enerji kayiplarinin degerlendirilmesinde onemli bir gosterge; elemanlarin 1sil
gecirgenligi ve 1s1l direncidir. Enerji verimli bir binada elemanin 1s1l gegirgenliginin kii¢iik, 1s1l direncinin

de yiiksek olmasi gerekmektedir. Bu; yap1 elemaninda 1s1 iletimini yavaglatacak mekanizmalarin veya
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katmanlarin kullanilmasi ile miimkiin olmaktadir. Opak elemanlarda yalitim malzemelerinin kullanim ve
yaliim kalinliklarinin arttirilmast ile kayiplar azaltilmaktadir. Saydam elemanlarda ise cam katmanlarinin
sayisina, katmanlar arasindaki bosluga ve bosluk igcinde bulunan gazin 6zelligine gore 1s1l gecirgenlik
degismektedir. Enerji verimli yenileme asamalarina; opak elemanlarda yalitim kalinliklar1 arttirilarak,
saydam elemanlarda dograma ve cam ozellikleri degistirilerek yapilmaktadir. Isitma, sogutma, sicak su ve
aydinlatma ve gii¢ sistemlerinde eski elemanlar yenilenip ve verimli yeni sistemlerle degistirilmektedir.
Binalarin bulunduklar1 yerdeki yenilenebilir enerji potansiyellerinin degerlendirilmesi ve binaya entegre

edilmesi diger agsamalara ilave olarak yapilmaktadir.

3. MATERYAL VE METHOD

Calisma kapsaminda segilen 6rnek bina iizerinde Binalarda Enerji Performanst Hesaplama Y 6ntemi (BEP-
HY) tabanli BEP-TR2 yazilimi kullanilarak farkli yenileme senaryolari uygulanmistir. Segilen enerji verimli
yenileme senaryolariyla binanin degisen yillik enerji ihtiyaci ve sera gazi emisyonlar1 hesaplanmistir. Ornek
mevcut bina Edirne de 2010 yilinda ruhsat almis olan 2 katli, bagimsiz 2 kattan olusan bir konuttur. Binaya
ait ozellikler Cizelge 4’de verilmektedir. Betonarme iskelet sistemi ile insa edilmis olan konut: bodrum,
zemin ve 1. kattan olugmaktadir. Binada 1sitma sistemi bireysel kombi ve dogal gaz ile saglanmakta herhangi
bir mekanik havalandirma sistemi bulunmamaktadir. Binaya ait mimari plan, model ve sistem kesiti
ozellikleri Sekil 1°de gosterilmektedir. Binanin zemin ve 1.kati 1sitilmakta, bodrum kati 1sititlmamaktadir.
Bina mimari ve kabuk 6zelliklerine gére modellenerek BEP-BUY V30 da enerji ihtiyact hesap sonuglart
almmustir. Hesaplar binada mevcut (yalitimsiz) durumla (S1) birlikte 4 farkli senaryo (S2, S3, S4, S5)
uygulandig1 kabul edilerek yapilmistir. Bu senaryolarda bina kabugunda, 1sitma, sogutma, sicak su,

aydinlatma ve gii¢ sistemleri ile yenilenebilir enerji sistemlerine yonelik degisiklikler uygulanmstir.

Cizelge 4: Ornek bina ozellikleri.

Fonksiyon / Ruhsat / Konum Konut / 2010/ Edirne

Toplam Alan (mz) 346,69

Kullanim Alan (mz) 190,47

Isttilan Hacim (ms) 439.79

AV 0,79

Kat yiiksekligi (m) - Kat adedi 2,8 - Bodrum +Zemin +1 Normal Kat
Imar Durumu Ayrik diizen

Yapim sistemi

Cati
Yakit sistemi ve tiiri
Havalandirma

Betonarme iskelet, yatay delikli tugla duvar dolgu (19cm)
Sicak teras cati

Bireysel kombi, dogal gaz

Dogal havalandirma
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Sekil 1: Bina mimari plan (a), model (b) ve sistem kesiti(c).

Oncelikle senaryolarda bina kabugundaki 1s1 kayiplari azaltilarak binanin enerji korunumlu hale getirilmesi
hedeflenmistir. Bu nedenle opak ve saydam yiizey alanlarinda 1s1 korunumu ag¢isindan uygulanan yalitim
onlemleri arttirilmistir. Yalitim kalinliklarinin arttirilmast ile opak ve saydam yapi elemanlarinin U Degeri
(Is1l gecirgenlik katsayisi/W/m?K) diisiiriilmesi hedeflenmistir. Cizelge 5’de binaya uygulanan yalitim
kalinliklar1 ve yap1 elemanlarinin degisen U (Isil gegirgenlik katsayis1) degerleri goriilmektedir. Opak
elemanlardan déseme de U Degeri 3,09 W/m?K den 0,23 W/m?K indirilmistir. Saydam yap1 elamani pencere
de U Degeri 2,7 W/m?K den 1,1 W/m?K diisiiriilmiistiir. Ayrica giinesten enerji kazanim sistemleri,
aydinlatma armatiirleri, kullanilan kombi sisteminin degistirilmesi de senaryolara dahil edilmistir (Cizelge
6). Enerji verimli iyilestirme asamalar1 basit yenilemeden derin yenilemeye dogru gidecek sekilde
olusturulmustur. Senaryo 5’de yapi elemanlar1 duvar, ¢ati, zemin elemanlar1 yalittmli (2 cm ile 15 cm
arasinda degisen), 1sitma ve aydinlatma iyilestirilmis bunlara yenilenebilir enerji katkisi ilave edilmistir.
Binada aktif giines enerji sistemlerinden fotovoltaik panel (PV/PhotoVoltaic Panel) giines kolektori (Solar
Thermal Panel-STP) kullanilmigtir. Bina teras ¢atisina 30 derece egimle 12 adet fotovoltaik panel (Multi
Kristalin Silikon Modiil), 4 adet giines kolektorii eklenmistir.
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Cizelge 5: Binaya uygulanan senaryo kabulleri ve yap1 elemanlarinin U (Is1l Gegirgenlik Katsayist) degerleri.

U Degeri
Bina Is1l Gegirgenlik Katsayisi

Ozellikleri (W/m?K)
Yapi elemant S1 S2 S3 S4 S5
Duvar 1,31 0,51 0,45 0,37 0,37
Doseme 3,09 0,40 0,28 0,23 0,23
Tavan 2,75 0,43 0,30 0,24 0,24
Pencere 2,7 2,1 1,6 11 11

Cizelge 6: Binaya uygulanan senaryo kabulleri, yap1 elemanlar1 yalitim kalinliklari, aydinlatma ve 1sitma sistemi

ozellikleri.
Yap1 Elemanlarina Uygulanan Yaliim
Bina Kalmliklar1 (cm) Aydinlatma Isitma
Ozellikleri Cati Zemin Duvar A Kkat (armatiir) Sistemi
doseme
Mevcut, yalitimsiz (S1) 0 0 0 0 Enkandesan Konveksiyonel
kombi
Yalitim yapildi=(S2) 8 8 5 2 K.florasan | Yogusmali kombi
Yalitim arttirildi=(S3) 13 12 6 2 LED Yogusmali kombi
Yalitim arttirildi=(S4) 15 15 8 2 LED Yogusmali kombi
Yaliimh (S4) +aktif giines 15 15 8 2 LED Gelistirilmis
sistemleri eklendi= (S5) Yogusmali kombi
3.1. Bulgular

Binaya ait tiim bilgiler BEP-BUY’a tanimlandiktan sonra (Sekil 3) senaryo kabullerine gore enerji ihtiyact
hesap sonuglar1 alinmustir (Sekil 4). Enerji verimli yenileme senaryolarina gore toplam enerji tiiketimi, sera

gazi emisyon sonuglari karsilagtirmali olarak Cizelge 7 ve 8’de gosterilmektedir.
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Sekil 4: Binanin BEP-BUY da enerji ihtiyacinin belirlenmesi.

Binanin toplam enerji tiikketimi Senaryo 1°de 68.850 kWh/y1l iken Senaryo 5’de 15.706 kWh/yil’a
diismektedir. Sonuglar {izerinde opak yapi elemanlarina uygulanan yalitim kalinliklarinin arttirilmasi,
saydam yap1 elemanlarinin (U degeri) iyilestirilmesi, aydinlatma armatiirleri ve verimli 1sitma kontrol
elemanlarinin  kullanilmasinin etkisi goriilmektedir. Onerilen yalitim kalinhiklar1 ve sistemlerdeki
degisiklikler mevcut binada uygulanabilirlik 6lgiitiinde belirlenmistir. Mevcut (yalitimsiz) konut binasina

uygulanan farkli yenileme senaryolarinda enerji tiiketiminde mevcut yalitimsiz duruma gore %58 ile %77
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arasinda azalma oldugu goriilmektedir. Ayrica binada 12 adet fotovoltaik panel (PV) ilavesi yapilan Senaryo
5 ile 7345 kWh/y1l yenilenebilir enerji katkist saglanmaktadir. Mevcut (yalitimsiz) konut binasina
uygulanan farkli yenileme senaryolarinda emisyon saliiminda mevcut yalitimsiz duruma gore %40 ile %67

arasinda azalma oldugu goriilmektedir.

Cizelge 7: Binaya uygulanan enerji verimli yenileme senaryolari ile elde edilen sonuglarin kargilastirilmasi.

Bina Ozellikleri Toplam Enerji Birim Alan Toplam Yenilenebilir Enerji

(Enerji Verimli Tiiketimi Basina Enerji Tiiketimindeki
Yenileme Birincil (kWh/y1l) (kWh/y1l) Birincil (kWh/y1l) Azalma orani

Senaryolari) %

S1 68.850 361,49 - -

S2 28.635 150,35 - 58

S3 25.454 133,64 - 63

sS4 22.970 120,60 - 67

S5 15.706 82,47 7345 77

Cizelge 8: Binaya uygulanan enerji verimli yenileme senaryolar ile elde edilen sera gazi, CO2/m?y1, enerji
performans simiflarimin karsilagtirilmasi

Bina Ozellikleri (Enerji Sera Gazi kg esd Enerji Performans Emisyon
Verimli Yenileme Emisyonu CO2/m?y1l Snifi Salinimindaki
Senaryolari) Azalma oran1 %

S1 144 86,57 F

S2 87 36,25 C 40
S3 79 32,39 B 45
S4 73 29,36 B 49
S5 47 19,01 B 67

Mevcut binaya; bina kabugu, 1sitma, aydinlatma sistemleri ve yenilenebilir enerji sistemi (aktif glines
enerjisi) vb gibi yenileme segeneklerinin uygulanmasiyla elde edilen sonuglar farklilik gostermektedir.
Uygulanan enerji verimli yenileme senaryolariyla ile binanin yillik enerji tiikketimi, sera gazi emisyonu ve
enerji titkketim siniflarinin degistigi goriilmektedir. Farkli yenileme segeneklerinde yillik enerji tiiketiminde,
sera gazi emisyonunda ve kg esd CO./m?y1l miktarinda diisiis goriilmektedir. Bu diisiis aym zamanda
binanin enerji performans sinifinin iyilesmesini de saglamaktadir. Konut binasinin uygulanan enerji verimli
yenileme senaryolariyla (S1,52,S5) elde edilen 6n hesap sonug raporlar1 Sekil 5°de verilmektedir. On hesap
sonu¢ raporunda bina Ozellikleri, enerji tiiketim miktarlari, sera gazi emisyonu ve enerji siniflan ile
yenilenebilir enerji kullanim oranlari renkli olarak sembolleriyle goriilebilmektedir. Senaryo 5 de uygulanan

aktif giines sistemleri kullanim ytlizdesi %31,86 olarak 6n hesap sonug raporunda yer almaktadir.
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Sekil 5: Binaya uygulanan enerji verimli yenileme senaryolarinin 6n hesap sonug raporlari.

4. SONUC

Kiiresel anlamda enerji verimliliginin uygulanacagi en iyi alanlardan biri binalardir. Yeni binalar yasa,
yonetmelik ve uluslararasi sartlarla enerji verimliliginde belirli kosullar1 saglayabilmektedir. Mevcut
binalarda yapilacak yenileme ¢aligsmalari enerji performanslarinin arttirilmasi i¢in biiyiik onem tagimaktadir.
Ancak mevcut binalarin enerji verimliligi adina yenilemesine karar verilmeden 6nce gerekli fizibilite
caligmalarinin ve analizlerinin yapilmasi gerekmektedir. Enerji verimli bina yenileme senaryolarinda segim
ve karar verme siirecinde maliyet etkin, pratik ve faydali bir yaklagim benimsenmelidir. Bu siirecte finansal,
yasal, teknik ve uygulama zorluklari olmasina ragmen enerji verimli yenilemenin saglayacagi kazanimlar
olduk¢a onemlidir. Enerji verimli yenilemenin giivenli ve siirdiiriilebilir enerji, kullanicilar agisindan
konforlu binalar, ekonomik biiylime, verimlilik, istihdam ve sosyal dayanisma agisindan katkilart ¢ok
fazladir. Ancak gelismis iilkelerde bile mevcut binalarin enerji verimli yenileme oranlari halen disiiktiir.
AB de mevcut binalarda yenileme (renovasyon) oram iilkeden iilkeye degismekle birlikte yaklasik %1
civarindadir. Bunun 2030’a kadar 2 katina ¢ikarilmasi, iklim hedefleri i¢in %3 olmasi gerektigi
belirtilmektedir [63]. Yapilan bir ¢alismada Tiirkiye i¢in yenileme oraninin iyilestirilmis U degerleriyle %1,
2030 da %?2 olabilecegi 6n goriilmektedir [64].

Binalarda Enerji Performansi Yonetmeligi kapsaminda gelistirilen ulusal BEP-TR2 hesap yontemi
kullanilarak mevcut iki katli bir miistakil konut 6rnegi tizerinden yapilan bu c¢aligmada farkli yenileme
(renovasyon) senaryolari incelenmistir. Yap1 kabugu iyilestirmesinden baslayarak uygulanan sitemlerle
farkli yenileme segeneklerinde yillik enerji tiiketiminde, sera gazi emisyonunda ve kg esd CO2/m?yil

miktarinda degisen oranlarda diisiis goriilmektedir. Mevcut (yalitimsiz) konut binasina uygulanan yenileme
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senaryolarinda enerji tiikketiminde %58 ile %77 arasinda, emisyon saliniminda %40 ile %67 arasinda azalma
oldugu goriilmektedir. Bu diisiis ayn1 zamanda binanin enerji performans sinifinin iyilesmesini
saglamaktadir. AB de mevcut binalarda enerji verimli yenileme uygulamalarinda yenilemeden elde edilen
enerji korunumu oranlari %30’a varan enerji korunumu “minor”’, %30-60 arasinda “orta”’, %60-90 arasinda
“derin”’, +%90 “yaklasik sifir enerji bina/nZEB” olarak belirtilmektedir [65]. Bu ¢alismada iki katli konut
binasina uygulanan farkli yenileme senaryolari ile orta seviyede iyilestirme yakalanmig ve derin yenileme
oranina gecilmistir. Bu calismanin konusu disinda kalan yenilemenin getirecegi maliyet ise “minor”
yenilemede 60 €/m?, “orta” yenilemede 140 €/m?, “derin” yenilemede 330€/m?, “yaklasik sifir enerji
bina/nZEB yenilemede 580 €/m?belirtilmektedir [65].

Tiirkiye de mevcut bina stoku verilerinin toplanip saglam binalarin enerji verimli hale getirilmesi
gerekmektedir. Bunun i¢in bina tipolojileri, iklim ve bina kabugu vb 6zelliklerine gore stirdiiriilebilir,
uygulanabilir ve maliyet etkin bir yaklasim ele alinmalidir. Yenileme projelerine finans, teknik yardim vb
konularda yonetim sistemlerinin, biitiinciil bir yaklagimla kullaniciya destek olmasi, mevcut bina
tyilestirmelerinde 6zellikle kamu ve tiizel kisilerin 6rnek olmasi, motive edici ve harekete gegirici egitim ve
bilgilendirmelerin yapilmasi gerekmektedir. Enerji verimliliginin ilk adimi olan yenilenebilir enerji
kaynaklarinin payinin artirtlmasi oncelikli politika olarak gelistirilmelidir. Farkli bina fonksiyonlar1 igin
enerji verimliligi destek projelerinin arttirilmasi gerekmektedir. Enerji verimli yenilemede profesyonel
destek ve danigmanlik hizmetlerinin gii¢lendirilmesiyle Enerji Performans Sozlesmesi ve Enerji
Performansi Sertifikalari gelistirilmelidir. Ayrica mevcut bina renovasyonlari ulusal ve uluslararasi projeler

kapsaminda desteklenerek siirecin hizlandirilmasi saglanabilir.

Yeni ve mevcut binalar igin EKB sinir1 50 m?’nin iizerindeki binalar igin gegerlidir. Bu anlamda enerji
verimliligi konusunda yasa ve yonetmeliklerle getirilen sinirlandirilmalar goézden gegirilmelidir.
Uygulamadaki zorunlu enerji mevzuati genisletilerek, denetimler arttirilmalhidir. Ulkemizde EKB
uygulamasi yeni binalar igin C siifidir. Ancak mevcut binalar igin sinif sinir1 bulunmamaktadir. Mevcut
bina stoku diistiniildiigiinde mevcut binalar i¢in de sinif sinirinin getirilmesi enerji tiiketimi Ve emisyonlarini
azaltmak agisindan faydali olacaktir. Enerji verimliligi yiiksek olan tasarim, malzeme ve ekipmanlarin
binaya dahil edilerek; enerji talebinin azaltilmasi, pasif tasarimlara 6ncelik verilmesi, bina sistemlerinin
verimliliklerinin arttirilmasi, bina enerji ihtiyacinin yenilenebilir ya da atik vb kaynaklardan lokal olarak
tiretilmesine 6ncelik verilmelidir. Ulke genelinde yiiksek performansli ingaat standartlarmin bir uygulama
haline getirilmesi; bina enerji talebi ve emisyonlart arttirmadan yapi sektoriinde, konfor sartlarinin
saglandigi enerji verimli binalar tiretilmelidir. Yeni binalarin yiiksek performansla pasif tasarim ilkeleri ve
yenilenebilir enerji kaynagi destegi ile tasarlanip uygulamasi ve mevcut binalarin enerji verimli

yenilenmesiyle belirlenen kiiresel iklim hedeflerine yaklasilabilir.
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0z

Yiiksek sicakliklarda caligan sistemlerde ana islem sonrasinda atik 1sinin olustugu gorilmektedir.
Gilinlimiizde birgok sektor atik 1s1y1 geri kazanimda degerlendirmektedir. Calismamizda fabrikada yapilan
iiretimde ortaya ¢ikan atik 1s1mn degerlendirilmesi ile ilgili asamalari igermektedir. Ozel bir fabrikada
iiretim asamasinda Doner firmlar kullanilmaktadir. Doner firmlar dogalgaz ve petrokok karigimi ile
yakilmaktadir. Ateslenen firinlara manyezit madeni beslenmektedir. Doner firinlardaki iiretim siiresince
baca gazi olusmaktadir. Baca gaz atik 1s1 kazanina gelerek kojenerasyon iinitesi i¢in hazirlanmaktadir. Atik
151 kazaninda olusan buhar tiirbine gonderilerek enerji tiretilmektedir. Termodinamigin birinci ve ikinci
yasasina gore enerji ve ekserji hesaplamalari yapilmistir ve sistemin ¢alisma verimi hesaplanmustir. 3.
Doner firinda yakilan petrokok ve dogalgazin enerji degerleri 13 MW ile 20.5 MW arasinda degisirken,
kazandan elde edilen enerji 3.6 MW ile 5.14 MW arasinda degismektedir. Kojenerasyon tinitesinde elde
edilen anlik elektrik enerjisi degerleri ise 267 kWh ile 551 kWh arasinda degismektedir. Kazan i¢in ortalama
I. ve II. Yasa verimleri sirasiyla %20 ve %35 olarak hesaplanmistir. Net bugiinkii deger (NBD) yontemi
kullanilarak sistemin ekonomik analizi yapilmistir.

Anahtar Kelimeler: Enerji; ekserji; kojenerasyon; atik 1s1; NBD yontemi

Cogeneration System Performance and Economic Analysis of Waste Heat in
Sinter Magnetite Production Rotary Kiln

ABSTRACT

It is observed that waste heat is generated after the main process in systems operating at high temperatures.
Nowadays, many sectors use waste heat for recycling. In this study includes the stages related to the
evaluation of waste heat generated in factory production. Rotary kilns are used in the production phase in a
private factory. Rotary kilns are burned with a mixture of natural gas and petcoke. Magnesite ore is fed into
the fired furnaces. Flue gas is formed during production in rotary kilns. Flue gas comes to the waste heat
boiler and is prepared for the cogeneration unit. Energy is produced by sending the steam formed in the
waste heat boiler to the turbine. Energy and exergy calculations were made according to the first and second
law of thermodynamics and the operating efficiency of the system was calculated. While the energy values
of petcoke and natural gas burned in the 3. rotary kiln vary between 13 MW and 20.5 MW, the energy
obtained from the boiler varies between 3.6 MW and 5.14 MW. Instant electrical energy values obtained in
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the cogeneration unit vary between 267 kWh and 551 kWh. Average for boiler is I. and 1. Law efficiencies
are calculated as 20% and 35%, respectively. An economic analysis of the system was made using the net
present value (NPV) method.

Keywords: Cogeneration; exergy; energy; waste heat; NPV method
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1. GIRIS

Bir¢ok alanda kullanilabilir enerjiye ¢evrilmesi gereken atik 1s1 elde edilen prosesler mevcuttur. Endiistriyel
enerjinin yatirim yapilabilecek kadar biiyiik bir kismu atil bir sekilde kaybolmaktadir. Bu kayiplar atik 1sinin
en aza indirilmesi ve geri kazanimi ile degerlendirilmesi gerekmektedir. Bu enerjinin tekrar kazanilmasi
icin atik 1s1 kazanlari, esanjorler ve 1s1 borulart gibi sistemler kullanilir. Bu geri doniisiim sistemlerine
yatirim yapilmasi ancak atik 1sinin yeterli slirede ve yeterli miktarda elde edilebiliyor olmas1 gerekmektedir.
Bu sistemlerin fizibilitesi yapilirken akiskanin debisi, nem, basing ve sicaklik degerleri onemli
parametrelerdir, Sistemin kendisini amorti etmesi zaman bagl bir durumdur. Siirenin kisalmasi sistemin

stireklilik arz etmesiyle miimkiin olabilir. (Cengel, Boles, & Kanoglu, 2019).

Bir ¢imento fabrikasinda 7,5 MW kapasitesi ile kurulan atik 1s1 geri kazanim sistemi mevcuttur. Yapilan
calismada bu sisteme ait enerji-ekserji analizi yapilmigtir. Toplam ekserji verimi %69,5 bulunmustur.
Yapilan atik 1sidan geri kazanim sayesinde cevre etkisi agisindan CO2 emisyonunda 16 ton/yil azalma

gerceklesmektedir. (Memis, 2019).

Yapilan ¢aligmada rekiiperator ve 1s1 tekeri ile atik 1s1 geri kazanim 1s1l degerleri incelenmistir. Alinan
verilerde verim agisindan en yiiksek degerler 1s1 tekeri i¢in %97 ve rekiiperator i¢in %73 olarak elde

edilmistir. (Karanfil, Riisen, Poyraz, & Giiler, 2020).

Bu calismada biskiivi firmm1 akis semasi olusturularak her bir diigiim noktasi i¢in termodinamik analiz
yapilmistir. Analiz sonucunda biskiivi firtnmin enerji veriminin %3,90 oldugu tespit edilip harcanan
enerjinin %49,35’inin atik 1s1 olarak bacadan atmosfere salindig tespit edilmistir. net bugiinkii deger (NBD)
yontemi ile organik rankine ¢evriminin maliyet analizi yapilmistir. Sistemin ¢aligma 6mriiniin 20 y1l olarak
kabul edildigi tasarim sonucunda is akigkani olarak R113’{in kullanilan ¢evrimde 58,62 kW elektrik enerjisi
tiretilip net bugiinkii degeri (NBD) 1,979 milyon $ olarak hesaplanmistir (Erdogan, 2023).

Dikili (2019) tarafindan yapilan tez calismasinda 410,8 MW kapasiteli dogalgaz kombine c¢evrim gii¢
santralinin enerji ve ekserji analizi yapilmistir. Birinci ve ikinci yasa verimleri sirasiyla %55,88, %53,06
olarak hesaplanmistir. Kayip en yiiksek kondenserde daha sonra da baca gazindan kayip olan gii¢ olarak

belirlenmistir. Tersinmezlik en yiiksek yanma odasinda gergeklestigi tespit edilmistir. (Dikili, 2019).

Bu calismada, bir firma biinyesinde kurulmasi diisiiniilen birlesik 1s1-gili¢ ¢evrim santrali tesisi ele alinip
incelenerek termodinamik analizler yapilmistir. 5 MW’lik kurulu giice sahip bir tesisin kurulmasi
diisiiniilmiis, bunun i¢in gerekli maliyet analizi yapilmistir. Firmanin mevcut yakit, sicak su ve elektrik
enerjisi maliyetleri toplami ile kojenerasyon kurulduktan sonraki yakit arti tesis maliyeti degerlendirilmistir

(Giiven, Ekmekei, & Cicek, 2003).
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Enerji kayiplari, dizayn ve ekonomik agilardan sistemlerin degerlendirilmesi i¢in enerji-ekserji analizleri
onem arz etmektedir. Enerji kayiplarinin nedenlerinin biiyiikliiklerinin ve sistem icerisindeki yerinin tespit

edilmesinde yapilan analizler sistem verimini arttirmaktadir.

Yapilan verimlilik ¢alismasinda atik 1sidan iiretilen elektrik enerji tesisinin etkileri degerlendirilmistir. Elde
edilen sonuglar atik 1s1 kazanim sistemlerinin kurulumu-dizayni, isletilmesi ve ekonomik agidan fayda

saglayacak bir ¢alisma olmustur. (Tiitiincii & Ozgener, 2016).

Termik santralde bolgesel 1sitma sistemi uygulanma sekli, tasarimi ve elektrik {iretimi ile ilgili bilgilerin
hesaplandig1 calisma gerceklestirilmistir. Yapilan ¢alismada geri doniis siiresi ve miihendislik agisindan

veriler bulunmaktadir (Kolay, 2004).

Yapilan c¢alismada 1sitma amagli kullanilmakta olan sicak su kazanindan atilan baca gazlarindan
faydalanarak calisan 1s1 geri kazanmim sistemindeki verim degeri yapilan deneyler sonucu yaklasik %20

seviyesinde ¢ikmistir (Kuvel, 2005).

Geleneksel sogutma sistemlerine gore ejektdr kullanimi verim degerini diisiirmektedir. Fakat ¢evre etkileri

acisindan avantajli oldugu tespit edilmistir (Ersayin, 2020).

Bolgesel 1sitma sisteminde baca gazindan kaynaklanan kayiplar hesaplanmistir. Yapilan ¢alismada atik 1s1
kayni yaklasik %6-8 arasinda elde edilmis ve giderin 58.658,79 $ /y1l oldugu tespit edilmistir. Diger bir
hesaplamada ise sicak su ihtiyacinin karsilanmasi ile ilgili yapilmistir. Sistemin 20 y1l olan ekonomik émrii

boyunca 122.820,83 $ enerji tasarrufu olabilecegi goriilmiistiir (Terhan , Ozagdas, & Omar, 2023).

Tasarlanan hermetik kombilerin atik 1sidan elektrik elde edilmesi i¢in kullanilacaktir. Kaloriferde en diisiik
gii¢ degeri i¢ dis sicakligi 35 °C ve 20 °C iken 57,83 W, en yiiksek gii¢ degeri ise i¢ dis sicakligi 85 °C ve -
20 °C 273,6 W olarak bulunmustur. Kullanim suyundaki gii¢ agisindan en diisiik deger i¢ dis sicakligin
ayni oldugu 35 °C’ de 31,19 W ve en yiiksek degeri i¢ dis sicakligin 65 °C ve -20 °C iken 273,6 W olarak
bulunmustur. (Variyenli & Goktekin, 2018).

Yazict H. ve Selbas R., yaptiklart ¢aligmalarinda buharli gii¢ santralinin enerji-ekserji analizini yaparak
sistemin toplam tersinmezligini hesaplamiglar ve tersinmezligin en fazla oldugu sistem elemanini

incelemiglerdir (Yazici & Selbag, 2011).

El-Masri gii¢ santralinde buhar tiirbini kisminda ekserji hesaplamalar1 yapmustir. Elde ettigi veriler ile

kayiplari, ekserji bozunumlari ve net is arasinda bulunan iliskiyi tanimlamistir (EI-Masri, 1997).
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Harlock, sistem verimlerini tanimlamustir. Yaptigi ¢alismada kapali sistemler igin termik verimin net isin
verilen 1s1ya orani ile hesaplanabilecegini, acik sistemlerde ise net isin ideal sartlardaki tersinir ise orant

oldugunu vurgulamistir (Horlock, 1995).

Balli O., Eskisehir’de bulunan gaz tiirbini motorlu bir kojenerasyon sisteminin performans
degerlendirmelerini yapmistir. Birinci ve ikinci kanunu uygulayarak enerji-ekserji analizlerini yapmistir.

Enerji kaybinin en yiiksek oldugu ¢evrim elemaninin kondenser oldugu hesaplamistir (Balli, 2008).

Mert M.S., tarafindan Eregli’de Kurulu olan kojenerasyon ve konvansiyonel elektrik iiretim tesisleri
incelenmistir. Veriler toplanarak enerji-ekserji, kiitle, maliyet denklikleri kurulmustur. Sistemdeki her bir
birimin ekserji ve termodinamik analizleri yapilmistir. Yapilan hesaplamalar sonucunda ekserji tahribinin
en fazla oldugu birimlerden birinin buhar kazani oldugu ve déner hava isiticilarindan sizan havanin baca
gazina karistigi tespit edilmistir. Mert M.S., hava sizintisinin dniine gegilerek enerji ve ekserji analizlerinin

iyilestirilebilecegini anlatan bir ¢alisma yapmustir (Mert, 2010).

Bilginsoy A.K., caligmasinda termik giicii 160 MW olan bir termik santralin enerji ekserji analizlerini
yapmustir. Sistemin enerji ve ekserji kayiplar1 hesaplayip, en fazla enerji kaybinin %45,8 ile kondenserde,
ekserji kaybmin en fazla %58,05 ile kazanda oldugu tespit etmistir. EKserji kaybinin en fazla kazanda
olugmasinin en énemli sebebi, yanma islemindeki sicaklik farklarinin etkisiyle olusan 1s1 transferi oldugunu
tespit etmistir. Sonug olarak A. Bilginsoy ¢aligmasinda termik santralin yeniden dizayn edilmesi gerektigini,
borulama hatlarindaki yalittm malzemelerinin yipranmis olmasi ekstra bir 1s1 kaybinin oldugunu ve
kazandaki yiiksek ¢ikan tersinmezlik degeri i¢cin gerekli analizlerin ve yenilemelerin yapilmasi gerektigini

anlatmustir (Bilginsoy, 2012).

Bir magnezyum {iretim sirketinde dolomitin kalsinasyonu i¢in kullanilan doner firinin enerji dengesi
yazilarak, 1s1 kaybinin en biiyiik kaynagi belirlenmistir. Is1 kaybini azaltmak i¢in, firinin kiregleme bolgesi
izerinde halkali bir kanal olusturan bir 1s1 degistirici kullanilmigstir. Kullanilan 1s1 degistirici firinin yakat
tiikketimini %12.00 oraninda azaltmis ve enerji ve ekserji verimini sirasiyla %7.35 ve %3.81 oraninda

artirmustir (Tunca, 2015).

Endiistride en yiiksek enerji sarfiyatinin yapildigi sektorlerin basinda ¢imento sektorii gelmektedir. Bu
nedenle, enerji tasarrufu agisindan arastirmalar ve uygulanabilir siiregler ile ilgili ¢alismalar devam
etmektedir. Altinkaynak M., ¢alismasinda enerji tiiketiminin yaklasik 75kW/ton iiretim basina oldugu
fabrikanin verilerini kullanmustir. Uretim asamasinda bulunan doner firma ait enerji-ekserji ve kiitle
hesaplamalarin1 yapmustir. Enerji ve ekserji verimi sirasiyla %49.2 ve %58.6 olarak hesaplanmistir.
Analizlere gore kayiplar hatlardan, firin yiizeyinden ve baca sisteminden kaynaklandigi tespit edilmistir

(Altinkaynak, 2012).
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Giirtiirk M., calismasinda enerji-ekserji ve ekonomik analizlerini doner firin sisteminde gerceklestirmistir.
Enerji verimi doner firinda %69 bulunmustur. Ekserji verimi ise &16 olarak bulunmustur. Yine doéner
firindaki eksergoekonomik faktor %70 hesaplanmustir. Calismadaki analizler sayesinde kayiplar ve sistemin

olumsuz caligma kosullar1 belirlenmistir (Giirtiirk, 2015).

Shrikant K. ve Alok C. yaptiklari ¢aligmada Birla ¢imento fabrikasinin ekserji analizini yaparak ekserji
verimliligi ve dengesi hesaplanmugtir. Prosesin ortalama fiili ¢alisma verilerine dayanarak, ekserji dengeleri
on 1sitic1, doner firin, doner sogutucu ve tiim proses i¢in olusturulmustur. Sistemin elektrik ihtiyact atik 1s1

geri kazanim sistemi kullanilarak azaltilabilir (Shrikant & Chaube, 2013).

Net bugtinkii deger indirgeme teknigine dayanmaktadir. Bu teknikte nakit akis tablosu proje boyunca olusan
gelir ve gider yil bazinda belirlenir. Belirlenen indirgeme orani her yil i¢in ayri sekilde kullanilir ve elde

edilen verinin toplami projenin “Net Bugiinkii Degeri” ni olusturur.

Bu ¢aligmada, atik 1s1 buhara gevrilerek sistemden alinabilecek enerji hesaplanmis ve sistem agsamalarindaki
elde edilen veriler ele alinmistir. Manyezit yiiksek sicakliklarda doner firinlara beslenir ve burada olusan
baca gazi baca ¢ikisindan dnce atik 1s1 kazanina gelmektedir. Atik 1s1 kazaninda tiirbine génderilen buhar

degerlendirilerek enerji tiretilmektedir.

Tiirbine gelecek buhar basinci ve debisi 20 bar ve 8 t/h olarak tasarlanmustir. Buhar sicakligi 343 °C.’dir.
Cevrimin c¢aligma kosullar1 ve verileri Doner firindan baslayarak analiz edilmistir. Net bugiinkii deger

kullanilarak ekonomik analiz yapilmistir.
2. MATERYAL VE METOT

Kojenerasyon tesisinde, 3. Doner firin kazaninda iiretilen buhar ile elektrik enerjisi tiretilmekte, ¢iiriik buhar
yogusturularak sicak su olusmasini saglamakta ve su kazana geri beslenerek su tiiketimi diisiiriilerek
tamamen kapali bir ¢evrim yapilmaktadir. Kojenerasyon {initesinde herhangi bir atik bacasi

bulunmamaktadir.

2.1. Kojenerasyon Sistemi
Kojenerasyon tesisinde verim buhar iiretim kapasitesi ile dogrudan ilgilidir. Buhar tiirbinine gelen buhar
debisi arttik¢ca verim de artmaktadir. 3. Doner firinlara beslenen manyezit miktari, tiirii ve ¢aligma siiresi
buhar tiirbinin tiretiminde degiskenlikler olmasina sebep olmaktadir. 3. Ddner firin ateslemesinde dogalgaz
ve petrokok yakitlar1 kullanilmaktadir. Doner firinin ¢aligma sisteminde atesleme sonrasinda olusan yiiksek
sicakliktaki baca gazi doner firin ¢ikiginda atik 1s1 kazanina gelir. Kazan icerisindeki borulardan gegen sicak
su doner firindan gelen baca gazi sayesinde kizgin buhara dontsiir. Kizgin buhar buhar tiirbinin bulundugu

kojenerasyon iinitesine, doner firindan kazana gelen atik gaz ise bacadan atilmak i¢in tozsuzlastirma igin
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filtreye gonderilmektedir. Tiirbin verilerinin istenilen diizeyde olmasi i¢in buhar dzellikleri 8t/h, 343 °C ve

20 bar basing¢ olmalidir.
2.2. Deneysel Calisma
Fabrikada iki aylik siire¢ boyunca her giin giinde iki defa alinan veriler neticesinde asagidaki grafikler

olusturulmustur. Tirbine gonderilen buhar sicakligi dikkate alinarak elde edilen anlik enerji Vverileri

gosterilmistir.
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Sekil 1: Anlik enerji grafigi

Tiirbin sistemini kuran firmanin taahhiit ettigi degerleri ve sistemin mevcut sartlardaki ¢alisma durumundaki
degerleri gormekteyiz. Sistemin mevcut ¢alisma durumundaki buhar debisine karsilik tiretmesi gereken
elektrik enerjisi 500-900 kWh degerleri arasindaki egridir. Fakat mevcut ¢alisma durumunda iretilen

elektrik enerjisi degerleri inisli —¢ikish bir durumda olup, genel olarak 250-500 kWh degerleri arasindadir.

3. BUHAR TURBINI CEVRiMI, BIRINCi KANUN VE iKiNCi KANUN DENKLEM
COZUMLEMELERI, ENERJi EKSERJI ANALIZLERI

3.1. Buharlh Tiirbin Cevrimi Birinci Kanun Analizi

Birinci kanun analizi yapilirken amag 1s1l verimin bulunmasidir. Isil verim kazan yogusturucu, tiirbin ve
pompadan gelen veriler ile elde edilir. Yapilan galismada ¢evrimde bulunan her elemana birinci kanun

uygulanmstir.
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Sekil 2: Rankine gevrimi

3.1.1. Pompa Birinci Kanun Analizi
a-) Kiitle korunumu yasast
my = my = 13 D
b-) Enerji korunumu yasasi
myhy = myhy — Wyn, )
W, = (ms(hy — h1))/ny ©)

3.1.2. Kazan Birinci Kanun Analizi
a-) Kiitle korunumu yasasi
my = my, = my
b-) Enerji korunumu yasasi

Qi = mgs(hz — hy) (4)

3.1.3. Tiirbin Birinci Kanun Analizi
a-) Kiitle korunumu yasasi
Ty = 1, = 1
b-) Enerji korunumu yasasi
mzhs = myhy + Wrng 5)
Wr = (g(hs — hy)) /17 (6)
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3.1.4. Kondenser Birinci Kanun Analizi
a-) Kiitle korunumu yasasi
my = m; = mg
mssg = mssg = Mg
b-) Enerji korunumu yasasi
myhy + mssg hssg =myhy + mssghssg (7)

hg(hy — hy) = 1igs (hssg - hssg) (8)

3.2. Buharh Tiirbini Cevrimi Ikinci Kanun Analizi

Birinci kanun enerjinin niceligi ile ilgilidir. Enerjinin bi¢im degistirmesindeki sayisal verileri ifade eder.
Enerjiler arasinda kaynak ve bigim agisindan ayrim gdzetmez. Ikinci kanun ise enerjinin niteligi ile ilgilidir.

Hal degisimlerinde niteligin degisimini hesaplamak i¢in yontemler ortaya koyar (Horlock, 1995).

Stirekli akisli acik sistemlerde ekserji analizi i¢in temel denklemler;

Eq = QUT = To)/T) ()
Ey=W (10)
Ekserji dengesi;

Eq — Ew = YXmE; — Y mgEg + ToSiretim (11)

Burada Eq 1s1 transferinin birim zamandaki ekserjisi ve Ew mekanik enerjinin birim zaman ekserjisi, E 6zgiil
ekserjiyi, To gevre sicakligini ve Sproduction entropi iiretimini ifade etmektedir. ¢ alt ¢ikisi, g girisi
gostermektedir. Sistemin her bir bileseni i¢in hesaplanan tersinmezlik sonrasinda asagidaki denklem ile
toplam tersinmezlik hesaplanir.

I =ToSiretim 12)
Burada I tersinmezligi ifade eder. Tersinmezlik birim zamanda kaybolan ekserjidir. Ekserji genellikle
kimyasal ekserji ve termodinamiksel ekserjinin toplami olarak kabul edilir. Termodinamiksel ekserji bir

durumun ¢evre sicakligi ve basinci ile dengedeki ekserjidir.

E = (h—"Tos) + (5) v? + gZ — (ho — Toso) (13)

Denklemde potansiyel ve kinetik enerji ihmal edilirse; fiziksel 6zgiil ekserji;
E = (h—Tys) — (ho — ToSo) (14)
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Buhar tiirbini sisteminde tersinmezliklerin hesaplanabilmesi i¢in her bir eleman i¢in giren ekserjinin ve

cikan ekserjinin bilinmesi gerekir.

W=YEy+ YrmyE, — YmE, —1 (15)

3.2.1. Kazan Ekserji Analizi
Kazanin yapis1 geregi bir ¢cok ekserji formu olusmaktadir. Sisteme gelen atik 1s1 iceriginde bulunan yanma
tirtinlerinden, tersinmezliklerden ve ekonomizerden kaynaklanan ekserji formlari bulunmaktadir. Kazanin
ekserji durumu proses adyabatik olarak kabul edildiginde hesaplamak miimkiin olur. Bunun disinda her
durum i¢in ekserji analizi yapmak miimkiin degildir. Kazan i¢in yapilacak detayli bir ekserji analizi ayr1 bir
caligma konusudur. Bu nedenle yanma triinlerinin, kizdiricinin, ekonomizerin neden oldugu ekserjiler bu
calismaya icerisine alinmamustir. Yalnizca doner firindan gelen atik 1sinin 1s1 enerjisinin kazan igerisindeki
borulardaki suya aktarildigi kabulii yapilmustir. Kazana giren ve kazandan ¢ikan akiskaninin kiitle

miktarinin degismedigi kabul edilmistir. Siirekli akisli sartlarda bulunan kazanin ekserji dengesi

sunulmustur.

Ex+Eqg=Es+ Ik (16)
€2=(h2—ToS2) - (ho—ToSo) (17)
So = (Ss0— S0 ) / Ssto (18)

S2 = (Ss2 —Sr2 ) / Ssf2

€3=(h3—ToSs) - (ho—ToSo)

S3=(Ss3—S3) / Sst3

Eq = ths Qk (1-To/ Tk) (19)
Ik = s To ((S3—S2)- Qu1/ Tk) (20)

3.2.2. Yogusturucunun (Kondenser) Ekserji Analizi

Yogusturucuya gelen sogutma suyu kiitlesinin sabit oldugu kabulii yapilmistir Bu kabul ile ilgili ekserji

dengesi;
Es+ Ess1 = E1 + Ess2 + lyog (21)
€1=(h1—Tos1) - (ho—ToSo) (22)

€4=(hs—ToSa) - (ho—ToSo)

€ss1= (Nss1- ToSss1) - (ho—ToSo)

€ss2= (Nss2 — ToSss2 ) - (o — ToSo )

lvoz = (ri1s (ha-hy) - s To (Sa-S1) + thss ((hsst — Nss2 ) - Thss To ( Sss1-Sss2 ) (23)
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3.2.3. Buharh Gii¢ Cevrimi Toplam Tersinmezlik ve Toplam Verim
Cevrimde bulunan yogusturucu ve kazandaki tersinmezlikler elde edildikten sonra sistemin toplam

tersinmezliginin elde edilmesi i¢in asagida bulunan formiiller kullanilmustir.

Itop = 2 Isistem Elemantan (24)
Itop = Ik + lyog (25)
lrop = (tits (-hs) - the To (S2-5) + rits (Ne-ha) - tits To (S4-52) + rhes ( Pir — Nz ) - Thss To ( Sser-Sesz ) + Qi (1 -
To/Tk)) (26)

Buharh gii¢ ¢cevriminin ¢alismasindaki yapilan kabuller;
Calismada belirtilen kabuller yapilmistir. Birinci ve ikinci kanun analizleri bu kabuller g¢er¢evesinde
yapilmustir.

e Pompa hatt1 ve boru hattindaki basing kayiplari ihmal,

e Pompada adyabatik sikistirma,

e Kazana doner firin haricinde herhangi bir sekilde 1s1 transferi yoktur,

e Tiirbinden dis ortama 1s1 transferi yoktur,

e Tiirbinde sistemindeki basing kayiplari ihmal,

e Kazanda ve yogusturucuda is etkilesimi yoktur.

kW
25000
—— Dénel Firina
20000 A
W Verilen Toplam
Enerji (kw)
15000 ,VJ
Kazana Giren
Enerji (kw)
10000
5000 e
0 Olgiim Sayist
= 0N N O MO NS =0 N Y MmO N
NN M S NN O NN O AN NMm
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Sekil 3: Doner firina verilen enerji — Kazana giren enerji

Sekil 3. Enerji grafiginde goriilmekte olan 127 6l¢iim neticesinde Doner firma verilen enerji miktari
ortalama 15000-20000 kW degerleri arasindadir. Bu olgtimlerde 15000 kW altinda olan ol¢timlerde

goriilmektedir. Grafikte gorildiigi gibi Doner firindaki enerjinin %25°1 kazana girmektedir.

508



Tunca & Akbulut. / Sinter Manyezit Uretimi Déner Firinindaki Atik Isinin Kojenerasyon Sistem Performansi ve Ekonomik Analizi

oC
700
——Kazan Girig
600 MMM Sicakhigi
500 OV Da M
W \J \IJW Kazan Cikig
400 ) Sicakhigi
300
200 B e Tirbin Buhar Girig
Sicakhg
100
HRNNOOUMmMORNTHOn N0 no~y Oliim Saysi
dSN NN TN ONNMNONRNO AN NM
o o o - o

Sekil 4: Sicaklik grafigi

Sekil 4’teki sicaklik degerleri kazana giris, kazandan ¢ikis ve tiirbine girig degerlerini gostermektedir. Doner
firindan gelen atik 151 400-580 °C ‘da kazana girer. Yapilan 129 6lgiimde en diisiik degerler 400 °C oldugu
goriilmektedir. Kazana giren sicaklik inisli-cikishi bir grafik ¢izmistir. Bunun sebebi ise Doner firinda
islenen malzeme yapisi ve gesitliligidir. Kazan ¢ikis sicakligi 200-220 °C degerleri arasindadir. Tiirbine giris

sicaklig1 ise 250-340 °C degerleri arasindadir.

Sekil 5. Buhar debisine karsilik gelen anlik enerji iiretimi goriilmektedir. Buhar debisi degerleri 4,2 — 6,2
t/h arasindadir. Istenilen 8 t/h degerine ulasmadig goriilmektedir. Uretilen anlik enerji degerleri 217 — 600

kWh degerleri arasindadir.

Sekil 6.”da ¢evrimde bulunan ana kisimlardaki enerji ve ekserji degerleri gosterilmektedir. Olgiim degerleri
ile yapilan analizler sonucunda 1 noktasindaki enerji degeri 320-470 kW, ekserji degeri 8-16 kW
araliklarinda, 2 noktasinda enerji degeri 325-528 kW, ekserji degeri 13-19 kW araliklarinda, 3 noktasinda
enerji degeri 3600-5400 kW, ekserji degeri 970-1050 kW araliklarinda, 4 noktasinda enerji degeri 3320-
4700 kW, ekserji degeri 430-440 kW araliklarindadir.
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Sekil 6: Enerji ve ekserji grafigi
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Sekil 7: Tersinmezlik grafigi

Sekil 7°de Slgtimlerden elde edilen degerler ile yapilan enerji ve ekserji analizi sonucunda pompa, kazan,
tiirbin ve kondenserdeki tersinmezlik degerleri gosterilmektedir. Tersinmezligin en yiiksek oldugu kisim
kazandir. Kazandaki tersinmezlik degerleri 2000-3000 degerleri arasinda ve sistem yapisi i¢in yiiksek olup,
tirbin ve kondenserde 250-480 araliginda, pompada ise bu degerler 30-50 araliginda makul seviyededir.
Sistem istenilen seviyede enerji liretememektedir. Tersinmezlik degerlerinde de anlasilacagi gibi kazanin

yapisi sistem i¢in uygun degildir.

4. EKONOMIK ANALIiZ

4.1. Net Bugiinkii Deger ( NBD )
Projenin ekonomik analizinde kullanilan Net Bugiinkii Deger (NBD) yontemi ekonomik omiir boyunca
projedeki net nakit akig girdilerinin yatirim igin yapilmis giderlerin kabul edilmis bir indirgeme orani ile
mevcut giline indirgenen degerleri arasinda farki gosterir.
Bir projenin uygulama kabulii net bugiinkii degerin sifira esit veya bilyllk olmasiyla gerceklesmesi
gerekmektedir. Projelerde net bugiinkii degerin biiyiik olmas1 o projenin 6ncelikli kabul edilmesi agisindan

oncelik verilmesini ifade etmektedir.
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Cizelge 1: Projenin net bugiinkii deger yontemi ile ekonomik analiz tablosu

KOJENERASYON UNITESININ NBD YONTEMI ILE EKONOMIK ANALIZI ($)
Yallar
Bugiin 1 3 3 7 @ 10 11 13 15 17 19
Yaturim
MultistageTurbostage(GeneratoeSet | -3285.032,14
Acil DurumPompast -54.058.68
Kontrol Paneli -527.364.33
Kondenser -579.706.15
MithendisliktHizmeri -57.346,19
EgtimveDevreye Alma -529.017.43
Nakliye -52.534.44
Toplam -5435.959.60
indirimliToplam -$407.7113.50
HurdaMaliveti -340.771.33
NakitAlkas

Elektriktitketimi (0.15/kWh) - -520.952.33 | -524.893.70 | -520.576.20 | -535.130.49 | -541.740.23 | -545.506,66 | -540.602.26 | -558.932.44 | -S70.017.63 | -583.187.04 | _508.835.60
Elektrikiiretimi (0.15/kWh) - 543.149.66 | 533.642.31 | $63.732.43 | §73.720.30 | $80.963.32 | 598.060.24 | 5106.883.66 | $126.990,83 | 5150.877.83 | 5179.237.93 | $212.976.37
Balum-Onanm(%2) - 544363 -§525.25 -5621.87 -§736.27 -S871.71 | 594851 | -51.032,08 | -51.221.94 | 5144673 | -51.712.87 | -52.027.97
ToplamNakitAkis1 §13.753.49 | 52822336 | 53333435 | S30.844.74 | 54734258 | $51.603,07 | §56251.33 | 566.836.47 | $79.413.47 | 58435713 | S112.112.79
KiimiilatifNakitAkis: -$407.713,530 | -3383.960,00 | -3329.844 48| -5263.543.67 -5180.147.31 | -598.372,56 | -346.767 4% | 59.483.83 |5137.636,21|5289.903,76| $470.824,32 | $683.780.64
iskontoOram (9,5%) $0.37 $0.33 50,28 5024 $0.19 $0.16 50,13 50.14 $0.11 $0.10 $0.08 $0.07
BugiinkiiDeger -§366.942.15 | S21.692.69 | S21.49643 | §21.301.95 | $21.10922 [ 52001823 | 520.823.38 | 520.728.96 | $20.541.40 | 520.355,53 | S20.171.34 | $19.988.81
NBD §48.722.42

5. SONUC ve TARTISMALAR

Olgiim degerleri ile yapilan enerji-ekserji analizlerinin sonucunda 1 noktasindaki enerji degeri 320-470 KW,
ekserji degeri 8-16 kW araliklarinda, 2 noktasinda enerji degeri 325-528 kW, ekserji degeri 13-19 kW
araliklarinda, 3 noktasinda enerji degeri 3600-5400 kW, ekserji degeri 970-1050 kW araliklarinda, 4
noktasinda enerji degeri 3320-4700 kW, ekserji degeri 430-440 kW araliklarindadir. Olgiimlerden elde
edilen degerler ile yapilan enerji ve ekserji analizi sonucunda pompa, kazan, tiirbin ve kondenserdeki
tersinmezlik degerleri gosterilmektedir. Tersinmezligin en yiiksek oldugu kisim kazandir. Kazandaki
tersinmezlik degerleri 2000-3000 degerleri arasinda ve sistem yapisi icin yiikksek olup, tiirbin ve
kondenserde 250-480 araliginda, pompada ise bu degerler 30-50 araliginda makul seviyededir. Sistem
istenilen seviyede enerji iiretememektedir. Tersinmezlik degerlerinde de anlasilacagi gibi kazanin yapisi

sistem i¢in uygun degildir.

Hedeflenen elektrik enerjisi degerine ulasilmasi i¢in buhar tiirbinine gelen buharin sicaklik, debi ve basing
degerlerinin firma taahhiidiine ulasmas1 gerekmektedir. Atik 1s1nin kazana gelmeden 6nce doner firinlardan
ciktiktan sonra tozsuzlastirmaya faydasi olmasi agisindan siklon grubuna gelmesi degerlerin yiikselmesine

yardimc1 olacaktir. Atik 1s1 kazaninin yapist hakkinda, kojenerasyon sisteminin c¢alisma sartlarina
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uygunlugu a¢isindan ayri bir aragtirma ve ¢aligma yapilarak kojenerasyon sistemine uygun hale getirilmesi
gerekmektedir.

Sistemden istenilen seviyede verim alinmamasina ragmen mevcut halde yapilan ekonomik analizde sistemin
20 yillik 6mrii oldugu diisiiniildiiglinde yatirima deger bir proje oldugu goriilmektedir. Atik 1s1 kazaninda
yapilacak iyilestirmeler enerji tiretim miktarini artirarak, kiimiilatif nakit akis degerinin pozitif duruma daha
erken yillarda gelmesini saglayacaktir.

Bu ¢alismada kojenerasyon iinitesinin yatirim i¢in taahhiit edilen degerlere ulasmamasi nedeniyle beklenen
verimin altinda ¢alistig1 goriilmektedir. Atik 1s1 kazaninin yapisi sistemle uyumlu ¢aligmamaktadir. Kazanin
yetersizligi istenilen elektrik liretimine ulagsmakta zorluk ¢ikarmaktadir. Doner firindan gelen atik 1s1
manyezitin igeriginden dolay1 toz partikiillerini kazana tasimaktadir. Bu durum kazan boru demetlerindeki
1s1 transferinde olumsuz durumlara sebep olmaktadir. Hesaplamalarda tersinmezlik degerleri
karsilastirildiginda en yiiksek degerin kazan sisteminde oldugu goriilmektedir. Ekserji hesaplamalart g6z
Online alindiginda tersinmezlik degerlerinin en bilyilk oldugu c¢evrim elemanimin kazan oldugu
goriilmektedir. Yapilan ¢alismanin sonuglar atik 1s1 kazani kojenerasyon sistemine uyumlu calismadigi ve
ayr1 bir caligma yapilarak detayli incelenmesi gerektigi ortaya koymaktadir.

Net bugiinkii deger yontemi ile hazirlanan ekonomik analiz tablosunda goriildiigii gibi kiimiilatif nakit akis

degeri 10. ve 11. Yillar arasinda pozitife gegmistir.

CIKAR CATISMASI BEYANI

Yazarlar arasinda ¢ikar ¢atigmasi bulunmamaktadir.

YAZARLARIN KATKILARI
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0z

Aerodinamik ol¢timler kanat profillerinin karakteristik yapilarini belirlemek igin yapilir. Bu &lgtimler
kanadin yapisin1 optimize etmek i¢in kullanilir. Kanat profillerinin kalkis, ugus ve inis durumlarindaki
durumunu incelemek i¢in kaldirma katsayisi degerleri géz oniinde bulundurulur.

Bu ¢alismada kanat aerodinamigi ¢alismasi ile sesalti riizgér tiinelinin akis dogrulama ¢aligmasi yapilmustir.
Sesalti riizgar tiinelinde NACA0015 kanat profili incelenmistir. Test odasina kuvvet sensorii yerlestirilerek
kanat profili analizi yapilmistir. Sesalt1 riizgar tiinelinde bal petegi, akis fileleri, daralma konisi, test bolmesi,
difiizér ve emis motoru boéliimleri bulunmaktadir. Test bolmesi 50x50 ¢cm olan sesalti riizgar tiinelinde
kullanilan model 3d yazici yontemi ile imal edilmistir. Kaldirma ve siiriikleme kuvveti dlgiimleri 6x10%,
8x10* ve 10x10* Reynolds sayis1 (Re) degerlerinde ¢alisiimustir. Olgiimler hiicum agismin 0° den baslayarak
iki derecelik artiglarla analiz edilmistir. Konumlamanin test odasimin iginde olacak sekilde farkli Re
sayilarinda yapilan olgtimler neticesinde yaklasik olarak 9 ve 10 derecelik agilarda tutunma kaybinin
basladig1 gozlemlenmistir.

Direng teli ile yapilan akig goriintiileme sistemi riizgar tiineli test bélmesinde duman akisi olusturulmustur
ve akis ayrismasi bu yontem ile goriintiilenmistir. Akis goriintiilleme deneyi 6 m/s hizda 6x10* Re sayisinda
gergeklestirilmistir.  Yiiksek Re sayilarinda akis goriintiileme deneylerinden sonug¢ almak igin Re
formiiliindeki degiskenleri diizenlemek gerekmektedir. Caligilan kanadin veter uzunlugu degistirildiginde
Re sayisi da degisecektir.

Yapilan ¢aligsmalar neticesinde kaldirma kuvveti degerleri ve akis goriintiileme ile elde edilen duman
goriintiistinde tutuma kaybi derecelerinin birbiri ile ortiistiigii anlasilmstir.

Anahtar kelimeler: Riizgar tiineli; tutunma kayb1; kanat profili; kaldirma katsayisi; akis goriintiileme

Wing Aerodynamics Force and Flow Imaging Analyzes in Subsonic Wind
Tunnel

ABSTRACT

Aerodynamic measurements are made to determine the characteristic structures of airfoils. These
measurements are used to optimize the structure of the wing. Lift coefficient values are taken into
consideration to examine the condition of the wing profiles during takeoff, flight and landing.

In this study, wing aerodynamics study and flow verification study of subsonic wind tunnel were carried
out. The NACAQ015 airfoil was examined in the subsonic wind tunnel. Airfoil profile analysis was
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performed by placing a force sensor in the test chamber. There are honeycomb, flow nets, constriction cone,
test chamber, diffuser and suction motor sections in the subsonic wind tunnel. The model used in the
subsonic wind tunnel with a 50x50 cm test chamber was manufactured using the 3D printer method. Lift
and drag force measurements were studied at Reynolds number (Re) values of 6x10%, 8x10* and 10x10%
Measurements were analyzed in two-degree increments of the angle of attack, starting from 0°. As a result
of the measurements made at different Re numbers, with the positioning inside the test chamber, it was
observed that adhesion loss started at angles of approximately 9 and 10 degrees.

Smoke flow was created in the wind tunnel test chamber of the flow imaging system made with resistance
wire and flow separation was visualized with this method. The flow imaging experiment was carried out at
a speed of 6 m/s and a Re number of 6x10*. In order to get results from flow imaging experiments at high
Re numbers, it is necessary to arrange the variables in the Re formula. When the chord length of the studied
wing is changed, the Re number will also change.

As a result of the studies, it was understood that the lift force values and the stall degrees in the smoke image
obtained by flow imaging overlapped with each other.

Keywords: Wind tunnel; stall; airfoil; lift coefficient; flow imaging
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1. GiRiS

Aerodinamik oSlglimler kanat profillerinin karakteristik yapilarimi belirlemek igin yapilir. Bu dlglimler
kanadin yapisini optimize etmek icin kullanilir. Kanat profillerinin kalkig, ugus ve inis durumlarindaki
durumunu incelemek i¢in kaldirma katsayist degerleri goz oniinde bulundurulur. Farkli acgilarda yapilan
calismalar ile karsilastirmalar yapilarak kanat profil yapr degerlendirilir. Literatiirde kanat profillerinin
incelendigi bir cok aerodinamik 6l¢iimler yapilan ¢calismalar bulunmaktadir.

Akis goriintiilleme yontemlerinden olan duman teli deneyleri riizgar tiinellerinde siklikla kullanilan bir
yontemdir. Bu yontem riizgar akisinin geldigi yonde test bdlmesinin on tarafinda yukaridan agagiya gerilmis
bir diren¢ teli kullanilarak belirli bir volt akim sayesinde duman akis ¢izgilerini olusturmakta, akist
karakteristigini ortaya koymaktadir. Duman eldesi bircok sekilde gerceklestirilebilir. Burada dikkat
edilmesi gereken husus akisi engellemeyecek sekilde bir tasarim yapilmasidir. Aksi durumda kalinligi fazla
gelen duman teli akis1 tiirbiilansli hale getirerek bozabilir (Kazemi, Ahmadabadi, Sedaghat, & Saghafian,
2016) (Geng, Oz1s1k, & Kahraman, 2008) (Barlow, Harper, & Pope, 1999).

Yapilan projede geometrileri farkli kesitlerin uzun agiklikli kopriilerde aerodinamik agidan yapilarinin
tespiti i¢in deneysel ve sayisal analizler yapilmistir (Uzol & Kurg, 2012).

Koca M.S. tarafindan yapilan tez ¢alismasinda su tiineli kullanilmistir. Akis analizlerinin gerceklestirilecegi
model tizerine robotik olarak hareket kazandirabilen kuvvet cihazinin tasarim ¢aligmasi yapilmigtir. Bu
cihaz yunuslama, eksenel ve yalpa hareketlerini gerceklestirebilmektedir. Siirecin robotik hareket
diizenegine bagli altt eksenli, dis, denge diizenegi ile statik, dinamik ve adim tarama deneylerinin
aerodinamik kuvvet 6l¢iimii ve ugus benzetimi basliklar altinda gergeklestirilmesi hedeflenmistir (Koca,
2019).

Kanat aerodinamigi calisan Onen B. yaptig1 calismada NACA 4412 kanat profilinin gesitli hiicum ag1larinda
elde ettigi kaldirma ve siiriikkleme katsayis1 sonuglarimi literatiirle karsilastirilmistir (Onen, 2011). M.Kaya
tarafindan yapilan calismada elde edilen verilerin literatiirde yapilan NACA testleriyle Ortiistiigi
gortilmiistir (Kaya, 2014). Miklosevic diisiik hizli bir riizgar tiinelinde aerodinamik kuvvet hesaplamalarint
505.000 ve 520.000 araligindaki Reynolds sayilarinda ve -2° ile 20° aralifinda degisen hiicum agilarinda
calismistir (Miklosovic, Murray, Howle, & Fish, 2004).

CHANGE projesi ile kanat profilini farkli ugus fazlarinda siirekli olarak aerodinamik verimlilik
saglayabilmektir (Arslan, ve digerleri, 2015).

Bununla birlikte H. Hamdani ve M. Sun (2000) NACAO0OO012 kanat yapisi ¢aligmalarinda diisiik Re
sayilarinda ani hizlanmalar biiyiik aerodinamik kuvvetlerin olugsmasina neden oldugu tespit edilmistir.

(Hamdani & Sun, 2000).
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NACA kanatlari ile ¢alisma yapan M. A. Ozdemir ve S. Onbasioglu (2004), 0, 2, 4, 6 ve 8° lik hiicum
acilarinda yaptiklar1 ¢alismay1r NACA (2003) tarafindan riizgar tiinelleri kullanilarak elde edilen deneysel
verilerle karsilastirmislar (Ozdemir & Onbas1, 2004).

Gov 1. ve dig. calismalarinda NACA 4412 kanat profili iizerinde calisarak iki farkli kanat profili daha elde
etmislerdir. Caligmalarinda {i¢ kanat yapisi ig¢in 0° ile 23° arasindaki hiicum agilarinda aerodinamik
performans analizleri yapilmislardir (Gév, Dogru, & Korkmaz, 2019).

Yapilan diger bir aerodinamik calismada {irettikleri kanat yapisinin aerodinamik performanslarini sayisal
ve deneysel olarak incelemislerdir. Duman goriintiileme deneyleri, kanat yapisi tizerindeki ayrilma ve durma
noktalarini belirlemek igin kiiciik boyutlu bir riizgar tiinelinde gerceklestirilmistir. Urettikleri profil yapisina
temel olarak kabul ettikleri NACAO0021 kanat yapisina kiyasla kaldirma/stiriikkleme oraninin yaklasik olarak
2,9 kat yiikseldigini sdylemislerdir (Kazemi, Ahmadabadi, Sedaghat, & Saghafian, 2016).

Taniiriin ve dig. calismalarinda NACAO0018 kanat yapisinin aerodinamik performansi deneysel sonuglarini
yeni tasarladiklar iki kanat yapisti ile karsilastirmiglardir. Yeni tasarlanan AR1 ve AR2 kanat yapilarinin
aerodinamik deneysel sonucglarinda CL degerlerinde %0,41 ve %2,71 oraninda iyilesme saglanmistir
(Taniiriin, Ata, Canli, & Acir, 2020).

Deneysel ve sayisal yontem i¢in Rubel ve dig. NACA 0015 kanat profilinin aerodinamik 6zelliklerinin
sapmasini ve dogrulanmasini yapmiglardir. Reynolds say1 kaldirma katsayisinin artmasiyla biraz artar ve
belli bir noktadan sonra azalir. Azaldig1 kisimda kanat profili lizerinde biiyiik negatif basing olusmaktadir
(Rubel, Uddin, Islam, & Rokunuzzaman, 2016)

Riizgar tiinelinde yapilacak olan deneysel ¢aligmalarin baslangici literatiirde degerleri bulunan bir kanat
profili ile yapilmas1 diisiiniilmiistiir. NACAO0015 kanat profili imal edilmesi ve literatiir karsilastirilmasi
bakimindan tercih edilmistir. Deneylerin yapilacagi ortamda bazi kabuller yapilmistir; hava sicakligi 20°C,
havanin kinematik viskozitesi 1.5111 e-5 m2/s kabul edilmis ve olarak kanat profili veter uzunlugu 0,15

m’dir. Testler 6 x 10%, 8 x 10* ve 10 x 10* Re sayilarinda gergeklestirilmistir (Tunca & Ozgiir, 2023).

2. ESITLIKLER
Sesalt1 terimi ise Mach sayist ile ifade edilmektedir. Mach sayisi, akiskanlar mekaniginde hareket halindeki
bir kiitlenin hizinin, kiitlenin bulundugu sartlardaki ses hizina oranidir. V (m/s ) hareket halinde kiitlenin

hizini, ¢ (m/s ) ses hizini ifade etmektedir.

Ma=V/c (1)
V (m/s ) hareket halinde kiitlenin hizini, ¢ (m/s) ses hizini ifade etmektedir. Mach sayisi 0,8 degerinden
kiigiik oldugu durumlar sesalt1 olarak adlandirilir.

Kaldirma kuvveti akisa dik yonde cisme etkimektedir.
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FL=CL1/2 pAV? (2
CL boyutsuz kaldirma kuvveti katsayisini, p (kg/m*) havanin yogunlugunu, A (m?) riizgarin kanat iizerindeki
etki alanmi, V (m/s) rlizgar hizin1 ifade etmektedir.

Stiriikleme kuvveti akiga paralel yonde cisme etki etmektedir.

Fpo=Cp % pAV? 3)
CD boyutsuz siiriikleme kuvveti katsayisini, p (kg/m*) havanin yogunlugunu, A (m?) riizgarin kanat

iizerindeki etki alanini, V (m/s) riizgar hizin1 ifade etmektedir.
Re= &u") (4)

Calismalarin yapildigi riizgar tiinelinde belli bir hiza kadar testler yapilabilmektedir. Testlerin yapildigi hiz
degerlerinde Denklem 1’ e gére Ma sayis1 0,8’in altinda kalmaktadir. Bu Ma degeri riizgar tiinelinin sesalti

oldugunu ifade etmektedir.

Riizgar tilineli test bolmesinde bulunan balans kuvvet cihazindaki sensorler sayesinde verileri bilgisayara
aktarmaktadir. Gelen veriler Newton (N) birimindedir. Denklem 2 ifadesinde kaldirma katsayisi (CL)

goriilmektedir. Calismalarimizdaki karsilastirma ve grafiklerde CL degerleri kullanilmaktadir.

Akigkanin belirli sartlardaki davranislarini anlamak i¢in Denklem 4’te matematiksel formiilii bulunan
Reynolds(Re) sayist kullanilir. Testlerde akis sartlarimi ayni kanat veter uzunlugunda farkli hizlarda

belirledik. 6,8,10 m/s hizlarda yapilan ol¢timlerle ¢aligmalarimizi tamamladik.

3. MATERYAL VE METOT

Kiitahya Dumlupinar Universitesi Makine Miihendisligi Laboratuvarinda Sekil 1°de teknik resmi goriilen
Sesalt1 riizgér tiineli agik sistem bir riizgar tiineli olup 50x50 cm test bolmesine sahiptir. Calismamizda
kaldirma kuvveti ve siirlikleme kuvveti degerleri kuvvet cihazinin test bélmesinin icine yerlestirilerek elde
edilmistir. Sistemimizde Sekil 2’de baz1 kisimlar1 goriilen bal petegi, elekler, kollektor, test odast ve diflizor

boliimleri bulunmaktadir.
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Sekil 2: Sesalt1 riizgér tiineli.

3.1. Kuvvet-Balans Sistemi

Kanat profilleri aerodinamik kuvvetler agisindan incelendiginde karsimiza tutunma kaybi kavrami ¢ikar.
Kanat profili kaldirma kuvveti degerleri belli bir agiya kadar yiikseldikten sonra kanadin iist yiizeyindeki

sinir tabaka ayrilmalar ile degerler diisiise gecer. Bu durum tutunma kaybi (tutunma kaybi) ile sonuglanir.

Sesalt1 riizgér tiineli kuvvet balans sistemi ile yapilan kaldirma kuvveti dl¢timlerinde NACAO0015 kanat
profili kullanildi. Kanat profili solidworks programinda tasarimi yapilarak 3d yazicida test edilecek kanat
yapist elde edilmistir. Kuvvet sistemi ile kanat profili arasinda baglanti elemanlar1 da 3d yazici ile elde

edilmistir. Titresim olusmasindan dolay1 metal baglanti elemant da 6l¢iimlerde denenmistir.

521



Tunca & Ozgiir / Sesalti Riizgar Tiinelinde Kanat Aerodinamigi Kuvvet ve Akug Goriintiileme Analizleri

Sekil 3: Test bélmesinde kuvvet 6lgiim cihazina bagli olan 3d yontemi ile baskist alinan NACAO0015 kanat profili.

Sekil 3’te goriildiigii gibi riizgar tiineli test bolmesinde kaldirma kuvveti degerleri alimistir. Caligmalar 6,
8 ve 10 m/s hizlarda, 0° - 16° derece arahiginda 2%lik artiglar yapilarak gergeklestirilmistir. Testlerde
kullanilan NACAO0O015 kanat profili veter uzunlugu 150 mm. olarak imal edilmistir.

Bu c¢alismada uygulanan yontemde kuvvet cihazi test bdlmesinin i¢ tabanina sabitlenmistir. Sekil 4’de
goriildiigli gibi kanat cihaz baglanti tasarimi yapilmistir. Bu yontemle elde edilen kaldirma kuvveti katsay1
verileri ve tutunma kaybi ‘a girdigi degerler Tablo 1’de verilmistir. Degerlerin literatiir ¢aligmalar ile

ortlismesine ragmen kaldirma kuvveti degerlerinde kayiplar oldugu tespit edilmistir.

Sekil 4: Kanat profilinin altina konumlandirilmig kuvvet cihazi, kanat modeli ve baglantisi.
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3.2. Akis Goriintiileme Yontemi

Riizgar tiineli test bolmesine akisin geldigi tarafta direng {ist ve alt noktalara sabitlenmis bir direng teli
baglanmistir. Direng teline iist kisitmdan sivi parafin damlatilmistir. Sivi parafin tel yiizeyini kapladigi
anlasildiginda gii¢ kaynagindan yaklasik 30 volt elektrik gerilimi verilmis ve tel ylizeyindeki parafin telin
1sinmasi ile yanarak beyaz bir duman olusturmustur. Riizgar tiinelinin akis hiz1 yoniinde duman ilerleyerek
kanat profili tizerinde bir hiz sinir tabaka meydana getirmistir.

Riizgar hiz1 6 m/s ayarlanmistir. Re sayis1 yaklasik 6 x 10* ‘te akis goriintiileme deneyi gergeklestirilmistir.

4, SONUCLAR
Riizgar tiineli test odasi iginde modelin altindan yapilan baglantida Sekil 5 de goriildiigii gibi tutunma kaybi

tespit edilmistir. Kaldirma katsayisi degerleri ile yapilan akis goriintiilleme sonuglart karsilagtirildiginda

birbiri ile ortiistiigii tespit edilmistir.

Cizelge 1: Kaldirma Kkatsayis1 degerleri (CL)

Hiicum Kaldirma Kaldirma Kaldirma
Agisi Katsayis1 CL Katsayisi Katsayis1 CL
(6 m/s) CL (8 m/s) (10 mfs)
0 -0,02764 0,001 0,0131
2 0,112715 0,19 0,21
4 0,17957 0,414905 0,33161
6 0,359317 0,45 0,41313
8 0,367 0,541593 0,599699
10 0,590638 0,677717 0,762616
12 0,512975 0,55616 0,684795
14 0,531873 0,76002 0,68151
16 0,5244 0,807207 0,799447

Tablo 1°de kaldirma katsayis1 degerleri 0°dan 16° derecelik hiicum agilarina kadar verilmistir. Bu lgiimler

6,8 ve 10 m/s’lik hizlarda yapilmstir.

Akis 10%ye kadar lineer bir artis oldugu ve bu dereceden sonra kanat profilinin tutunma kaybina maruz

kaldig1 goriilmektedir. Siiriikleme katsayisinin hiicum agisi arttikga arttign tespit edilmistir (Sekil 6’ya

bakiniz)
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Sekil 6: Siiriikleme katsayist (CD) ve Hiicum agis1 grafigi.

Yapilan akis goriintiileme deneylerinde 9-10 derece araliginda tutunma kaybi goriilmiistiir. Deneyler 6/m’lik
hizda yapilmistir. Duman testlerindeki tutunma kaybi agisi ile kaldirma kuvveti testlerindeki tutunma kaybi
agilarinin Ortdistiigii anlagilmistir. Bu deneyler neticesinde riizgar tiinelinin ¢aligilan hizlardaki akiginin
laminer bir akis oldugu belirlenmistir. Tutunma kaybi agisindan yiiksek agilarda kuvvet verilerinin

diizensizlestigi goriilmektedir. Bu durum tiirbiilansin artmasi ile agiklanabilir.
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Sekil 7: Akis goriintiileme deneyleri O derece.

Akis gorlinteleme yontemi i¢in gelistirilen duman sistemi ile laminar akis oldugu gériilmektedir (Sekil 7).

Sekil 8: Akis goriintiileme deneyleri 9 derece.

Dumanin 9 derecenin biraz iizerindeki agida kanat yiizeyinden ayrilmaya basladigi ve hiz sinir tabakanin

olustugu goriilmektedir (Sekil 8).

Sekil 9: Akis goriintiileme deneyleri 17 derece (tutunma kaybi goriintiisii).
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Sekil 9°da oldugu gibi tutunma kayb1 agisindan daha yiiksek acilarda kanat yiizeyinde ayrigmanin daha net
goriildiigl tespit edilmistir.

Kuvvet degerleri i¢in kullanilan baglanti yontemin calisilmasi gerektigi goriilmektedir. Elde edilen sonug
iizerinden ¢aligmalar devam edilerek iyilestirme ¢aligmalariin gerekliligi tespit edilmistir. Kuvvet kayiplar
yeni baglant1 tasarimlart ile giderilebilecegi anlasilmistir.

Duman goriintiileme (akis goriintiileme) diizenegi iyilestirilerek daha ideal goriintiiler elde edilebilir. 6 m/s
hizlarin iizerinde duman goriintiisii almak mevcut sistemde zor olmasindan dolayi, daha yogun bir duman
elde edilebilecek bir sistem tasarim calismasi yapilmalidir. Veter uzunlugu degistirilerek yiiksek Re

sayilarinda calismalarin yapilabilecegi unutulmamalidir.

CIKAR CATISMASI BEYANI

Yazarlar arasinda ¢ikar ¢atismasi1 bulunmamaktadir.

YAZARLARIN KATKILARI

S.G.T.: Yontem, dogrulama, analiz, arastirma, veri alma, kaynaklar, yazi yazma - orijinal taslak hazirlama.

M.A.O.: Kavramsallastirma, yontem, dogrulama, arastirma, kaynaklar, gdzden gecirme ve diizenleme.
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0z

Miihendislikte birgok problem belirli kabuller altinda basitlestirilmekte ve basitlestirilmis modelin
matematik modeli kurularak analitik ya da sayisal yontemler ile ¢6ziime ulasiimaktadir. Bu basitlestirilmis
modellerden birisi de elastik zemine oturan kiris teorisidir. Elastik zemine oturan kiris teorisi demiryolu
hatlarinin ¢6ziimiinde kullanilan ve uygun sonuglar veren bir yaklagimdir. Elastik zemine oturan kiris
problemlerinin modellenmesinde kullanilan en basit yaklasim ise zeminin kirise etkisini tek bir parametre
ile temsil eden Winkler zemin modelidir. Bu ¢alismada balastli demiryolu hatlarinin statik analizi igin
diferansiyel doniisiim yontemi yaklagimi onerilmistir. Caligmada balastli demiryolu hatti literatiirden bilinen
Winkler zeminine oturan bir Euler-Bernoulli kirisi olarak modellenmistir. Once esdeger Winkler zeminine
oturan kirisin diferansiyel denklemi ve sinir kosullar1 yazilmis daha sonra ¢oziimii kolaylastirmak i¢in
diferansiyel denklem ve sinir kosullar1 boyutsuz hale getirilmistir. Boyutsuz dordiincii mertebeden adi
diferansiyel denklemin ¢6ziimii sinir kosullari dikkate alinarak diferansiyel doniisim yontemi ile
gerceklestirilmistir. Calismanin sonunda diferansiyel doniisim yontemi ile ¢6ziimiin uygunlugunu
arastirmak tizere literatiirden alinan bir 6rnek ¢oziilmiis ve sonuglar degerlendirilmistir.

Anahtar Kelimeler: Balastli demiryolu hatti; Winkler zemin modeli; Diferansiyel doniigiim yontemi; Statik
analiz

Application of the Differential Transform Method in Static Analysis of

Ballasted Railway Tracks

ABSTRACT

Many problems in engineering are simplified under certain assumptions and a mathematical model of the
simplified model is created and the solution is reached using analytical or numerical methods. One of these
simplified models is the theory of beams resting on elastic foundations. Beam theory resting on elastic
foundation is an approach used in the solution of railway track and gives suitable results. The simplest
approach used in modeling problems of beams resting on elastic foundations is the Winkler soil model,
which represents the effect of the soil on the beam with a single parameter. In this study, the differential
transformation method approach is proposed for the static analysis of ballasted railway track. In the study,
the ballasted railway track was modeled as an Euler-Bernoulli beam resting on the Winkler foundation,
known from the literature. First, the differential equation and boundary conditions of the beam resting on
the equivalent Winkler foundation were written, and then the differential equation and boundary conditions
were made dimensionless to facilitate the solution. The solution of the dimensionless fourth-order ordinary
differential equation was carried out by the differential transformation method, considering the boundary
conditions. At the end of the study, an example taken from the literature was solved to investigate the
suitability of the solution with the differential transformation method and the results were evaluated.
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Sahinoglu & Bozdogan / Balastli Demiryolu Hatlarimin Statik Analizinde Diferansiyel Déniisiim Yonteminin Uygulanmast
1. GIRIS

Ulkeler kiiresellesen ticaretin ve seyahatin beraberinde getirdigi yiiksek hiza ve daha fazla yiik ve yolcu
tagimaciligina duyulan talep artis1 ile birlikte yeni demiryolu hatlar1 insa ettikleri gibi mevcut hatlarini da
iyilestirme yoluna gitmektedirler. Bu nedenle giiniimiizde artik gerek sehirigi ve gerekse sehirlerarasi yiik
ve yolcu tagimacihiginda demiryollarinin diger ulagtirma sistemleri igerisindeki payir da her gegen giin

giderek artmaktadir.

Demiryolu hatlar1 balastli ve balastsiz olmak tizere farkli sekilde insa edilebilmektedir [1]. Diinyada ve
iilkemizde ise yaygin olarak balastli demiryolu hatlar1 uygulanmaktadir. Balastli bir demiryolu hattina ait
kesit Sekil 1°de verilmektedir. Sekil 1’den de goriildiigii gibi balastli demiryolu hatlar tipik olarak ray, ray

baglanti elemanlari, travers, balast, altbalast ve taban zemininden olugmaktadir [2].

Ray
/ \:IA/Ray Pedi ve Baglanti Elemanlar
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Travers

2 x ﬁ
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Sekil 1: Balastli demiryolu hatti enkesiti [3].

Konvansiyonel yani balastli demiryolu hatlarinda raylar dogrudan tekerlek yiikiine maruz kalmakta ve bu
yiikleri baglant1 elemanlar1 araciligiyla traverslere aktarmaktadirlar. Traverslere aktarilan gerilmeler ise
sirasiyla balast tabakasi, altbalast tabakasi ve buradan da tasima kapasitesini asmayacak sekilde kabul

edilebilir bir seviyede taban zeminine iletilmektedir [4].

Demiryolu hattint meydana getiren bilesenlerin her biri farkli 6zelliklere sahip cesitli malzemelerden
olusmakta ve bu bilesenlerin yiiklemeler altindaki davraniglari da farklilik gostermektedir [5]. Demiryolu
hatlarinin gerek boyutlandirilmasi ve gerekse isletme sirasinda maruz kalacagi yiiklemeler altindaki
davranisinin belirlenebilmesi hattin gesitli yontemler ile analiz edilmesini gerekli kilmaktadir [6]. Bu
anlamda demiryolu hattinin davranisinin anlagilmasindaki ilk énemli ¢alisma 1867 yilinda Emil Winkler
tarafindan gerceklestirilmistir [7], [8]. Bu ¢alisma ile ortaya konulan modelde ray, siirekli lineer yaylardan
olusan elastik bir zemin tizerinde oturan sonsuz uzunluktaki kiris olarak diisiiniilmektedir [9]. Daha sonra
Zimmerman 1888’de yapmis oldugu analitik ve deneysel ¢aligmalar ile Winkler teorisinin demiryolu

hesaplamalarinda kullanilabilecegini kanitlamistir [10], [11]. Hetényi [12] tarafindan 1946 yilinda yazilan
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elastik zemine oturan kirisler ile ilgili kitap siliphesiz bu konudaki temel kaynaklardan biri olarak
goriilmektedir. Demiryolu hatlarinin yiikler altindaki farkli davraniglarinin ortaya konmasinda analitik ve
niimerik yontemlerin kullanilmasi ile tarihsel siireg i¢erisinde birgok ¢alisma gergeklestirilmistir [13], [14],

[15], [16], [17]. Literatiirde bu konu ile ilgili yapilan ¢aligmalarin bazilar1 asagida 6zetlenmistir.

Cai ve dig. [9] calismalarinda demiryolu hat modiiliiniin tanimlanmasinda kullanilan bazi mevcut
yontemleri agiklamislar ve elastik zemin modellerine dayali yeni bir hat modiilii hesaplama yontemini
onermislerdir. Winkler zemin modeli ve iki parametreli temel modelini kullanarak beton ve ahsap traversler
icin farkli hat bilesenleri ve degerleri ile sayisal drnekler ¢ozmiislerdir. Onerdikleri yaklasimin nispeten
pahali olan saha testlerinin gergeklestirilmesi noktasinda ihtiyaci ortadan kaldiracak bir fayda saglayacagini

ifade etmislerdir.

elastik zemine oturan bir kirisin dinamik analizi i¢in sonu elemanlar yontemi 6nermislerdir. Ayrica yontemi
demiryolu hat yapisinin analizinde uygulayabilmek amaciyla genisletmislerdir. Temel rijitligi, ilerleme hizi,
kiris uzunlugu gibi baz1 6nemli parametrelerin etkilerini incelemislerdir. Elastik bir temel lizerinde bulunan
kirislerin ve demiryolu raylarimin dinamik analizinin gergeklestirilmesinde bu ydntemin uygun kiris

uzunlugu ve eleman sayisi ile etkili bir yontem olabilecegi sonucuna ulagmiglardir.

Heelis ve dig. [19] demiryolu hattindaki diisey yer degistirmelerin tren hizi ve hat soniimiine bagl olarak
nasil degistigini Winkler zeminine oturan Euler kiris modelini kullanarak incelemiglerdir. Hat

deplasmaninin kritik hiz asilincaya kadar tren hizindaki artig ile artacagini ve bu kritik hizin ise zemin

Lu ve dig. [20] elastik bir zemin tizerindeki rayin uygulanan basing ve diisey yer degistirme arasindaki
iliskisini agiklamak i¢in kiibik bir polinom 6nermiglerdir. Winkler, Pasternak ve ayrik olarak modelledikleri
demiryolu hat yapisindan elde ettikleri sonuclar1 deneysel veriler ile karsilastirmislardir. Onerdikleri kiibik

modelin gergek demiryolu hat yapisini daha iyi temsil ettigini ifade etmislerdir.

Hendry ve dig. [21] turba zemin iizerinde insa edilmis olan hafif yiikseklikteki dolgulardan olusan
demiryolu hattinin tekrarli tren yiiklerine tepkisini 6lgmek amaciyla bir dizi ¢calisma gergeklestirmislerdir.
Calismada hem arazide hatta olusan deplasman Glglimlerini yapmislar hem de deplasmanin biiyiikligii
iizerinde dinamik kuvvetlerin biiyiikliiglinliin ve tren hizinin etkisini tespit edebilmek amaciyla Winkler
modelini kullanmiglardir. Gergeklestirdikleri analizler sonucu tren yiikii altinda dolgularda olusan yer
degistirmelerin dinamik etkilerden ziyade diisiik kaliteli dolgu ve yumusak zemin malzemelerinin statik

deformasyonundan kaynaklandigi sonucuna ulagmislardir.
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Sadeghi ve Barati [22] demiryolu hatlarinin analizi ve tasariminda kullanilan mevcut uygulama ve

yontemleri incelemis ve tasarim ile ilgili 6nerilerde bulunmuslardir.

Kumari ve dig. [23] hareketli dinamik yiiklere maruz kalan Winkler tipi elastik bir zemin {izerinde oturan
Bernoulli-Euler kirigini incelemisler iki parametre kullanarak modellemislerdir. Kritik hizin altindaki
hizlarda kiris ¢okmesinin mutlak degerinin yiikleme hizinin artmasiyla arttigin1 ve en yiiksek ¢okmenin

yiikiin kritik hizda hareket ettiginde olustugu sonucuna ulagmslardir.

Prakoso [24] demiryolu hattin1 analitik ve sonlu elemanlar yontemi ile analiz etmistir. Sonlu elemanlar
analizini ANSYS yazilimmi kullanarak iki ve ii¢ boyutlu olarak gergeklestirmistir. Elde ettigi sonuglari
karsilastirmak ve dogrulamak amaciyla Zimmermann metodunu kullanarak da hesaplama yapmustir.
Dogrulama sonucunda ANSYS yazilim ile gergeklestirdigi iki boyutlu sonlu elemanlar modelinde elde
edilen elastik egrinin Zimmermann yonteminde elde edilene ¢ok benzer oldugunu ancak ii¢ boyutlu sonlu

elemanlar modelinde 6zellikle maksimum ¢okmenin farkli olarak elde edildigini belirlemistir.

Mohanta ve dig. [25] ¢alismalarinda demiryolu hattinin statik analizini Winkler tipi zemin olarak siirekli ve
ayrik olmak tizere iki farkli sekilde gergeklestirmislerdir. Euler-Bernoulli kiris teorisi ve Timoshenko kiris
teorisi ile elde ettikleri cokme degerlerini benzer olarak elde etmislerdir. Ancak ayrik modelden elde edilen
sonuglarin siirekli model sonuglarina nazaran literatiirde gergeklestirilmis olan deneysel ¢aligmalara daha

yakin degerler verdigini belirtmislerdir.

Aksop ve Giiler [26] ¢calismalarinda Winkler ve sonlu elemanlar yontemlerini kullanarak balastli demiryolu
hattin1 elastik zemine oturan kiris modeli olarak ¢6ziip sonuglarini karsilastirmiglardir. Sonlu elemanlar
yontemini kullanarak gelistirilen basit modellerden elde ettikleri kiris yer degistirme ve moment

degerlerinin geleneksel Winkler yontemi ile elde ettikleri degerler ile benzer oldugu sonucuna ulagsmiglardir.

Kog [27] demiryolu hattinda ray titresimlerini analiz edebilmek i¢in ray1 elastik zemine oturan siirekli bir
Euler-Bernoulli kiris sistemi olarak modellemistir. Ayrica ¢alismada ray titresimi ve yer degistirmesi
de analiz etmistir. Ray egilme modiiliindeki artisin ray deplasmanini azaltacagi, ray lizerinde hareket
halindeki tren hizinin artmasi ve bu hizin kritik hiza yaklagmast ile ray deplasmanin kademeli olarak artacagi

ve bu hiz ile aym sekilde titresim dalgasinin genliginin de artatacagi sonucunu elde etmistir.

Lamprea-Pineda ve dig. [28] elastik zemine oturan kiris teorisinin g¢esitli demiryolu miihendisligi
problemlerinde kullanildig1 caligmalar1 derleyerek demiryolu giiriiltiisii, demiryolu hat dinamigi ve
demiryolu zemin kaynakli titresim problemlerinin bu teori ile kullanildigir uygulamalara ait ¢éziimleri

vermiglerdir.
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Yelce ve dig. [29] elastik zemine oturan Kiris teorisinin tarihsel siiregteki gelisimini sunarak bu yaklagimin
demiryolu hatlarinin analizlerinde kullanilabilirligini irdelemislerdir. Ayrica ¢aligmada elastik zemine
oturan kiris modeli igin Onerilen 4. mertebeden diferansiyel denklemin ¢dziimiinii de ayrintili olarak

sunmuslardir.

Bu ¢aligmada ise statik yiikler altinda Winkler tipi elastik zemine oturan kirig olarak diisiiniilen balastl1 bir
demiryolu hattindaki ¢cokme ve egilme momenti degerlerini bulmak i¢in diferansiyel donilisim yontemi
kullanilmistir. Calismada Oncelikle Winkler tipi elastik zemine oturan kirise ait diferansiyel denklem
yazilarak boyutsuz hale getirilmis ve boyutsuz hale getirilmis olan diferansiyel denklemin ¢6ziimii, sinir
sartlar1 dikkate alinarak Diferansiyel Doniiglim Yontemi ile gerceklestirilmistir. Diferansiyel doniisiim

yontemi ile ¢oziim sayesinde degisken kesit ve degisken zemin kosullar1 da dikkate alinabilmektedir.

2. YONTEM

Calismada 6ncelikle demiryolu hatlarinin statik analizi i¢in kullanilan Winkler zemin modeli anlatilmistir.
Daha sonra ise diferansiyel doniisiim yontemi kisaca agiklanmustir. Bu boliimiin sonunda ise diferansiyel
doniisiim yonteminin balastli demiryolu hat problemine uygulanmasi yapilmistir.

2.1. Winkler zemin modeli

Sekil 2’de goriilen ve orta noktasindan bir tekerlek yiikii (P) ile yiiklenen sonsuz uzunluklu bir demiryolu

hatt1 ve bunun esdeger Winkler modeli goriilmektedir.

Rm Kiris

z |
—

k
g

Sekil 2. Orta noktasindan bir tekerlek yiikii ile yiiklenen demiryolu hatt1 ve esdeger Winkler kirig
modeli [9].

Sekil 2°de verilen Winkler modelinin dérdiincii mertebeden diferansiyel denklemi agsagidaki gibi yazilir [26]

4

Elg'i'ksby: 0 (1)
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(1) no.lu diferansiyel denklemdeki parametreler Cizelge 1’de verilmistir.

Cizelge 1: Diferansiyel denklemde kullanilan parametreler

Parametre Aciklama
E Elastisite modiilii
I Atalet momenti
Ks Zemin yatak katsayist
b Kiris genigligi
L Kiris uzunlugu
y Elastik egri fonksiyonu
z Konum

(1) no.lu diferansiyel denklemi boyutsuz hale getirmek amaciyla (2) no.lu doniisiim uygulanirsa (3) no.lu

boyutsuz diferansiyel denklem elde edilir.

=2 @)
€71
Eld*y
Lj@ + ksby =0 3)

(3) no.lu diferansiyel denklem diizenlenirse (4) no.lu denklem elde edilir.

dty  kebL*

i — (4)
gzt T g V=0

(4) no.lu diferansiyel denklem asagidaki gibi yazilabilir.

d4
d—;:+a’y=0 ©)

(5) no.lu denklemdeki o asagidaki gibi tanimlanmustir.

kobL*
EI

(6)

a =

Problemin sinir kosullar ise orta noktada donme sifir ve kesme kuvveti Q(0)=P/2 “dir. En ugta ise ¢ckme
ve egilme momenti sifirdir. Bunlar literatiirden bilindigi iizere boyutsuz halde (7) (8) (9) ve (10) no.lu

denklemlerle yazilabilir.
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L e=0 dyl_ (7)
de L
Eld3y

3. =1 y=0 )
El d?*y
L2 de? 0

2.2. Diferansiyel doniisiim yontemi ile ¢oziim

Diferansiyel donilisiim yontemi diferansiyel denklemlerin ¢oziimiinde kullanilan ve esasini Taylor seri
acilimdan alan etkili bir yontemdir [30], [31], [32]. Taylor seri a¢ilimi yardimiyla (11) no.lu denklem
yazilabilir [33], [34].

o)

y(e) = ) ek Vi) (1)

k=0

(11) no.lu denklemde Y[K] ifadesi doniisiim fonksiyonu olarak adlandirilmakta olup asagidaki gibi yazilir
[33], [34].

k
Y[k]=%[% 0<e<1 (12)

(12) no.lu bagint1 (11) de yerine yazilirsa (13) no.lu baginti elde edilir [33], [34].

d*y(e)
z k! [ dek (13)

(11) no.lu bagintinin diferansiyel doniistimii (14) no.lu baginti ile gosterilir [33], [34].

B
DT(%yF) = H(k o+ D|vk—0+p) (14)
i=1

(14) no.lu bagintidaki y # ifadesi asagidaki gibi gosterilmistir [33], [34].

B dfy(e) (15)
deb
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(14) no.lu doniisiim (5) no.lu diferansiyel denklemde uygulanirsa (16) no.lu baginti elde edilir [33], [34].

Y[k + 4] = —a Vik] k=0.n (16)
k+4)(k+3)(k+2)(k+1)

(7) ve (8) no.lu sinir kosullart uygulanirsa (17) ve (18) no.lu esitlikler elde edilir.

Y[1] =0 (17)

_-emr’ (18)

visi 6E1

Y[O0] ve Y[2] degerleri bilinmeyen olarak segilirse diger tiim Y’ler ikisi cinsinden (16) no.lu bagmnt1 ile
bulunabilir.
(9) ve (10) no.lu simir kosullarina da diferansiyel doniisim uygulanirsa (19) ve (20) no.lu denklemler

yazilabilir.

z Y[i] = 0 (19)

Z Y[ili(i = 1) = 0 (20)

i=0
(19) ve (20) no.lu denklemler matris formda asagidaki gibi yazilabilir.
a b Y[O]} _ (e
[c d] {Y[Z] - {f} (21)
(21) no.lu denklem daha kisa olarak asagidaki gibi yazilabilir.
A {Y[O]} _B 22)

Y[2]

(22) no.lu denklemin ¢6ziimiinden Y[0] ve Y[2] degerleri asagidaki gibi bulunur.

(i} =478 (23)
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Y[0] ve Y[2] bulunduktan sonra (16) no.lu bagintiyla tiim Y degerleri bulunabilir. Y’ler bulunduktan sonra
ise (11) no.lu bagint1 yardimiyla yer degistirme fonksiyonu ve onun ikinCi tiirevi yardimiyla ise egilme

momenti fonksiyonu elde edilir.

3. SAYISAL ORNEK COZUMU
Bu boliimde literatiirden [26] alinan 6rnek, diferansiyel doniisim yontemi ile ¢oziilmiistiir. Diferansiyel
doniisiim yonteminin ¢6ziimii i¢in Scilab ortaminda bir program yazilmis ve c¢odziimlerden elde edilen

sonuglar literatiir ile karsilastirilmistir. Cizelge 2’de 6rnege ait 6zellikler verilmistir.

Cizelge 2: Sayisal 6rnege ait 6zellikler [26]

Malzeme Ozellik

Ray tipi S49

Ray atalet momenti 1816 cm*
Ray elastisite modiilii 210 000 MPa
Ray poisson orani 0.3

Travers boyu 240 cm
Travers genisligi 25¢cm
Travers yiiksekligi 25cm
Travers kenar uzunlugu 50 cm
Travers araligt 65 cm
Travers elastisite modiilii 10 000 MPa
Balast derinligi 40 cm
Balast yatak katsayist 70 N/cm?3
Balast poisson orant 0.35

Teker yiikii 100 kN

Cizelge 3’de ise farkli terim sayilari i¢in diferansiyel doniisiim yontemi ile elde edilen orta noktanin yer

degistirme ve egilme moment degerlerinin literatiir ile karsilagtirilmasi verilmistir.

Cizelge 3: Sayisal ¢oziim sonuglarmin literatiir ile kargilagtirilmasi

Diferansiyel Doniisiim Y 6ntemi Winkler [26]
N=5 N=10 N=15 N=20 N=25
Cokme (cm) 0.059 0.13825 0.14873  0.17315 0.1734 0.1734

Egilme Momenti (kNem) 505042  2198.12  2578.40 2677.66 2678.32  2677.78

4. SONUC

Bu calismada balastl demiryolu hatlarinin statik yiikler altinda analizi i¢in diferansiyel doniisiim yontemi
uygulanmigtir. Calismada demiryolu hatt1 esdeger Winkler zeminine oturan bir Euler-Bernoulli kirisi olarak
modellenmis ve bu modele uygun olarak yazilan ve literatiirden bilinen diferansiyel denklem ve smir
kosullarina diferansiyel doniisim yontemi uygulanmistir. Calismanin sonunda sunulan yontemin

uygunlugunu gostermek {izere c¢oziilen Ornekte 25 terim sayisi ile analitik ¢6ziimiin yakalandigi
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goriilmiistiir. Sunulan diferansiyel doniisiim yontemi 6zellikle pratik ve hizli olmasi nedeniyle zemin ve

kirigin degisken olmasi durumlarinda iyi bir alternatif olarak diistiniilebilir.

CIKAR CATISMASI BEYANI

Yazarlar arasinda ¢ikar ¢atismasi bulunmamaktadir.

YAZARLARIN KATKILARI

L.S.: Kavramsallastirma, yontem, arastirma, kaynaklar, yazi yazma - orijinal taslak hazirlama.

K.B.B.: Kavramsallastirma, yontem, yazilim, dogrulama, yazi yazma - orijinal taslak hazirlama.
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Biyojen aminler, canli organizmalarin faaliyeti sonucu olusan diisiik molekiil agirhiga sahip bazik
ozellikteki bilesiklerdir. Insanlarda ve hayvanlarda birgok toksisiteye sebep olan biyojen aminler, viicutta
sentezlenebildigi gibi gidalar araciligiyla da viicuda alinabilir. Bu toksisiteye sebep olan biyojen
aminlerden biri de “histamin”dir. Histamin, et {iriinleri, meyve-sebze, siit ve triinlerinde bulunmasinin
yant sira en ¢ok su irilinleri ile iligkilendirilir. Su {riinlerinde histamin zehirlenmesine genellikle
Scrombridae familyasina ait balik tiirlerinin sebep olmasi nedeniyle bu zehirlenmeye “Scrombroid
zehirlenmesi” de denmistir. Bu zehirlenmenin belirtileri, kusma, ciltte kasint1 ve kizariklik, 6dem, mide
bulantisi, hipotansiyon, bas agrisi, yanma ve carpinti seklinde olmaktadir. Zehirlenme sonucu olusan
semptomlar ¢ogu gida zehirlenmesi ile benzer oldugundan ¢ogunlukla karistirilmakta ve bu durum da
histamin zehirlenmelerine yonelik kayitlarin tutulmasini zorlastirmaktadir. Amerikan Gida ve Ilag Dairesi
(FDA) 100 g balik etinde bulunabilecek histamin miktarim1 50 mg/kg olarak limitlendirmistir. Avrupa
Birligi’ne iiye iilkelerde ve Tiirkiye’de ise taze ve sogutulmus balikta bulunabilecek histamin miktar1 100
mg/kg olarak belirlenmistir. Bu ¢alismada su firiinlerinde histamin olusum nedenleri ile c¢esitli su
iriinlerinde histamin olusumuna yonelik yapilan ¢aligmalardan bilgiler verilmistir.

Anahtar Kelimeler: Biyojen aminler; Histamin; Su iiriinleri.

Histamine Formation and Its Importance in Seafood

ABSTRACT

Biogenic amines are basic compounds with low-molecular-weight that are formed due to the activities of
living organisms. Biogenic amines, which cause toxicity in humans and animals, can either be synthesized
in the human body or taken from foods. One of the most important biogenic amines is “histamine”.
Although histamine can be present in meat, fruits-vegetables, and dairy products, it is most commonly
related to seafood. Since histamine poisoning in seafood is generally caused by fish species belonging to
the Scombridae family, this poisoning is also called "Scombroid poisoning™. Symptoms of this poisoning
include vomiting, skin itching and redness, edema, nausea, hypotension, headache, burning sensation and
palpitations. Since the symptoms resulting from poisoning are similar to those of food poisoning, they are
often confused, which makes it difficult to keep records for histamine poisoning. The American Food and
Drug Administration (FDA) limits the amount of histamine that can be found in 100 g of fish meat to 50
mg/kg. In the European Union member countries and Turkey, the amount of histamine that can be found
in fresh and chilled fish is determined as 100 mg/kg. In this study, information is given about the reasons
for histamine formation in seafood and studies on histamine formation in various seafood products.

Keywords: Biogenic amines; Histamine; Seafood.
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1. GIRIS
Biyojen aminler, farkli mikroorganizmalarin metabolizmalar1 sonucu serbest amino asit
dekarboksilasyonundan veya karbonil igeren organik bilesiklerin aminasyonundan kaynaklanan,
canli olan hiicrelerde énemli bir metabolik faaliyete sahip azotlu bilesiklerdir [1]. Bu aminlerin “biyojen
aminler” olarak isimlendirilmelerinin sebebi, yasayan organizmalarin faaliyetleri neticesinde meydana
gelmeleridir. Mikrobiyal ya da biyokimyasal aktivite kosullar1 saglandiginda biyojen amin olusmasi
istenilen bir durumdur [2]. Biyojen aminler hayvanlarda ve insanlarda islevsel fonksiyonlarin meydana
gelmesinde biiyiik rol oynamaktadirlar. DNA (Deoksiribo niikleik asit), RNA (Riboniikleik asit) ve
protein sentezinin pek ¢ok basamaginda gorev aldiklar igin hiicrelerin biiyiimesinde ve gogalmasinda
onemlidir [3]. Birtakim aminlerin insanlarda, kan dolasiminin diizenlenmesinde doniistiiriici madde
olarak merkezi sinir sisteminde, hormon olarak ve diiz kaslarda hayati gérevleri bulunmaktadir [4].
Protein yikimu ile meydana gelen biyojen aminler esas olarak, amino asitlerin sekonder doniigmesi, azottan
serbest metabolizma iirlinlerinin aminlesmesi, azotlu bilesikler ile azotlu parcalanma triinlerinin hidrolize
olmalar1 sonucunda olusmaktadirlar [5]. Biyojen aminler ihtiva ettikleri azot sayisina gére; monoaminler,
diaminler, poliaminler olarak gruplanirlar [6]. Kimyasal niteliklerine gore de aromatik ve heterosiklik
aminler, alifatik di-, tri-, poliaminler son olarak da alifatik u¢ucu aminler olarak gruplandirilmaktadirlar
[7]. Biyojen aminleri kimyasal yapilarina veya ihtiva ettikleri azot sayilarina gore siiflandirmak
miimkiindiir (Cizelge 1).

Cizelge 1: Biyojen aminlerin siniflandirilmast [8].

Kimyasal Yapilarina Gore Icerdikleri Azot Sayisina Gore
Aromatik ve Alifatik Di-, Tri- Alifatik ugucu Monoaminler Diaminler Poliaminler
heterosiklik aminler ~ ve poliaminler aminler
Histamin Putresin Etilamin Metilamin Histamin Agmatin
Tiramin Kadaverin Metialmin Etilamin Triptamin Spermin
B-feniletilamin Agmatin Izoamilamin Izopentilamin Putresin Spermidin
Triptamin Spermin Etanolamin Etanolamin Kadaverin
Serotonin Spermidin B-feniletilamin Serotonin

Tiramin

Gidalarda meydana gelen esas biyojen aminler histamin, tiramin, B-feniletilamin, metilamin, putresin,
agmatin, kadaverin, etilamin, spermidin, etanolamin ve spermidin olarak belirtilebilir [9]. Bakteriyel
faaliyetler sonucu ornitin, histidin ve lizin aminoasitleri sirasi ile histamin, kadaverin ve son olarak da
putresine dontismektedir. B-feniletilamin, tiramin ve triptamin benzeri biyojen aminler ise bakteriyel

dekarboksilasyon sonucu fenilalanin, tiyrosin ve triptofan aminoasitlerinden meydana gelmektedirler.
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Arjinin aminoasidi kolaylikla agmatine donistiiriilebilmekte veya bakteriyel aktivitenin sonucu olarak
ornitine indirgenebilmektedir. Ornitin ise dekarboksilasyon sonucu putresine doniismektedir [10]. Gidalar

acisindan Onem tasiyan bazi biyojen amin cesitleri ve onlarin kimyasal yapilart Cizelge 2’de

gosterilmistir.

Cizelge 2: Gidalar acisindan 6nem tastyan bazi biyojen amin gesitleri ve kimyasal yapilari

Biyojen amin Kimyasal Yapisi Biyojen amin Kimyasal Yapis1
HN
Histamin <\ E\/\ Kadaverin HN A~ A~ NH2
N NH,
- HaC NH,
Tiramin Etilamin
/©/\’LH2 e
HO
NH, H NS
_ N NH»
Feniletilamin Spermin
H ~ N N H2
N H2 H
Metilamin Spermidin HEN\/\/N\/\/\NHQ
NH->
- OH
2 2
No_ _NH,
Agmatin HNT Y
NH,
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Memelilerin bagirsaklara iligkin bolgelerinde var olan detoksifikasyon (detoks) sistemleri, giindelik
diyetle alinmis olan biyojen aminleri metabolize etme kabiliyetindedir. Uygun sartlarda gidalar ile beraber
alman biyojen aminler, amin oksidazlar ile birlikte reaksiyona girerek cabucak detoksifiye edilir ve
biyojen aminlerin dolasima ulagimlart frenlenerek toksik etki olusturamaz hale gelirler. Ama alerjik
kisilerde, monoaminooksidaz ile diaminooksidaz enzimlerinin genetik acidan eksikliginde, bu enzimleri
azaltan agn kesiciler, depresyon, stres ilaglari, Parkinson ve Alzheimer tedavisinde kullanilan ilaglarin
alinmas1 durumunda, gastrointestinal rahatsizlik durumunda veya c¢ok fazla diizeyde biyojen amin
bulunduran besinlerin alindig: takdirde detoksifikasyon islemi meydana gelememekte, bunun neticesinde
biyojen aminler viicutta birikmektedir [11]. Biyojen aminlerin esas tesir mekanizmalari psikoaktif veya
vasoaktiftir. Adrenalin, dopamin ve noradrenalin gibi aminler psikoaktif aminler olup etkileri sinir sistemi
tizerinde norotransmiterdir. Histamin ve tiramin gibi aminler ise vasoaktif aminler olup tesirleri dogrudan
ya da dolayli olmak suretiyle vaskiiler sistemle iligkilidir [12]. Biitiin biyojen aminlerin sahip olduklar
toksik etki esit degildir. B-feniletilamin, histamin ve tiramin igerisinde en yiiksek toksisite gosteren
aminlerdir [9]. Igerisinde biyojen amin bulunan gidalarin alinmasiyla birlikte bir ok farmakolojik etkiler
olugsmaktadir. Bunlar tiramin toksisitesi, histamin toksisitesi gibi bir siirii rahatsizhigin meydana
gelmesinde etkili olmaktadir [12]. Biyojen amin toksisitesinin karakteristik semptomlar1 bas agrisi, ishal,
hipertansiyon, hipotansiyon ve bulantidir [13].

Biyojen aminler gidalarda iki sebepten otiirii 5nem arz eder. Ilki, biyojen amin diizeylerinin gidalar igin
bir kalite kriteri olmasi, digeri ise sagliga tesir eden toksik etkilerinin bulunmasindan kaynaklanmaktadir
[14]. Histamin gidalarin igerisinde kendiliginden var olabildigi gibi, uygun olan kosullar saglandiginda
bakteriyel dekarboksilasyon yoluyla da meydana gelebilir. Gidalardaki histaminojenik potansiyel o
gidanin igerisinde bulunan histidin miktarina, ¢evre kosullarina ve bakteriyel histidin dekarboksilaz
enziminin mevcudiyetine baglidir. Histaminin olusabilmesi i¢in ortamda 16sin, alanin, sistin, asparagin ve
glisin gibi aminoasitlerin var olmasi gerekmektedir. Bakteriyel dekarboksilasyon ile histamin olugabilmesi
icin gereken optimum pH 5 il 5,5°tir. Igerisinde histamini yiiksek oranda barindiran gidalarin basinda su
ve su drtinleri gelmektedir [15]. Bayatlamig baliklarin igerisinde Achromobacter histaminum gibi yiiksek
dekarboksilaz aktivitesine neden olan bakterilerin var olmasi histaminin olugsmasina sebep olur. Balik ve
balik iriinlerinde histamin iiretebilme potansiyeline sahip olan mikroorganizmalar Enterobacter
aerogenes, Hafnia alvei, Proteus morgani, Proteus incostans, Enterobacter coacloacae; Clostridium,
Betabacterium, Pseudomonas, Achromobacter, bazi Salmonella tiirleridir [15]. Balik ve balik {irlinlerinde
histaminin meydana gelmesinde depolama sicakliklarinin etkisi iizerine yapilmis olan birgok c¢alismada
0°C’nin altinda gérmezden gelinecek diizeyde histaminin olustugu belirtilmistir. Ayn1 zamanda baliklarda
histaminin meydana gelmesi i¢in gerekli olan optimum derecenin 15-20 °C oldugu ve maksimum olarak

30-38°C’ye ¢ikabilecegi de tespit edilmistir [13]. Ingiltere’de 1976 yilindan 1986 yilina kadar balik
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zehirlenmesiyle iliskili 250 siipheli goriinen vakanin bulundugu arastirma neticesine dayanarak histamin
tespiti i¢cin limit bir doz belirlenmistir. Her 100 g balikta limit dozlar1 5 mg’dan az ¢ikan balik giivenli
olarak kabul edilirken, bu deger 5-20 mg sinirlar1 igerisinde ise balik yiiksek ihtimalle toksik ya da 100 mg
degerinden daha yiiksek ise balik toksik olarak kabul edilir ve alinmas1 sakincalidir. AB (Avrupa Birligi)
100 g balikta yasal sinirt 100 mg/kg olarak kabul ederken, FDA bu sinir1 50 mg/kg olarak belirtmistir [16].
2011 yilinda yayinlanan Tiirk Gida Kodeksi (TGK) ise dondurulmus balik ve taze sogutulmus balik igin
bu degeri 100 mg/kg olarak belirtirken, konserve balik {iriinlerinde izin verilen en yiiksek degeri 200

mg/kg olarak bildirmistir [17].

2. SU URUNLERINDE HiSTAMIN TOKSISITESI

Histamin zehirlenmesi, igerisinde yiiksek miktarda histamin barindiran besinlerin viicuda alinmasi
sonucunda meydana gelen gida zehirlenmesi olarak tanimlanmaktadir. Histamin zehirlenmesine
Scombridae familyasindan olan baliklarin sebep olmasi nedeniyle bu zehirlenme “Scombroid
zehirlenmesi” olarak adlandirilmigtir. Diinya geneline baktigimizda su ve su iirlinlerinden kaynaklanan
toksisiteye en ¢ok bu balik tiirlerinde rastlandigi gériilmiistiir [18]. Torik, ton, liffer, zurna ve uskumru
Scombridae familyasindan olup, histamin zehirlenmesi ile en ¢ok iliskilendirilen iki balik tiiri ton ve
uskumru baliklaridir [19]. Scombridae familyasindaki bu tiirler, kaslarinda bulunan fazla miktardaki
serbest histidini yayarak gida zehirlenmesine neden olmaktadir. Bu familyaya mensup olmayan ancak
zehirlenmeye neden olan farkl tiirlere ait olan baliklar da vardir. Bu baliklara 6rnek olarak sardalya,
hamsi, kizil somon, mahimahi, sarikuyruk ve ates baligi belirtilebilir [20].

Histamin miktarinin 1 g/kg (ringa balig) ile 15 g/kg (ton balig1) arasinda farklilik gosterdigi bildirilmistir
[21] Buna ragmen, yeni yakalanmis ton baligimmin genel olarak 0,1 mg/100 g’dan daha az ve ihmal
edilebilir seviyede histamin igerdigi bildirilmistir [10]. Yoshida ve Nakamura [22] tarafindan yapilan bir
calismada, taze uskumru baliginin histamin icermedigi tespit edilmistir. Mackie ve ark. [23], serin
kosullarda (10 °C) ve buzda depolanan uskumru ve ringa baligindaki biyojen amin olusumunu
degerlendirmis ve 13 giin boyunca depolanmis ringa ile uskumru baligindaki histamin seviyesinin EEC
(Avrupa Ekonomik Toplulugu) tarafindan limit olarak belirtilen 10 mg/100 mg seviyesinden ¢ok daha
diisiik oldugunu gozlemlemistir.

Dahasi, i¢ organlarindan arindirilmis olan baliklarda histamin miktarinin daha az oldugu tespit edilmistir
[24]. Taze olan Scombroidae tiirleri serbest histamini barindirmasa da biyojen aminler sicakliin etkisiyle
bozulma aninda olusabilmektedir. Buna 6rnek olarak, 18 giin boyunca 4 °C’de depolanan uskumrularda

histamin miktar1 diigiik tespit edilirken, 5 giin 10 °C’de depolanan uskumrularda histamin miktar1 ¢ok
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daha fazla bulunmustur [25]. Islenmis olan taze ton balifinda histamin miktar1 yaklasik olarak 0,.32 pg/kg
iken, konserve ton baliklarinda bu deger 40,5 pg/kg olarak saptanmustir [24].

Histamin toksisitesindeki belirtiler kusma, kizariklik, 6dem, mide bulantisi, hipotansiyon, bas agrisi,
urtiker, cilt kizarmasi, yanma ve carpinti olarak gostermekte ve antihistaminik ilaglar kullanilarak tedavi
edilmektedir [17]. Yapilan bir ¢alismaya gore gida alimi sonrasinda alerjik tepkiler gosteren hastalarin,
gida tiiketiminin durmasi halinde kronik kurdesen rahatsizligi ve alerjik tepkimeler gdstermemeleri,
gidalarda bulunan aminlerin alinmasi ile iliskilendirilmektedir [26]. Histamin toksisitesinin belirtileri
genellikle 30 dakika ve 5 saat arasinda olup bozulmus baligin tiikketiminin hemen ardindan baslar ve genel

olarak 10 dakika ile 3 saat boyunca devam eder [27].

3. SU URUNLERINDE HiSTAMIN TESPITI

Gidalarin tretimi ile islenmesi sirasinda olusan ¢esitli bilesenlerin ve kalintilarin belirlenmesinde ¢ok
farkli yontemler kullanilmakla birlikte, son donemde agirlikli olarak kromatografik yontemler tercih
edilmektedir [28, 29, 30, 31]. Su ve su triinlerindeki histaminin tespit edilebilmesi i¢in de pek ¢ok farkli
yontem bulunmaktadir. Bu yontemlerin ¢ogu deniz toksinlerine ait olmasina ragmen, balikta bulunan
yiiksek seviyede histamini belirlemek igin ucuz ve zahmetsiz kolorimetrik metotlar1 kullanilabilirken,
diisiik seviyelerdeki histaminin tespiti icin LC-MS (Sivi Kromatografisi-Kiitle Spektrometresi) metotlart
kullanilmaktadir [20]. Su ve su iiriinlerinde histamin tespitinde genellikle kullanilan yontem yiiksek
performanli sivi kromatografisine (HPLC) dayanmaktadir [32]. Ayrica histamin tespiti igin ELISA

(enzyme-linked immunosorbent assay) test kitleri de kullanilabilmektedir [17].

Gida ve Ilag Dairesi (FDA) tarafindan Scombroid veya benzeri balik tiirlerinde histamin miktari igin izin
verilmis en yiiksek deger 50 ppm’dir. Aynm1 limit AB (Avrupa Birligi) yonetmeliginde 100 ppm olarak
belirtilmistir [33]. Almanya su ve su iiriinlerinde histamin tespiti i¢in yasal limiti 200 ppm olarak
belirlemistir. isvigre, Finlandiya ve Kanada’da ise histamin i¢in maksimum limit 100 ppm’dir. Tiirkiye’de

ise AB’ye uyum saglayabilmek amaciyla histamin limit degeri 200 mg/kg olarak belirlenmistir [34].
3.1. Su iiriinlerinde histamin tespiti iizerine yapilan calismalar

Tan ve ark. [35] tarafindan yapilan bir ¢alismada, Raman sa¢ilimi (TLC-SERS) algilama metotlariyla
birlikte ince tabaka kromatografisi kullanilarak yapay ve dogal olarak bozulmus ton balig1 soliisyonlarinda
histaminin hassas, diisiik maliyetli ve giivenilir bir sekilde tespit edilebildigini bildirmistir. Arastirmacilar,
bu yontem ile yapay olarak bozulmus ton baligi soliisyonundaki histamin miktarin1 10 ppm’e kadar tespit
edebilmistir. Lin ve ark. [36], Mahimahi baliginda bakteri olusumu ile toplam ugucu madde miktarindaki

degisimi incelemek amaciyla Raoultella ornithinolytica ile inokiile edilen (2.0 log kob/g veya 5.0 log
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kob/g) baliklar1 farkli sicakliklarda (4, 15, 25 ve 37 °C) depolamustir. Mahimahi baligindaki histamin
miktarinin 15 °C {izerindeki sicakliklarda arttigi gézlemlenmistir. Diistik seviyede (2.0 log kob/g) inokule
edilen ve 37 °C’de depolanan 6rneklerde ve yiiksek seviyede (5.0 log kob/g) inokiile edilen ve 25 °C veya
daha yiiksek sicaklikta depolanan 6rmeklerde 12 saat icerisinde histamin seviyesi 50 mg/100 g’in {izerine

cikmustir,

Duyar ve Ekici [37] tarafindan yapilan bir ¢alismada, Van’da bulunan marketlerden toplanmis olan 28
farkli balik konservesinin (9 uskumru, 12 ton baligi ve 7 sardulya) histamin miktar1 incelenmistir.
Aragtirmacilar, uskumru, ton baligi ve sardulya konserveleri i¢in minimum ve maksimum histamin
degerlerini sirasiyla 19,69-28,08 ppm, 19,34-28,81 ppm ve 22,30-78,33 ppm olarak belirlemis olup
histamin toksik diizeylerinin FDA limitinden diisiik oldugunu bildirmislerdir. Bir baska c¢alismada ise
Isparta’da bulunan marketlerden ve taze satis yapan balik¢iklardan donmus hamsi, donmus halka palamut,
sardalya konservesi, taze palamut, ton balig1 konservesi, sade uskumru konservesi, taze uskumru ve soslu
cipura filetolari, limon soslu konverse uskumru ve taze levregin igerisindeki biyojen amin miktarlar
degerlendirilmistir. Calisma neticesinde taze balik numunelerindeki amin olusumunun diisiik diizeyde
oldugu, aksine konserve baliklarda amin seviyesinin daha yiiksek oldugu belirlenmistir. En yiiksek
histamin miktar1 (8,16 mg/100 g) sardalya konservesinde tespit edilmistir [38]. Kizanlik ve ark. [39],
Aydin’da satisa sunulan 50 adet balik numunesinde (15 uskumru, 20 istavrit ve 15 palamut) histamin
seviyesini tespit etmistir. Arastirmacilar palamut, uskumru ve istavrit baliklar1 i¢in en diisiik ve en yiiksek
histamin diizeyleri sirasiyla 4,72-9,94; 3,45-7,47 ve 3,92-30,32 ppm olarak belirlemistir. Ayrica tiim balik
orneklerinde histamin seviyesinin Su Uriinleri Yonetmeligi [40] tarafindan belirtilen yasal sinirlar
igerisinde oldugu bildirilmistir. Su ve su lriinlerinde histamin seviyelerine yonelik yapilan bazi diger

calismalar Cizelge 3’te 6zetlenmigtir.

Cizelge 3: Farkli su iiriinlerinde histamin diizeylerinin belirlenmesine yonelik yapilan ¢aligmalar

Uriin(ler) Tespit Yontemi Bulgular Referans
21 ton, 10 uskumru, 6 HPLC; UV- 6 farkli markadan 48 adet Tsai ve ark. [41]
torik, 5 hamsi, 3 pasifik Visible dedektor balik konservesinde histamin
zurna ve 3 siitbalig1 seviyeleri genellikle 5
konservesi mg/100 g’dan diistik

bulunurken, bir hamsi ve bir
ton baligt konservesinde
FDA  limitinin  {izerinde
histamin tespit edilmistir

12 balik sosu, 9balik HPLC; UV-Visible Incelenen drneklerin Tsai ve ark. [42]
ezmesi ve 6 karides dedektor %92,6’sin1n FDA limiti olan
ezmesi 50 ppm’den ve %25,9’unun

500 ppm’den daha yiiksek
miktarda histamin igerdigi
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Ton balikli manti

Kilig balig filetosu

Ton balikli sandvig

Kizartilmig balik
(Tetrapturus
angustirostris)

Kurutulmus balik

Tuzlanmig su iiriinleri (16
sardalya, 16 glimiis hamsi,
8 istiridye, 5 deniz taragi,
7 kabuklu salyangoz ve 5

karides)
Balik ve balik tirtinleri
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HPLC; UV-Visible
dedektor

HPLC; UV-Visible
dedektor

HPLC; UV-Visible
dedektor

HPLC; UV-Visible
dedektor

HPLC; UV-Visible
dedektor

HPLC; UV-Visible
dedektor

HPCL; Floresan
dedektor

bulunmustur.

Tayvan’da ton balikli manti
tiikketimi sonucu 7 kiside
zehirlenme goriilmesi iizerine
ilgili tirtine dair yapilan
analiz sonucunda 50 mg/100
g olan yasal sinirin tizerinde
histamin degerine (160,8
mg/100 g) rastlanmustir.
Tayvan’da kili¢ balig1
filetosu tiiketimi sonucu 43
kiside zehirlenme goriilmesi
tizerine ilgili tirline dair
yapilan analiz sonucunda 50
mg/100 g olan yasal sinirin
iizerinde histamin degerine
(293,7 mg/100 g)
rastlanmustir.

Tayvan’da satilan 43 adet ton
balikli sandvig iiriiniinde
histamin miktarlar
incelenmis ve 42 numunede
sekiz farkli biyojen amin
igerigi 3 mg/100 g’dan diisiik
bulunurken, bir 6rnekte
histamin miktar1 5,21
mg/100g olarak tespit
edilmistir.

Tayvan’da 347 kisinin
zehirlenmesi iizerine yapilan
aragtirma sonucunda 2
kizarmig balik numunesinden
birinde yasal sinirin {izerinde
histamin degerine (52,3
mg/100 g) rastlanmustir.
Tayvan’daki 46 adet
kurutulmus balik numunesi
incelenmis ve bu 6rneklerin
%30,4’linde histamin
seviyesinin yasal sinirin
iizerinde oldugu tespit
edilmistir.

Tayvan’da satilan tuzlanmig
su drlinlerinin %10,5’inde
yasal limitlerin {istiinde
histamin miktarina
rastlanmstir.

Almanya, Norveg,
Kambogya, Japonya, Fiji,
Hollanda, Cin, Tayland
orijinli 159 adet su
tirliniinden 35 tanesinde
%21’inde histamin tespit
edilirken, 14 iirtinde 50 ppm
iizerinde, 5 6rnekte 500 ppm
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Chen ve ark. [43]

Chang ve ark. [44]

Kung ve ark. [45]

Chen ve ark. [46]

Huang ve ark. [47]

Lin ve ark. [48]

Tao ve ark. [49]



Balik Nukazuke ( tuzlama
islemi yapilmis balik ve
piring kepegiyle fermente
edilmis bir balik iiriinii)

Donmus konserve edilmis,
taze, donmusg balik

Taze balik ve tiriinii

Ton balig1 (taze ve
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Histamin analiz kiti

HPLC; Floresan

dedektor

ELISA ve HPLC

HPLC; Floresan

tizerinde ve 2 6rnekte 1000
ppm lizerinde histamin tespit
edilmistir.

Japonya’da 10 balik
nukazuke drneginden 2
uskumru- ve 2 sardalya-
nukazuke 6rneginde 12,6 ile
30 mg/100 g araliginda
yiiksek histamin miktarlari
tespit edilmistir.

Umman’da incelenen 1133
adet donmus, taze,
kurutulmus ve konserve
edilmis balik 6rneklerinden
%3,7’sinde FDA (50 ppm),
%0,79’unda ise AB (100
ppm) sinirlarinin iizerinde
histamin seviyelerine
rastlanmustir.

Italya’dan temin edilen 311
taze balik ve balik iiriiniinden
%58’inde 2,5 ppm’den
yiiksek histamin seviyelerine
rastlanirken, 6rneklerin
%S5’inde AB yasal
siirlarinin izerinde histamin
seviyeleri bulunmustur.
Brezilya’da satilan taze ve

Kuda ve ark. [50]

Yesudhason ve ark. [51]

Muscarella ve ark. [52]

Silva ve ark. [53]

konserve) dedektor konserve ton baligi
orneklerinin %46’sinda
histamin tespit edilse de
yasal limitlerin iizerinde
histamine rastlanmamustir.
4. SONUC

Su triinleri endiistrisinde, biyojen aminler hem kalite hem de giivenlik kriteri olarak kabul gérmektedir.
Biyojen aminler igerisinde histamin su firiinleri endiistrisi i¢in 6zellikle 6nem tasimakta olup yiiksek
miktarlarda olustugu takdirde histamin zehirlenmesine yol agmaktadir. Histamin olusumu, iirliniin hasat
yontemine, maruz kaldig1 proseslere, av sonrasi kontaminasyona, yetersiz sogutma kosullarina ve
sicakliktaki dalgalanmalara baglidir. Kisa siirelerde dahi olsa yiiksek sicakliklara maruz kalan baliklarda
mikroorganizma popiilasyonu artabilir ve histidini histamine doniistiren dekarboksilaz enzimleri
uretebilir. Dahasi, soguk kosullarda mikroorganizma popiilasyonu azalsa da enzim aktivitesi devam
edeceginden histidin miktar1 artabilir ve zehirlenmeye yol agabilir. Bu sebeple, histaminin yan sira diger
biyojen aminlerin de seviyeleri miimkiin oldugunca diisiik tutulmalidir. Mevcut durumda, dogru hasat
yontemi, uygun proses ve muhafaza kosullar1 ve kontrol prosediirleri, hem iiriiniin kalitesi ve giivenligi

hem tiiketici saglig1 hem de su iiriinleri endiistrisi a¢isindan en etkili yéntem olarak kabul edilmektedir.
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CIKAR CATISMASI BEYANI

Yazarlar arasinda ¢ikar ¢atigmasi bulunmamaktadir.

YAZARLARIN KATKILARI
E.B.: Arastirma, kaynaklar, derlemenin hazirlanmasi.

H.U.: Derlemenin hazirlanmasi, gézden gecirme ve diizenleme, orijinal taslagin hazirlanmasi.
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07/

Metal eklemeli imalat, geleneksel iiretim yontemleriyle miimkiin olmayan karmagik metal yapilari {iretme
kapasitesiyle yenilik¢i iiretim siireclerinde onemli bir rol oynamaktadir. Topoloji optimizasyonu ise,
belirlenen tasarim alanlarinda hedeflenen parametreleri en uygun sekilde dagitarak malzeme verimliligini
artirir. Bu caligma, metal eklemeli imalat ve topoloji optimizasyonunun endiistriyel uygulamalarini
derinlemesine inceleyerek, bu teknolojilerin 6zellikle havacilik, medikal ve otomotiv sektorlerinde
iretilebilirlik, islevsellik ve tasarim Ozgiirliigii acisindan 6nemli avantajlar sundugunu gostermektedir.
Havacilik sektoriinde, ugak parcalarinin hafifletilmesi ve yapisal biitiinliigiin artirilmasinda metal eklemeli
imalat ve topoloji optimizasyonunun birlesimi kritik 6neme sahiptir. Medikal alanda, ozellestirilmis
implantlar ve kemik yapilari i¢cin bu yontemlerin entegrasyonu, hastalara 6zel ¢oziimler sunarak tedavi
stireglerini iyilestirmektedir. Otomotiv endiistrisinde ise, bu teknolojiler araglarin performansin artirirken
agirligini azaltarak enerji verimliligini yiikseltmektedir. Bu ¢alisma metal eklemeli imalat ve topoloji
optimizasyonunun endiistriyel uygulamalardaki zorluklar1 ve smirlamalar1 da ele almistir. Ayrica bu
teknolojilerin gelecekteki gelisim ydnlerini ve potansiyellerini detayli bir sekilde ortaya koyarak,
endistriyel tasarimda yenilik¢i yaklagimlarin Oniinii agmasi amaglanmaistir.

Anahtar Kelimeler: Metal eklemeli imalat; Topoloji optimizasyonu; Optimum tasarim

Industrial Applications of Metal Additive Manufacturing with Topology
Optimization

ABSTRACT

Metal additive manufacturing plays a significant role in innovative manufacturing processes with its
capacity to produce complex metal structures that are not feasible with traditional manufacturing methods.
Topology optimization, on the other hand, enhances material efficiency by optimally distributing targeted
parameters within designated design areas. This study thoroughly examines the industrial applications of
metal additive manufacturing and topology optimization, demonstrating that these technologies offer
significant advantages in terms of manufacturability, functionality, and design freedom, particularly in the
aerospace, medical, and automotive sectors. In the aerospace sector, the combination of metal additive
manufacturing and topology optimization is critically important for lightening aircraft parts and enhancing
structural integrity. In the medical field, the integration of these methods for customized implants and bone
structures offers patient-specific solutions, improving treatment processes. In the automotive industry, these
technologies enhance vehicle performance while reducing weight, thereby increasing energy efficiency.
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This study also addresses the challenges and limitations in the industrial applications of metal additive
manufacturing and topology optimization. Furthermore, it elaborates on the future directions and potentials
of these technologies, aiming to pave the way for innovative approaches in industrial design.
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Canliding | Topoloji Optimizasyonu ile Metal Eklemeli Imalat Yonteminin Endiistriyel Uygulamalar
1. GIRIS

Metal eklemeli imalat (MEI), geleneksel siireglerle iiretimi zor olan geometrik olarak karmasik, tamamen
islevsel metal yapilar gergeklestirdigi i¢in giderek artan bir ilgi cekmektedir [1-4]. Cogu gelencksel imalat
yontemi, eklemeli imalat siirecleriyle olduk¢a miimkiin olan parcalarin topolojik tasarim karmasikliklarini
sinirlar. Topoloji optimizasyonu (TO), belirlenmis bir tasarim alaninda bir hedef parametreyi bir veya bir
dizi kisitlamaya karsi optimize ederek en iyi malzeme veya yapisal diizeni kurar. TO’nun sundugu bu
tasarim Ozgiirligii nedeniyle, karmasik bir sekilde baglantili 6zelliklere sahip organik sekiller yaygindir.
Diger yapisal optimizasyon yontemlerine kiyasla optimum tasarimlar elde edilebilirken, TO, bu tiir
tasarimlar1 gergeklestirmek i¢in gerekli imalat tekniklerinin sinirlamalar1 nedeniyle gegmiste biiyiik 6lciide
teorikti. Bu hizla degismekte ve son on yilda, eklemeli imalat siireglerinin ilerlemesi nedeniyle cesitli
bilesenlerin tasarim akisinda TO’yu dikkate alma ¢abalar1 biiyiik dl¢iide artmistir. Arastirmacilardan bazilari
eklemeli imalatin imalat siirecleri iizerine calismislardir [5]. Bir diger grup eklemeli imalat parcalarinin
mikroyapisi ve mekanik 6zelliklerini, maliyet modelleri ve eklemeli imalat siireclerinin simiilasyonu iizerine

birkag¢ inceleme bulunmaktadir [6-9].

Bu ¢alismada topoloji optimizasyonu ve metal eklemeli imalatla iiretimin endiistrideki uygulamalar1 g6z
oniine almmustir. Bu kapsamda, TO ve MEI arasindaki ortakligin, iyilestirilmis islevsellikler, imalat
kolaylig1 ve genel tasarim ifadesi 6zgiirliigii icin endiistriye 6zgii tasarim uygulamalarina ne derece yardimei

oldugu tartisilmaktadir.
2. ENDUSTRIYEL TASARIM VE UYGULAMALAR

Endiistriyel tasarim ve iiretimin amaci, bireysel veya ticari piyasa ihtiyaclarini karsilamaktir. Bu ihtiyaglarin
cesitliligi, bir¢cok geleneksel ve/veya konvansiyonel iiretim siireci tarafindan ele alinmis olsa da eklemeli
imalat baz1 ana endiistrilerde biiyiik uygulama alan1 bulmustur. Metal parcalarin MEI yontemiyle {iretim
icin tasarlanmasi ve {iretiminin gelistirilmesi, diger polimer bazli siire¢lerden farkli olarak benzersiz tasarim
ve {iretim stirecleriyle ilgili zorluklar sunmaktadir. TO, bu zorluklari ele almak i¢in gecerli bir arag olmustur,
ancak bu algoritmalarin bazilar1 heniiz baslangi¢ agamasindadir. Bu ¢alisma kapsaminda, 6zel endiistriyel

amaglar i¢in hedeflenen TO ve MEI yéntemi kullanimi incelenmektedir.

2.1. Havacilik ve Uzay Sektorii

Bu béliimde, ugak ve uzay araglariyla ilgili yapilarin topoloji optimizasyonu ele alimmustir. Yapisal
tasarimlarin ilerlemesinde eklemeli imalatin oynayabilecegi rolii kisaca tartismus olsalar da MEI siiregleri
iizerine detayli bir tartisma yapilmamistir. Ancak, yaptiklar1 6nemli bir sonug, TO’nun havacilik yapilarinin

tasarimi i¢in yaygin olarak kabul edildigi, ancak firetilebilirlik noktasinda endiseler barindirdigidir [10].
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Havacilik endiistrisinde TO ve MEI arasindaki ortakligi-iliskiyi incelemek icin ¢aligsmalardan birinde, bir
helikopterin ana vites kutusunu topolojik olarak optimize etmis ve secilen eklemeli imalat siireci olarak
elektron 1511 ile eritme (Ti-6Al-4V-malzeme) yontemini tercih etmistir [11]. Caligmanin ii¢ ana hedefi:
agirlik tasarrufu, parga birlestirmesi ve mekanik &zellikler igin gereksinimlerin karsilanmasidir. Farkli
baslangi¢ tasarim alanlan kullanilarak iki optimizasyon ¢oziimil elde edilmis ve topolojileri yeniden
yapilandirmak i¢in ayr1 yeniden tasarlama stratejileri kullanilmigtir. Dikkat ¢eken bir zorluk, topolojilerin
yeniden yapilandirilmasindaki karmasiklik ve zaman gereksinimiydi. Yine de her iki optimizasyon
durumunda yeniden yapilandirmadan sonra %40'in lizerinde malzeme azaltimi basarmis ve diger hedefleri
de gergeklestirmislerdir. Bir baska calismada arastirmacilar hafif bir ucak braketi tasarlamak ve tiretmek
icin TO ve lazerle toz yatagi fiizyonu yontemini kullanmislardir [12]. Bu yontemle iiretilen parcalar,
optimum siire¢ parametre secimleri yapilmazsa elektron 1sin1 ile eritmeye gore daha fazla gézeneklilik ve
arttk gerilimlere egilimlidir; bu nedenle baski sonrasi sicak izostatik presleme gerceklestirmislerdir.
Calismada braketin malzemesi aliiminyum alagimi-titanyum alagimi degisiminde %28'lik bir agirlik
azalmasi saglanmistir. Bagka bir calismada, tiirbin kanatlari, hedef fonksiyon olarak gerilme enerjisi
minimizasyonunu ve iki kisitlamay1 (malzeme hacminde ¢ift azalma ve ilk 6 6z frekans {izerinde bir sinir)
iceren bir TO formiilasyonu ile tasarlanmigtir [13]. Diislik basingli tiirbinlerin tasariminda rezonans
frekansini ayarlamak i¢in 6z frekanslarin kisitlanmasi gereklidir. Tiirbin kanatlarinin tomografisi nedeniyle,
tasarimda tretim agisindan zorluk olusturabilecek c¢ok ince Ozellikler olabilecegi belirtilmelidir. Bu
zorlugun iistesinden gelmek i¢in, tasarim sirasinda minimum &zellik kalinligi olarak 0.15 mm belirlenmistir.
Kii¢iik boyutlu temsilci kanatlar, lazerle toz yatagi flizyonu araciligiyla Nikel bazli bir siiper alagimdan imal
edilmistir. Bir diger ¢alismada GE Ugak Motoru braketi, Dogrudan Metal Lazer Sinterleme kullanilarak
yeniden tasarlanmis ve iretilmistir [14]. Calismada Sekil 1°de gosterilen braketin onceki siirlimlerinin
agirhigimni, Ti-6Al-4V yerine Paslanmaz Celik AISI 15-5PH kullanarak basilmig bir optimize alternatif ile
azaltma amaclanmigtir. Eklemeli imalat siireci i¢in geometrik kisitlamalara uygun olarak, TO sirasinda
minimum 6zellik boyutu sinirt olarak 9 mm belirlenmis ve orijinal tasarimla yakin fonksiyonel gerilme ve

deformasyon profillerini korurken %56'lik bir agirlik azalmas1 gergeklestirilmistir.
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Sekil 1: Ugak braketlerinin gelistirilmesinde topoloji o[ll)jinizasyonu ve metal eklemeli imalatin uygulama 6rnegi
TO ve MEI’nin metal ucak bilesenleri icin iiretilebilirligi kesfetmeden kullanildig1 diger calismalara
ornekler, ugak inis takimi ve motor montaji, tesla valfi ve ucak braketleri {izerinde goriilebilir [15-18].
Uzayla ilgili uygulamalar icin, baz1 arastirmacilar tarafindan TO ve ME] kullanilarak aynalarin tasarimi
incelenmigstir [19]. Aynalar, uzay ugusunda kullanigh bir uygulama bulur, bu nedenle, iyi yapisal sertlik,
kaliteli yilizey ve siddetli titresim etkilerine dayanabilme gibi kritik 6zellikler gerekiyordu. Bu dogrultuda,
uygun yiik ve sinir kosullar1 altinda yerlestirilmis bir baslangi¢ CAD dosyasi, sertlik maksimizasyonu icin
optimize edilmis ve bir malzeme hacmi ile 250 Hz. dogal frekans kisitlamasi altma alindi. Ayna, iki MEI
stireci Ti-6Al-4V ile elektron demet ergitme yontemi ve AlSil0Mg ile dogrudan metal lazer sinterleme
kullanilarak imal edilmistir. Her iki malzemeyle de basarili bir sekilde imal edilen aynalardan, daha az
gozeneklilik ve daha iyi mikro piiriizliiliikle aliiminyum ayna daha basarili oldugu tespit edilmistir. Bagka
bir uzay aynasi yine topoloji ve boyutlandirma optimizasyonu ile gelistirilmistir [20]. Bir diger ¢calismada
arastirmacilar, ay uzay aracinin bir maket ¢ergevesini (4 ayak ve bir merkezden olusan) tasarladi ve iiretti
[21]. Optimize edilmis ¢erceve, AlSi10Mg malzeme kullanarak EOS M290 3B yazici ile imal edildi ve
cergevenin makineye goreli boyutu nedeniyle, 4 tane aym ayak tasarlandi. Kullanilan optimizasyon
yaziliminin sinirlamalar1 nedeniyle, optimize edilmis topolojinin CAD yorumu, son optimizasyon FEA's1,
destek minimizasyonu ve genel basilabilirlik i¢in gereklidir.

Havacilik endiistrisinin kritik bir yonii, hava/uzay araglar1 ve motor/motor pargalari, yapisal ¢erceveler gibi
onemli bilesenlerin sertifikasyonu ve standardizasyonudur ki bu siirecler genellikle zaman almaktadir.
Sertifikasyon ve standardizasyon olmadan, bu bilesenler basarisizliga egilimli olup, felaketlere ve kayiplara
yol acabilir. Konuyla ilgili olarak bir arasgtirmaci, eklemeli imalat parcalarmin sertifikasyonu ve
standardizasyonunun, bir¢ok sinirlamadan dolay1 hava araci endiistrisi i¢in en zor asama oldugunu belirtti
ki bu, mevcut imalat teknolojisinin gelisimi olarak 6zetlenebilir [22]. MEI teknolojisi hala gelismekte

oldugundan, eklemeli imalat malzemeleri, siiregler, kalite kontrolii, degerlendirme ve tasarim i¢in yaygin
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olarak kabul edilebilir standartlar elde etmek hala 6nemli bir eksiktir. Bu, birgok yeni tasarlanmis havacilik
bileseninin homologasyonunu engelleyen ana etkenlerden biridir. Bu konuda {ilkemizde Hava Araci ve

Parcas1 Sertifikasyonu Sivil Havacilik Genel Miidiirliigii tarafindan yapilmaktadir.

2.2. Medikal Sektorii

Gectigimiz 10 yilda, tibbi amaglar icin eklemeli imalatin ihtiyact ve énemi biiyiik 6lclide artmistir. Bu
sektordeki cakigsmalar1 incelersek, Dr. Jules Poukens ve ekibi, diinyanin ilk eklemeli imalatla tiretilmis
mandibulasini (¢ene kemigini) bir hastaya yerlestirmistir [23]. Bu gelisme, tibbi implantlarin tasarimi ve
iiretimi agisindan birgok yonden 6nemlidir, ¢ilinkii hasta 6zellestirilmis implantlar veya hastanin kemigine
yakin mekanik ve geometrik 6zelliklere sahip 1zgara tabanli implantlar gibi firsatlar sunmustur [24-27].
Kafes yapili tasarim disinda, hasta Ozellestirilmis implantlar tasarlamanin popiiler bir yaklasimi TO
kullanimidir. Implantlarin ve kemik doku miihendisliginin tasariminda, kemik yeniden sekillenmesi, kemik
yapisinin dis yiik kosullarini yeterince destekleyebilmesi i¢in i¢ yapisimin uyum saglamasi gereken temel
bir yoniidiir. Bunu basarmak icin, implant yapisinin yapisal sertligi maksimize etmek i¢in optimal olarak
yeniden tasarlanmasi gerekmektedir [26,28,29]. Ek olarak, uygun olmayan bir kemik-implant montajinda
meydana gelen istenmeyen bir fenomen, gerilme korumasidir; burada komsu kemik bolgesine gore ¢ok daha
sert bir implant, yanlis kemik yeniden sekillenmesine yol agmaktadir [30].

Birgok ¢alisma, bu yonleri ele almak icin TO ve MEI birlikte kullannustir. Bir arastirmada, kemik
kiriklarinin tedavisinde metalik kemik plakalarinin yeniden tasarimini incelemistir [31]. Gerilme korumast
ile miicadele etmek icin, plakalar kortikal kemige benzer bir sertlik elde etmek {izere topolojik olarak
optimize edilmistir. Optimize edilen plakalar, Ti-6Al-4V kullanilarak Elektron Demet Ergitme Yontemi
yoluyla imal edilmistir ve gerilme, sertlik ve ylizey priizliiliigii 6zelliklerini gézlemlemek i¢in birkag
karakterizasyon yapilmistir. Gerilme testlerinin sonuglari, sayisal sonuglarla yakin eslesmeler gostermistir.
Plakalarin in-vitro testlerini, cevreleyen dokularla biyolojik bagin hizini ve kalitesini anlamak i¢in yapilmig
ve Elektron Demet Ergitme Y6ntemi plakalariin piiriizlii yiizeylerinin, ticari olarak {iretilen daha piiriizsiiz
plakalara kiyasla daha iyi baglanmaya katkida bulundugunu tespit etmislerdir. Benzer bir yaklagimla, TO
optimizasyonu ve kafes tasarimimin bir kombinasyonu aracilifiyla lazerle toz yatag: fiizyonu ile iiretilmis
Ti-6Al-4V kalca protezindeki gerilme korumasi ile miicadele edilmistir [32]. Bagka bir ¢aligmada her ne
kadar in-vitro biyolojik test yapilmamis olsa da, optimize edilmis tasarimda gerilme korumasi artiginimn
%50'den fazla azaldigi ve esdeger implantlara kiyasla 107 Omiir dongilisinden daha uzun siire
dayanabilecegi fark edilmistir [33,34].

Bir aragtirmada tarafindan bir pelvik implanti tasarlamak i¢in ¢ok amagli bir TO modeli kullanilmistir [35].

Bu tasarim stratejisi, farkli doku alinmasi tiirlerinden elde edilen dort baslangi¢ tasarim alani igin yerine

557



Canliding | Topoloji Optimizasyonu ile Metal Eklemeli Imalat Yonteminin Endiistriyel Uygulamalar

getirilmistir. Sekil 2’deki implant, Ti-6Al-4V kullanilarak Elektron Demet Ergitme Yontemi ile iiretilerek

bir hastaya yerlestirilmistir.

Sekil 2: Topoloji optimizasyonu ve metal eklemeli imalati tipta baslica uygulamalari: pelvik ve kalga 6rnegi [35].

Baz1 zorluklar ve varsayimlar, daha az gergekei statik ylikleme kosullarinin benimsenmesi, baglayici kaslar
ve baglarin etkilerinin dislanmasi ve deneysel mekanik test dogrulamalar1 olmadan sadece sayisal analize
dayali performans degerlendirmesi olmustur. Gelecekteki gelismeler igin, sayisal model, dogal fizyolojik

rutinle daha yakindan eslesecek dinamik yiikleme girdileri kullanilarak gii¢lendirilebilir.

2.3. Otomotiv Sektorii

Otomobillerin verimliliklerini artirmak amaciyla, turbo sarj, daha iyi emisyon kontrolii, yakit tiiketimi,
gelismis frenleme, direksiyon ve siispansiyon sistemleri gibi bir¢ok gelismis teknik gelistirilmistir. Bu
teknolojileri gergeklestirmek icin, ileri yaklasim sunan tasarim ve iiretim tekniklerinin benimsenmesi
gerekmektedir. Birgok arastirma, bu otomobil bilesenleri ve sistemleri i¢in tasarim akislarina TO ve MEI’yi
dahil etmeye baslamaktadir.

Bircok c¢alismada siispansiyon/tekerlek sistemi ve motor etrafindaki parcalara odaklandigi
gozlemlenmektedir. Bazi galigmalarda, Formula yaris arabalar igin tekerlek poyralar1 veya dikmeleri
incelemislerdir [36,37]. Bir ¢alismada lazerle toz yatag: fiizyonu kullanarak AISi10Mg ile basilmis topoloji
optimize edilmis 6rnekler tiretilirken, diger caligmada sirastyla elektron 151n1 ile ergitme ve lazerle toz yatagi
flizyonu kullanarak Ti-6Al-4V ile optimize edilmis 6rnekler iiretmislerdir [38-40] . Bu caligmalarda, iyi

performanslar korunurken oOnemli agirlik tasarruflann elde edilmistir, ancak maliyet acisindan
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degerlendirildiginde Walton'un ¢aligmasinda, elektron 1s1n1 ile ergitmeyle islenmis alternatife karsi maliyeti
%700'den fazlaydi [37].

Bir caligmada Catia'nin 3DExperience'inda parga simiilasyonu, baski hazirligi ve siire¢ simiilasyonu igin
birkac is akisini arastirilmistir [36]. MEI'yi diger iiretim siirecleriyle karsilastiran ¢alismalar icin, lazerle
toz yatagi flizyonu yoluyla iiretilmis topolojik olarak optimize edilmis bir perginleme aracini, frezeleme igin
kisitlanmig optimize edilmis bir versiyonu ve orijinal frezelenmis bir versiyonu karsilagtirmigtir [41].
Digerleri arasinda, agirliklari, {iretim maliyetleri, zamani, simiile edilen maksimum yer degistirmeleri,
esdeger gerilmeleri ve atik malzeme karsilagtirmustir. Optimize edilmis MEI parcasi, agirhik, atik malzeme
ve esdeger gerilme agisindan digerlerinden daha iyi performans gosterdigini; ancak, iiretim zamani ve
maliyeti agisindan daha az performans gosterdigini elde etmislerdir.

Bir bagka arastirmada lazerle toz yatagi fiizyonu kullanarak Ti-6Al-4V ile basilmis 6n ve arka fren
kaliperlerini yeniden tasarlanmustir, digerinde ise bir siispansiyon salincak baglantisini topolojik olarak
optimize etmisler ve bunun MEI igin iyi bir aday oldugu goriisiine varmislardir [42]. Bu calismada TO
araciligiyla bir fren montajin1 yeniden tasarlamis ve prototip {iretmislerdir. lyilestirmeler ve diizeltmelerden
sonra, son par¢a AlSilOMg kullanarak lazerle toz yatagi fiizyonu ile imal edilmistir. Calismada, fren
montajindaki agirlik azalmasi ile karbon ayak izi arasindaki iligski kurulmus ve 81 g'lik bir kiitle azalmasinin
855 mg/100 km CO2 azalmasina yol agabilecegi tahmin edilmistir [43]. Diger ¢alismalarda AISilOMg
kullanilarak lazerle toz yatagi fiizyonu ile basilmis vites kutusu govdesi yeniden tasarimi, yarig arabasi
dikmesi tasarimi, dizel motor destegi ve otomotiv Sekil 3’teki direksiyon siitunu destegi c¢alismalari

yapilmustir [44-47].

Sekil 3: Otomotiv endiistrisinde topoloji optimizasyonu ve metal eklemeli imalat uygulamalari: direksiyon siitunu
tasarimi drnegi [45].
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2.4. Diger Sektorel Uygulamalar

Bir¢ok diger endiistri sektdriinde de TO ve MEQ’nin ortak iliskisinden yararlanmistir. Bu calismalar
inceledigimizde 2007 yilindaki bir aragtirmada, eksenel simetrik bilesenlerin malzeme azaltma ve gerilme
kisith TO siireci kullanilarak tasarimini bildirmistir [48]. Tasarim stratejisi, fren diskleri, volanlar, basing
kaplar1 vb. gibi bir dizi bilesen i¢in uygun oldugu belirtilmistir. Optimizasyonla tasarimin bir prototipi SLS
kullanilarak plastik malzeme ile imal edilse de metalik malzemelerin kullanilabilecegi ve simiilasyon
sirasinda kullanilan karbon celige benzer 6zelliklere sahip olacag: bildirilmistir. Bir baska aragtirmada 7-
serbestlik dereceli ExoArm tasariminda bilesenlerin agirliginin siiriiclilerdeki giice olumsuz etkisini
iyilestirmek icin parcalar1 hafifletme diisiiniilmiistiir [49]. ilk olarak, orijinal malzeme 6zelligi Ti-6Al-4V,
agirlik azaltma i¢in 7075 aliiminyum ve ¢elikle degistirildi. Daha sonra, ExoArm kelepgelerinin agirliklarini
daha da azaltmak i¢in TO ve kafes yapilar1 uygulandi. Kelepgeler, lazerle toz yatag: fiizyonu kullanilarak
imal edilerek, optimize edilen tiim parcalar igin %45 ve iizerinde bir malzeme azalmas: elde edildi.

TO ve MEI, ingaat endiistrisinde de arastirilmistir. Bir arastirmada, eklemeli imalatla iiretilmis topoloji
optimize edilmis tiibiiler baglantilarin performansini, bos kare kesitli kaynakli muadilleriyle
karsilastirilmigtir [50]. Birka¢ mekanik test yapildi ve bazi 6nemli sonuglar sunlardir: basilmig ve kaynaklt
tiibiiler baglantilar arasinda Young Modiiliinde %1.6'lik bir fark, basilmig baglantilar kaynakli baglantilara
gore daha simetrik gerilme dagilimlart sagladi, maksimum gerilme, basilmig parcalari tasarlamak igin TO
kullanildiginda %49 azaldigini tespit ettiler. Bir baska ¢alismada TO kullanarak, soguk piiskiirtmeli
eklemeli imalatla iiretilecek pargalarin tasarimi ve optimizasyonu i¢in bazi kilavuzlar onerilmistir [51].
Tasarim kilavuzlar1 arasinda diiz yiizeylerin, siirekli piiskiirtme i¢in yiizeyler arasindaki diizgiin gegislerin,
birikim agisinin ve kesit geometrisinin, soguk piiskiirtme parametrelerine dayali 6zellik kalinlhig
sinirlamalarinin vb. dikkate alinmasi yer almustir. Bir diger ¢alismada, termo-mekanik bir TO modeli ve
kafes yapilar kullanarak plastik enjeksiyon aracinin yeniden tasarimi tizerinde ¢alisilmigtir [52]. Farkli bir
calismada arastirmacilar, akustik ayarlanabilirligi olan bir meta-malzeme TO modeli ile insansiz bir su alt1

aracinin yeniden tasarimini incelemistir [53].

3. TARTISMA ve SONUCLAR

Bu galigmada, topoloji optimizasyonu ve metal eklemeli imalatin birlikte kullanilmasiyla elde edilen tasarim
ve iiriinlerin sektdrel olarak kullanimi ve gelisimiyle ilgili ¢alismalar hakkinda bilgi sunulmustur. TO’nun
faydalariyla birlikte, MEI’nin iki dnemli zorlugu: eklemeli imalat teknolojilerinin yiiksek maliyeti (6zellikle
lazer ve elektron 1s1n1 teknolojileri hem baslangic hem de isletme maliyetleri) ve siirli inga hacimleriyle

limitli diretim hizlan ele alindiginda gelisen teknolojik gelismelerle ve 6zel ihtiyaglarla birlikte daha fazla
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endiistride yaygin olarak benimsenmesi beklenmektedir. Bu limitlemelerden bazilart igin giincel bazi
caligmalarda bu zorluklarin g¢oklu lazerli toz yatakli fiizyon sistemlerinin tanmitimiyla ele alindigim
gosterdiler [53,54]. Orta iiretim hacimli tek lazerli bir sistemden biiyiik {iretim hacimli dort lazerli bir
sisteme gegilerek, bir kontrol kolunun iiretim oranlarinin neredeyse %100 arttigini ve maliyetlerin neredeyse
%50 azaldigin1 gosterdiler. Aragtirilan biiyilik endiistriler ve digerleri arasinda birgok vaka ¢aligmasi igin,
islevsellik acisindan deneysel dogrulama calismalar: siirlidir. Uretilecek parcalarin islevsellik agisindan
MEI i¢in uygunlugunun, maliyet ve iiretilebilirlikle birlikte degerlendirilmesi dnemlidir. Uygulamaya baglh
olarak, sertlik/gii¢, frekans, 1s1 transferi, basing diisiisii, ylizey piriizliiliigi vb. gibi yaygin islevsellikler
arastirilmali ve geleneksel {iretim stirecleriyle yapilan karsit tasarimlarin performanslarina karsi

degerlendirilmelidir.

CIKAR CATISMASI BEYANI

Yazarlar arasinda ¢ikar ¢atigmasi bulunmamaktadir.
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