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COMPLIANCE STRATEGY FOR THE CERTIFICATION
OF ENVIRONMENTAL CONTROL SYSTEM IN MILITARY
APPLICATIONS

Emre GULER"
Tiirk Havacilik ve Uzay Sanayii A.S. (TUSAS), Department of Airworthiness and
Certification, Ankara, ORCID No : http://orcid.org/0000-0003-4938-9320

Keywords Abstract

Certification, This review paper provides the compliance strategy
environmental control for the certification activity of environmental control
system, means of systems (ECS) according to the military standard. Firstly,
compliance, military the paper defines the ECS. Secondly, it outlines the steps
standard, safety for the system’s certification activities in the concept of

the means of compliance. Thirdly, it recommends the
minimum set of documents with technical explanations
obtained by academic learning, vocational training and
recommendations from the regulations for compliance with
the given requirements in military certification of ECS. Then,
the differences in terms of compliance methods are specified.
Finally, it is concluded that a specific compliance strategy
for military certification of ECS is required for a systematic
and comprehensive approach.

emrelug@gmail.com
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CEVRESEL KONTROL SISTEMI’NIN ASKERI UYGULAMALARA
OZEL UCUSA ELVERISLILIK SERTiFIKASYONUNA iLiSKIN
UYUM DOGRULAMA STRATE]JiSI

Anahtar Kelimeler

0z

Sertifikasyon, cevresel
kontrol sistemi, uyum
dogrulama metodu,
askeri standart, emniyet

Bu makale, ¢evresel kontrol sistemlerinin (ECS) askeri
standartlara gére sertifikasyonu i¢cin uyum dogrulama
stratejisi saglayan derleme bir yayindir. Makalede ilk olarak
cevresel kontrol sistemi tanimlanmis, ikinci olarak, uyum
dogrulama metotlar: kapsaminda, sistem sertifikasyon stireci
ana hatlaryla sunulmustur. Daha sonra gevresel kontrol
sistemlerinin askeri sertifikasyonu icin Onerilen minimum
gereksinim dogrulama dokiimanlari, akademik bilgiler ile
is tecriibeleri ve yénetmelik tavsiyeleri géz éniine alinarak
teknik aciklamalart ile birlikte verilmis, uyum dogrulama
metotlarindaki farkhliklar ortaya konmustur. Son olarak
ise, ECS 6zelinde sistematik ve genis kapsamli bir askeri
sertifikasyon stireci icin spesifik bir uyum dogrulama veri seti
sunulmugtur

Derleme Makalesi Review Article
Bagvuru Tarihi  :  27.02.2023 Submission Date :  27.02.2023
Kabul Tarihi :09.11.2023 Accepted Date :09.11.2023
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1. Introduction

Aircraft is a large-scale and complex vehicle consisting of multiple systems to
function throughout its flight envelope. ECS is one of the aircraft systems that
provides pilots not only a comfortable environment but also a safe environment
since it is related to human activities.

ECS is the system associated mainly with ventilation, air conditioning, and pres-
surization in occupied compartments for safe and comfortable flight (Parsons,
1999). It also provides pressurized bleed air to critical safety air customer sys-
tems such as canopy seal, defog, anti-g, and oxygen systems.

Compressed Air == (Prneumatic System (ATA-36)

Air Conditioning System (ATA-21)
Pressure Coutrol System
Equipment Cooling System
Ventilation System

Ice Protection System

Canopy Seal System

vEYYY Y Y

Anti-g System

Figure 1. Environmental Control System (Saragyakupoglu, 2020)

The main ECS functions in military applications are presented as follows:

Supply pressurized bleed air to air cycle machine (ACM) consisting of com-
pressor and turbine.

Supply conditioned air to the cockpit to provide the pilot comfortable envi-
ronmental conditions throughout the flight envelope.

Provide cooling energy to avionics, especially the safety-critical ones.

Provide air to critical interfacing systems such as on-board oxygen generating
systems (OBOGS) and anti-g systems.

Supply heated air to the windshield for defog and anti-icing/de-icing capabil-
ity for extensive and clear visibility.

Provide smoke evacuation in the cockpit when required.
Provide air to the canopy seal system.
Provide radar pressurization.

Monitor, detect, and alert the bleed air leakage.
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Provide fuel efficiency (An efficiently designed ECS contributes to fuel sav-

ings by optimizing temperature distribution and reducing the load on the

aircraft power systems.)

Military aircraft typically do not circulate cabin air which is exhausted over-
board. It usually has one pack. A typical system architecture is illustrated in

Figure 2.

Ram air
‘ Emergency Cockpit Vemilation
Hol e Cpld S
Secondary
Heat - i
Engine I:xu‘hmaga' Air for
(SHX) customer [tcheater |-4m
systems I—|J

Axuiliary Power R.:_ﬂ.LLair
Uit (APLT T inlet
Primary
EHE;JL':]:RJ pleatair) L Equipment
chi - :
lL {PHX) L 1 cooling
Compressor  Turbing -

- - 1 Cockpit

. ventilation
e —A U SV

Figure 2. Typical ECS Schematic for Military Applications (The figure was re-il-
lustrated based on the information (Chowdhury, Ali & Jennions, 2023))

ECS takes pressurized bleed air from the powerplant or pressurized air from
ground support equipment (GSE). Bleed air then passes through the primary
heat exchanger (PHX), and its temperature drops to a certain range to get effi-
cient performance from the compressor. It also branches to a defog line to supply
relatively hot air to the canopy to provide a sufficiently extensive view for safe
operation when required.

The air passes through the compressor which is one of the main components of
air cycle machine (ACM). While passing through it, the pressure of air increases,
so the temperature does. The high temperature due to compression decreases
again with the help of a secondary heat exchanger (SHX). A condenser which
is downstream of SHX provides air to drop its moisture by cooling it. A water
separator (WS) is designed to extract water droplets from the air. The turbine’s
blades may get damaged since the frozen the water droplets may hit the turbine
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blades with high rotational speeds (Yang, Yuan, Kong, Zheng & Li, 2022). The air
drops some of its water content. However, it may still be in the condensation tem-
perature zone. A reheater is placed just at downstream of the water separator. It
heats the air to escape the condensation temperature zone to prevent any more
condensation before passing through the turbine. Air finally goes through the
turbine. Its temperature decreases to a certain range to supply the cockpit and/
or equipment cooling. Some air is directed to critical safety air customer systems
such as anti-g, on-board oxygen generating, and canopy seal systems.

ECS is an essential and safety-critical system in military aircraft since it serves
to pilot and flight critical equipment. It also provides air to the safety critical
systems such as the anti-g system, oxygen generating system, and canopy seal
system. ECS may face the following failures that can put the flight in a catastroph-
ic failure condition:

e Bleed air contamination,

e Bleed air leakage,

e  Pressurization failure,

e  ECS supply failure to critical systems such as OBOGS and anti-g systems,
e Smoke evacuation failure in the cockpit,

e Partial or total loss of cooling for flight-critical avionics,

e Loss of windshield defog capability,

e Loss of windshield anti-icing or deicing capabilities,

e  ECS supply failure to canopy seal,

Since there are many serious failure conditions, necessary safety precautions are
required within the design. It is expected to comply with the safety requirements
for the airworthiness certification of ECS. Certification is the legal recognition
that the applicant with its organization, service, and product complies with the
directives of the regulations as illustrated in Figure 3(SAE Standard, 1996).

This paper focuses on only the certification of the applicant’s product, which
consists of many complex systems such as landing gear, mechanical, propulsion,
avionics, etc. Those systems, including ECS are subject to certification activities.
A plan is prepared to manage the certification activities with a systematic ap-
proach. Therefore, certification planning provides a division of overall regulation
into manageable task in a systematic manner (SAE Standard, 1996).
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Product
specification
Certification l
specification and
environmental i ;
: > Design
requirements

r

Analysis and test _|

Type investigation
program

hd

r

Show compliance _I

Type investigation
System monitor

Design organization system

Il <
ga
3z
55
8o

Declaration of
compliance
21A.20(b)

v
Acceptance by
agency

v

Type certification

‘ | : Design assurance system components

Figure 3. Relationship between Design, Design Assurance, and Type Investiga-
tion (Florio, 2006)

The project certification plan defines the certification basis, which outlines the
applicable set of standards according to the regulations. Since military aircraft
has many systems, more than one certification plan may be prepared and dedi-
cated to the system’s response to decrease complexity and workload. ECS certifi-
cation plan is one of those separate plans and includes system definition, applica-
ble requirements, compliance methods and documents at least. There are many
means of compliance (compliance method) and proof of compliance (associated
compliance document), as found in Table 1.
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Table 1. Means of Compliance Codes (European Union Aviation Safety Agency

Regulation, 2021)

Type of comp-  Means of Compliance (MC) Associated Compliance Docu-
liance # ments

MCO:

- Compliance statement

- Reference to design data - Design data

- Election of methods, fac- - Recorded statements
Engineering tors, etc.
evaluation - definitions

. . - Descriptions
MC1: design review )
- Drawings

MC2: calculation/analysis - Substantiation reports

MC3: safety assessment - Safety analysis

MC4: laboratory tests

MC5: ground tests onrela- - Test programs
Tests ted product(s) - Test reports

MC6: flight tests - Test interpretations

MC8: simulation
Inspection MC7.: design inspection/ - Inspection or audit reports

audit

Note: Equipment qualification

Equipment MCO9: equipment qualifica-  is a process that may include
qualification tion all previous means of compli-

ance at the equipment level.

Since there are many means of compliance for the system’s certification verifica-
tion, a systematic approach is necessary not to skip any document for compliance
with the applicable requirements. A compliance strategy document is beneficial
in this aspect, including;

e The applicable requirements are based on certification basis,

e Methods of compliance that satisfies the safety requirements given in the

regulation.

e Proof of compliance to cover all technical data to show that the minimum
required safety level is provided for the system.

In civil aviation, International Civil Aviation Organization (ICAO) is a global or-
ganization that has regulations and recommendations to provide safety requi-
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rements for civil aviation (Purton & Kourousis, 2014; Purton, Clothier & Ko-
urousis, 2014; Saragyakupoglu, 2022) It is also commonly known as Chicago
Convention(International Civil Aviation Organization Regulation, 2006). There is
a statement in ICAO such as “this convention shall be applicable only to civil air-
craft and shall not be applicable to state aircraft”(Purton, Clothier & Kourousis,
2014; Saragyakupoglu, 2022; ICAO, 2006). State aircraft is defined as aircraft de-
signed for special purposes for countries’ own benefits, such as military aircraft.

In military aviation, there is no international organization like ICAO. That means
there is no global set of regulations for military applications which have higher
level of safety risks. There are many safety regulations and guidelines in military
applications for the applicant who is responsible for showing compliance to the
applicable airworthiness regulations (Ashforth & Ilcewicz, 2017). MIL-HDBK-
516C is one of the regulations used for the purpose of ECS’s airworthiness certifi-
cation in military applications. It is strong in providing high level system require-
ments in a qualitative manner for guidance. However, it is not clear in the debate
between applicants and authorities which are necessary to give a rationale for
certification judgments (Linling, Wenjin & Kelly, 2011). This paper intends to de-
velop a compliance strategy to make an explicit justification in terms of means of
compliance and to provide a systematic approach to airworthiness certification
activities of ECS in military applications.

It is considered that this study may be beneficial within the military aerospace
industry, including all shareholders such as design, engineering, maintenance,
state military aviation authorities, airworthiness specialists, and manufacturers.

This study is complied with research and publication ethics.

2. ECS Compliance Methods For The Applicable Requirements From MIL-
HDBK-516C

MIL-HDBK-516C has criteria, standards, and compliance means to guide the
applicant in certification activities. This chapter takes the criterion from MIL-
HDBK-516C as it is. Then, the compliance methods and its technical explanations
from all applicable military regulations and vocational experience are expressed
as the study on the compliance for each requirement.

2.1 Design for Safety

Criterion as it has been stated in the standard: “Verify that the design incorpo-
rates the system safety requirements of the air vehicle” (DoD Standard, 2014).

The safety design approach includes at least the following items (Kritzinger,
2006; DoD Standard, 1993; DoD Standard, 2013) :
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e Design for minimizing risk,

e Safety devices,

e  Warning devices,

e Training,

e Redundancy,

e Independency,

e Fail-safe mechanism,

e Fault tolerance.

These items about safety design should be included in the system description

document (SDD). Details for the items mentioned above should be carefully con-
sidered for effective risk management.

Besides, the routine and emergency operating procedures for all operations are
also reviewed for ECS’s design integration with aircraft in safety. Therefore, it
had better submit the manuals for the flight and the maintenance as compliance
documents.

System safety assessment (SSA) defines the functional hazard cases to provide
incorporation of safety requirements into the functions. Failure mode and effect
analysis are used to examine failure situations and recommend safety designs
and procedures as illustrated in Table 2.

Table 2. Sample of Failure Mode and Effect Analysis (SAE Standard, 1996)

FAILURE MODE AND EFFECTS ANALYSIS (FMEA) - Sample for pressure regulating
and shut-off valve (PRSOV) pressure sensor

System: ECS FMEA Description: Loss of indication Date:

. . of PRSOV outlet pressure
Subsystem: Air Condi-

tioning Author:
Item ATA: ATA-21 FTA References: Rev:
Func- Func- Fail- Mode . Fail- Petec-
. . . Flight tion Com-
tion tion ure Failure Phase ure Meth- ments
Names Code Mode Rate Effect od
Loss Loss

Pres- ofin-  1,00E- of ECs DO

sure - . All Con-
dica- 05 Sup-

Sensor . troller
tion ply

Flight test confirms the performance of the environmental control system and
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other connected systems involving thermal stability for flight safety (DoD Stan-
dard, 2014).

The means of compliance with the requirement are MC1, MC3, MC5, and MC6.

2.2 Integration

Criterion as it has been stated in the standard: “Verify that the ECS meets safety
requirements when operating under intended conditions over the design enve-
lope and maintains integration integrity to ensure the weapon system'’s safety of
flight” (DoD Standard, 2014).

This chapter differs from the chapter “Design for Safety” since it focuses on meet-
ing safety requirements of operational conditions.

System safety assessment document (SSA) confirms that the ECS does not have
negative effect on the flight safety. Quantitative analysis in SSA helps to get target
failure rates that flow from the aircraft level to ECS component level. Components
are required to be designed according to the target failure rates given in SSA.

The equipment qualification form of which a sample is illustrated in Table 3,
shows that the components in ECS have complied with environmental qualifica-
tion and safety requirements over the operating envelope.

Table 3. Sample of Environmental Qualification Form (Federal Aviation Admin-
istration, 1993)

Qualification Evidence Report - Sample

Conditions Section Description of
tests conducted

Temperature and altitude
Temperature variation

Humidity

Operational shock and crash safety
Vibration

Explosive atmosphere
Waterproofness

Fluids susceptibility

Sand and dust

Fungus
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Salt fog test

Magnetic effect

Power input

Voltage spike

Audio frequency susceptibility
Induced signal susceptibility
Radio frequency susceptibility
Radio frequency emission
Lighting induced transient suscepti-
bility

Lighting direct effects

Icing

Electrostatic discharge

Fire, flammability

Other tests

Ground test or simulator (if possible) demonstrates ECS’s safe operation over the
operating envelope (DoD standard, 2014).

The flight test is the final verification method for ECS’s safe operation in all oper-
ating conditions. Flight test also validates safety analysis results.

The means of compliance with the requirement are MC3, MC4 or MC5 or M(C8,
MC6, and MC9.

2.3 Alternate Cooling

Criterion as it has been stated in the standard: “Verify the availability of alternate
means of thermal conditioning of safety-critical avionics (including the control
station) and sufficient cockpit ventilation when the primary ECS is nonopera-
tional” (DoD Standard, 2014).

The avionics need to be cooled are listed in SDD. Safety-critical avionics may be
defined as mission-essential or safe return avionics (DoD Standard, 2013). De-
sign approach may be defined for the alternate cooling, such as ram air design for
air-cooled equipment and liquid cooling design for liquid cooled avionics.

An appropriate level of redundancy and independence are the factors that should
be analyzed carefully in case of a failure in cooling system components. In the
failure condition of the cooling system, the safety-critical avionics are expected to
continue their operation without cooling over a required time period.
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Thermal performance for safety-critical avionics is calculated with thermal anal-
ysis. This helps to comply with cooling requirements regarding avionics’ thermal
stability.

MIL-HDBK-516C recommends conducting a ground test. However, the ground
test may not be an appropriate method to analyze safe return or mission com-
pletion concepts. Instead, flight test can be conducted for more accurate results.

The flight test demonstrates that enough cooling exists for the safety-critical
avionics considering flow rate and temperature distributions along the avionics.
The flight test is conducted in hot, cold, warm, and dry atmospheric conditions.
It is advantageous to have avionics close to the end product. However, the proto-
type may give close results for the test. The cooling system is tested to verify that
the temperature for avionics remains in the specified operational range (SAE
Standard, 2015). However, flight tests should be reconsidered since they may be
risky if safety-critical avionics cannot operate.

The means of compliance with the requirement are MC1, MC2, and MC6.

2.4 Pressurization

Criterion as it has been stated in the standard: “Verify that normal and emergen-
cy pressurization requirements are met in the air vehicle system and, as appro-
priate, are indicated or monitored at the control station to ensure safety of flight”
(DoD Standard, 2014).

The pressure schedule is determined for pilot comfort and aircraft safety. It is
controlled by a cabin pressurization control system (CPCS) which precludes
rapid changes in cabin pressure (Sathiyaseelan & Selvan, 2022; DoD Standard,
1998). The rapid pressure change may cause aviation diseases such as barotrau-
ma and decompression sickness (DoD Standard, 2015; Auten, Kuhne, Walker &
Porter, 2010). Hypoxia may be another disease due to improper operation of
CPCS (Sathiyaseelan, 2014). It is required to have coordination with oxygen sys-
tem designers to confirm that the crew has appropriate environment for breath-
ing. A common schedule is applied to prevent such undesired conditions. A typi-
cal CPCS schedule is illustrated in Figure 4.
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Figure 4. Typical CPCS Schedule (Pleil, 2017; Arunachalam & Varadappan, 2023)

The pressure schedule should be demonstrated in SDD to verify that the pressure
design is within safe limits.

Analyses and/or simulations show the needs for cockpit’s pressurization. The
adequacy of pressurization system is confirmed with the capability analysis
(DoD Standard, 2014).

Laboratory tests provide a chance to evaluate interaction between regulators
before the flight test (DoD Standard, 2013). However, the laboratory cannot sim-
ulate the whole system. Therefore, flight tests are necessary to show the final
compliance including all operating conditions.

Flight test verifies the appropriate operation of the pressurization system. Al-
though a flight test is usually preferred for verification, the analysis may be suf-
ficient in case safety cannot be provided in verification activity in flight, such as
the failure of the pressurization system.

The means of compliance with the requirement are MC1, MC2, MC6, and MC9.

2.5 Degraded System Operation

Criterion as it has been stated in the standard: “Verify that the effects of loss of
some or all ECS functions on air vehicle system safety and performance are un-
derstood and acceptable” ((DoD Standard, 2014) .
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Loss of some or all ECS functioning may cause interfaced systems to operate in a
degraded mode. Onboard oxygen system generating system, anti-g system, and
canopy seal system that require pressurized supply air are highly sensitive to
degradation of ECS functions. Safety-critical avionics is another system that has
an interface with ECS and needs cooling energy from ECS. SDD defines the con-
tinuous operation of safety-critical avionics in all ECS’s failure scenarios. Safety
critical components are required to have function to land safely in case of all
possible ECS failure scenarios.

The structural integrity is required to be provided for the rotating equipment
in ECS. Equipment manufacturer needs to show that components of all rotat-
ing equipment are contained so that parts resulting from the failure of rotating
equipment do not cause any negative effect on system safety.

SSA verifies the air vehicle system’s safe operation and acceptable performance
after losing some or all ECS functions. It is recommended to check that the failure
risks of ECS are within the safe limits at first hand.

The means of compliance with the requirement are MC1, MC3, and MC9 accord-
ing to Table 1.

2.6 Technical Manuals

Criterion as it has been stated in the standard: “Verify that normal and emergen-
cy operating procedures, limitations, restrictions, servicing, and maintenance
information are included in the flight and maintenance manuals and training
curriculum” (DoD Standard, 2014) .

Aircraft flight manual (AFM), aircraft maintenance manual (AMM), and training
curriculum are delivered to confirm that necessary instructions of which a sam-
ple is presented in Figure 5, are provided to ensure the safe operations under all
operating conditions including emergency over the flight envelope.
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COCKPIT PRESSURE/TEMPERATURE MALFUNC-
TION

Loss of cockpit pressurization could be caused by
canopy seal, air-conditioning system, or cockpit
pressure regulator safety valve malfunetions or ECS
shutdown or failure.

Certain ECS equipment malfunctions result in
temporary shutdown of the ECS. These shutdowns
are more prevalent at high altitude during low speed
flight with high engine thrust settings. An ECS
shutdown is characterized by an oily, smokey smell,
followed by loss of cockpit noise and airflow and
gradual loss of pressurization. These temporary
shutdowns typically last from 20-45 seconds or, on
occagion, up to 2 minutes. The EQUIP HOT caution
light may illuminate if the shutdown lasts longer
than 20 seconds.

With the ECS shut down or the AIR
SOURCE knob in OFF or RAM, the
g-suit does not inflate €D and PBG is
disabled.

Most AUTO position temperature failures can be
corrected by use of the MAN position,

If cockpit pressure altitude exceeds (A 22,500, LESS
B 27,000 feet, the CABIN PRESS caution light
illuminates.

If the cockpit temperature is excessive and does not
respond to AUTO or MAN temperature commands or
cockpit pressure is lost, proceed as follows:

1. OXYGEN - 100%.

2. Altitude — 25,000 feet maximum.

3. Airspeed — 500 knots maximum.

4. AIR SOURCE knob - OFF (10-15 seconds),
then NORM.

If cockpit pressure is not regained but all other
systems dependent on the ECS are operatinnal:

5. Flight may be continued below 25,000 feet.

If ECS has failed or cockpit temperature contral is not
regained:

5. AIR SOURCE knob — OFF.

6.  AIR SOURCE knob — RAM (after cockpit is
depressurized).

NOTE

External fuel cannot be transferred in
OFF or RAM. Consider jettisoning
tanks to decrease drag if range is
critical and ECS cannot be turned on
for short periods of time to transfer
fuel.

7. Nonessential electrical equipment — Off.
NOTE
Ifin VMC and the ADI and HSI are not
required for flight, the INS should be
considered nonessential.
8. Land as soon as practical.
9. Check for failed essential dc bus(es). Refer to

EMERGENCY POWER DISTRIBUTION, this
section.

Figure 5. Sample of ECS Directive in F-16A Aircraft Flight Manual (DoD Stan-
dard, 2003)

The environment is getting contaminated over time. The build-up of contamina-
tion in ECS may cause partial or total loss of ECS functions. Therefore, a health
monitoring system can provide updated health data about ECS’s critical com-
ponents, such as heat exchangers, to the maintenance crew to prevent failures.
Hence, conditioned maintenance may also be considered with scheduled main-
tenance (Fellague, Nwadiogbu, Menon, Borghese & Patankar, 2012; Hare, Gupta,
Najjar, D’Orlando & Walthall, 2015). It is recommended to check data about con-
ditioned maintenance in AMM to preclude any unexpected failure of components

that are highly sensitive to contaminated environments.

The means of compliance with the requirement are MC1.
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2.7 Operator Interface

Criterion as it has been stated in the standard: “Verify that adequate controls and
displays for the environmental control system are installed in the crew station/
control station or other appropriate locations to allow the environmental control
system to function as intended” (DoD Standard, 2014) .

In the study about human factors in aircraft accidents (Australian Transport
Safety Bureau, 1996), over 70% of flight information is received by the pilot’s
eyes. Another study stated that human factors cause more than 80% of flight
accidents (Kamaleshaiah & Guruprasad, 2022). This underlines the importance
of human-centered design to reduce accidents sourced from pilot’s workload. In
the aspect of human-centered design, ergonomics analysis is recommended to
verify that the pilot’s workload is acceptable (EASA Regulation, 2023).

ECS and crew system specialists should be in coordination to show compliance
with the requirement. Appropriate caution and warning indicators are necessary
to alert the crew to act on time without any injury or increased workload in case
of failure in ECS. The locations of caution and warning indicators should also be
carefully designed considering minimum head and eye movements according to
the pilot’s visual fields as illustrated in Figure 6.

15° OPTIMUM 157 OFTIMUM

35° MAXIMUM 35 MAXIMUN
40° MAXIMUM
\ / / 15" OPTIMUM
3

207 M AKIM LK

15° OPTIMUM
EYE ROTATICN

0° OFTIMUM BE” MAXIMUM

BO% MAXIMLM

BO° MAKIM LM

% Nog,
W

HEAD ROTATION 33" MAXIMUM

Figure 6. Eye and Head Rotations for a Pilot (DoD Standard, 2012)
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Inspection of drawings including ECS control items confirms that the required
control, cautions, advisories, and warnings are incorporated (DoD Standard,
2013). This would be an indication, control and advisory system (ICAS) instal-
lation plan.

Failure analysis may provide a benefit for checking the error conditions in ECS
monitoring system. The safety design approach regarding redundancy or inde-
pendence may be studied if error condition in the monitoring system has a high-
er probability than expected. Such design approaches should be included in SSA
for mitigation if required.

Crew station mockup is used to verify adequate controls and displays for ECS.

Qualification tests conducted in laboratory provide safe and relatively inexpen-
sive method to test possible failure scenarios and an initial assessment of the
control precision. It can identify problems in the early development stages to
save money and time. Besides, it provides an environment where risky condi-
tions can be simulated rather than executed in flight tests.

Flight test gives the last confirmation that the system complies with the require-
ments. It is the only method to substantiate the performance under all conditions
including transients.

The means of compliance with the requirement are MC1, MC3, MC4, MC5, and
MCé6.

2.8 Personnel Accommodation

Criterion as it has been stated in the standard: “Verify that the environmental
control system meets the requirements for personnel atmosphere, including ad-
equate crew/occupant thermal conditioning, humidity control, and ventilation;
and protective flight garment supply systems (e.g., oxygen equipment, pressure
suits, anti-g garments, or ventilation garments)” (DoD Standard, 2014) .

SDD defines thermal conditioning and ventilation in the cockpit and suits for the
crew such as anti-g, nuclear, biological, and chemical protection (NBC) and mask.
Required temperature, flow rate, and pressure levels should be designed con-
cerning the crew’s physiological needs.

Analysis and laboratory tests provide data to show compliance with the require-
ments for personnel atmosphere.

SSA provides safety analysis to prove that flight safety failure rates are within
tolerable limits.

Ground and flight tests substantiate the requirement. They also supply the final
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approval that ECS provides a safe atmosphere to the crew over the flight enve-
lope.

The means of compliance with the requirement are MC1, MC2, MC3, MC4, MC5,
and MCé.

2.9 Environmental Protection

Criterion as it has been stated in the standard: “Verify that subsystems used for
environmental protection (e.g., windshield rain/snow/ice removal, ice protec-
tion, and defog) provide for safe operation of the air vehicle system throughout
the specified design envelope” (DoD Standard, 2014).

Ice protection and defog on a windshield can be provided by thermal, elec-
tro-thermal, electromagnetic, chemical, mechanical, and other approved meth-
ods (DoD Standard, 1985; Martinez, 1995). SDD includes methods of protection
against severe environmental conditions for flight safety. The cockpit must be
arranged so that the pilots have a sufficiently extensive and clear view to perform
any maneuvers within the limits (EASA Regulation, 2023). It is crucial to specify
the critical view area for safe operation as illustrated in Figure 7. Critical view
areas should always be kept clear throughout the flight envelope.

Rumway

n
.

Pilot's Enclosure

et bl

Figure 7. Pilot’s External Vision Plot (DoD Standard, 1970)
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Fog and ice formation on the windshield usually are cleaned with either electri-
cal input and/or a hot air supply. The maximum temperature limit of the wind-
shield structure should be considered not to damage the structure when heat is
applied. It is recommended that temperature limit control in the hot air supply
line for defog should be verified for compliance with the requirement consider-
ing the failure case in ECS.

Inlets and vents provide air transfer in ECS. Ice formation at inlets /vents disturbs
air transfer, so the performance of ECS may be degraded. This may cause endan-
ger the safety of flight. Technical analysis on inlets/vents helps the applicant to
decide the severity of the environment. The applicant then decides whether these
locations are ice-free or need an ice protection system (Heinrich, Ross, Zumwalt,
Provorse, Padmanabhan, Thompson & Riley, 1991; Vukits & Hann, 2012). Freez-
ing rain may cause safety problems at ECS’s vents even if ice formation is tolera-
ble and no ice protection is designed. Technical analysis will also help to decide
the capacity of the system concerning the severity of the atmosphere where the
aircraft operates.

SSA verifies that any environmental protection subsystem failure does not af-
fect flight operations’ safety. Provisions against fog and frost are required to be
analyzed in case of a failure in ECS system. Design must show that supply to fog
and frost protection is continuously available in all flight phases and failure con-
ditions in ECS.

Critical viewing areas should be defined before ground and flight tests. Before
the tests, it should be checked that the compartment is not preheated.

The means of compliance with the requirement are MC1, MC2, MC3, MC5, and
MCé6.

2.10 Personnel Air Quality

Criterion as it has been stated in the standard: “Verify that the operators’/crew
members’ breathing air is protected from contamination in all forms, including
oil leakage in the engine and nuclear, biological, and chemical (NBC) warfare con-
ditions” (DoD Standard, 2014).

Contamination of bleed air degrades the quality of air supplied to pilot and
threatens the health of the pilot in military applications.

It is referred “Contaminated Air in Aircraft” as the supplied air to the occupied
space and contaminated by synthetic engine oils, hydraulic fluids, or deicing flu-
ids (Michaelis, 2011). The contamination may occur due to oil seal failure, poor
maintenance, or inefficiency in design (Chupp, Hendricks, Lattime & Steinetz,
2006; Johnson, 2018; Michaelis, 2018; Peng, Chunpin & Shuguang, 2014; The
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Boeing Company, 2021). The oil may release harmful substances such as CO, CO,,
and other toxic compounds for human health when exposed to high bleed air
temperatures (Roth, 2015).

Ke Peng et al. (Peng, Chunpin & Shuguang, 2014) stated that half of the incidents
of bleed air contamination are sourced from oil in engine or APU. Lubricant prob-
lems can occur at high speeds and temperatures in turbine engines (Johnson &
Bisson, 1955). Besides, the Society of Automotive Engineers (SAE) reported that
lubricant oil may leak at the engine startup or APU, at the time of transient oper-
ations and when the engine shuts down (SAE Standard, 2005). This means that
even if the design is verified, air contamination may occur due to the engine’s
operation or APU. However, this chapter focuses on preventing bleed air contam-
ination due to design deficiency.

In design, ECS gets pressurized air from the compressor section of the engine
or auxiliary power unit during in-flight phases. Engines may have multiple com-
pression stages to extract bleed air, such as a low-pressure port that supplies
bleed air during take-off and cruise when the engine is at high power and a
high-pressure port that supplies bleed air during landing when the engine is at
low power (Roth, 2015).

For a standard operation scenario, the engine manufacturer should guarantee
that bleed air meets the air purity requirements given in Table 4. A document
including bleed air gas concentration data from the engine manufacturer should
be submitted to show that substances are below the maximum allowable concen-
tration for flight safety.

Table 4. Maximum Allowable Contaminant Concentrations (DoD Standard, 2015)

Substance Maximum Allowable Concentration (ppm)

Acrolein 0.1
Aldehydes 1.0
Carbon Dioxide 5000.0
Carbon Monoxide 50.0
Ethanol 1000.0
Fluorine (as HF) 0.1
Hydrogen Peroxide 1.0
Methyl Alcohol 200.0
Methyl Bromide 20.0
Nitrogen Oxides 5.0

393



Miithendis ve Makina / Engineer and Machinery 65, 716, 374-408, 2024

Ozone 0.1
0il Breakdown Products 1.0
E(;';asl Remaining Hydrocar- 2500
Vapor Phase Water +75°F Dew Point Maximum
Nickel 0.5 mg/m?
Cobalt 0.1 mg/m?3
Submicron Particles 0.5 mg/m?3

In the failure mode of the engine oil system, ECS air causes a catastrophic effect
when oil leaks to the bleed air. European Aviation Safety Agency (EASA) reports
that fume or smoke events are mostly associated with oil leakage in the engine or
Auxiliary Power Unit (APU) (EASA Regulation, 2009). A design of a sensor mea-
suring CO and CO, in the cockpit may be beneficial to warn the crew about the
bleed air contamination. Besides, shut-off means should be provided to prevent
smoke, toxic gases, or other contaminants from penetrating the pilot compart-
ment. SDD explains the methods to provide warning and mitigation methods. In
addition to SDD, SSA defines the failure conditions of shut-off means and mitiga-
tions to provide flight safety.

Nuclear, biological, and chemical substances are another source of air contam-
ination. Therefore, NBC protection may be designed according to the assigned
mission profile for the aircraft. Laboratory test conducted with simulants and
live agent confirms that NBC system performs as intended. NBC protection may
not be considered an airworthiness issue since it may be considered it is because
of enemy aggression. However, the effects of NBC system on other systems should
be considered for integration into the aircraft.

The ground test is conducted to check shut-off means to operate as designed so
that contaminated air does not flow to the occupied compartment in any system
failure.

Flight test verifies that air in the pilot compartment does not contain any con-
taminants exceeding their allowable limits.

The means of compliance with the requirement are MC1, MC3, MC4, MC5, and
MCé6.
2.11 Leak Monitoring/Detection

Criterion as it has been stated in the standard: “Verify that the bleed air or other
compressed air duct system is monitored for leaks and structural integrity. Ver-
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ify that hot air leaking from damaged ducting does not create an ignition source
for any flammable fluids or other materials, or cause damage to safety of flight
items/critical safety items” (DoD Standard, 2014).

This requirement is mainly related to Fireworthiness and Fire Protection. So, it
should be analyzed with the coordination of fireworthiness and fire protection
engineers. Engine bleed air’s temperature is usually higher than fuel auto-igni-
tion temperature when the engine power is not idle. Therefore, any leakage in
the bleed air duct can start a fire in the area where bleed air intersects fuel or oil
lines.

Overheat detectors around the bleed air duct can detect heat when any leakage
occurs as illustrated in Figure 8.

Inner Duct Rupture

S

Bleed Leak-detection Element
(typical)

Figure 8. Typical Overheat Detector around Bleed Air Duct (The figure was re-il-
lustrated based on the information (Majeed, 2010))

A warning alarm is initiated at the cockpit. Besides, shut-off means are necessary
to make the bleed air flow stop so does the leakage. All these technical design
details should be included in SDD. Inspection of SDD will provide a type of leak
monitoring/detection system, and shut-off means. Inspection of drawings will
provide the locations and positions of shut-off means and leak-detecting ele-
ments.

System safety hazard analysis provides the proper action items after the detec-
tion of a leakage in bleed air for the safety of flight. Quantitative analysis helps
provide data showing that the bleed air duct’s failure probability is within the
allowable limits.
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Leakage-detecting tests may have a high risk when executing on aircraft. There-
fore, a test rig may provide the benefit of verifying and validating that the leak-
age-detecting system operates as requested. Shut-off means may also be tested
in the laboratory or even on aircraft since the on-off function is checked. The
leak detector sensors should be tested in laboratory to make sure that they can
operate in the desired environment and recover after disclosure to the leakage.

The means of compliance with the requirement are MC1, MC3, MC4, and MC9.

2.12 Bleed Air Shut-Off

Criterion as it has been stated in the standard: “Verify that bleed air shut-off pro-
visions are available at, or as close as possible to, the bleed source” (DoD Stan-
dard, 2014).

Bleed air shut-off provisions prevent contaminants from entering the cockpit
due to any probable failure in the pneumatic system. Bleed air shut-off valve is
commonly used for the shut-off provision as illustrated in Figure 9.
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COMBUSTOR VALVE DEMANDS
TURBINE ENGINE
ANTI-ICE
VALVE

|P BLEED ~INTERMECHATE PRESSURE COMPRESSOR ELEED PORT
HP BLEED ~ HIGH PRESSURE COMPRESSOR BLEED PORT

Figure 9. Bleed Air Shut-off Valve (SAE Standard, 2020)

The shut-off mechanisms should be controlled by the crew in cockpit. Inspection
of SDD and drawings verify that shut-off means are designed in a safe manner.
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Criteria for safe manner may be the optimum distance of shut-off means from the
source. JSSG expresses that the most appropriate location for these provisions is
near the bleed port of the engine (DoD Standard, 2013).

Safety analysis provides that failure of the bleed air system is within the allow-
able limits. It is recommended to analyze the failure of the bleed air shut-off func-
tion in the safety analysis.

The operation of bleed air shut-off provisions is verified for the normal operating
condition in ground and flight tests.

The means of compliance with the requirement are MC1, MC3, MC5, and MCé6.

2.13 Pressurization Stabilization Control

Criterion as it has been stated in the standard: “Verify that pressurization rate
control is available to preclude pressure surges in the cockpit, control station,
and avionics environment” (DoD Standard, 2014).

Military combat aircraft usually employ a fixed isobaric and differential pressure
schedule as illustrated in Figure 10 (SAE Standard, 2015).

Climb I Cruise—'|'— Descent ———p+——
Ground Ground

Aircraft

Constant DP

Isobaric

Altitude
|

B bt

Time
Figure 10. Typical Cockpit Pressure Schedule for Military Aircraft (SAE Standard,
2015)

The inspection of SDD provides the designed pressure schedule for the fighter
aircraft. It is recommended to reconsider the pressure schedule when collective
NBC protection (DoD Standard, 2013)is operating in the aircraft.

Safety analysis provides qualitative and quantitative data about the failure condi-
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tions of the pressurization system including the safety critical components. Since
the system is safety-critical, a safety design approach such as redundancy and in-
dependency should be considered and given as mitigation in the safety analysis.

Analysis and flight tests verify that the system can adapt to the changes in the
altitude. This can be accomplished only by an automatic system with a fast re-
sponse. The commonly accepted tolerance is 0.2 psi for the pressurized range
and 0.5 psi for the unpressurized range (SAE Standard, 2011). Laboratory test
may not give the exact results about the dynamic response, interaction of the
engine bleed system, pressurization system, and flight conditions. Flight tests are
required for steady-state and transient conditions. The ground test is conducted
to demonstrate the relief ways (DoD Standard, 2014).

The pressurization system components, such as the outflow valve, safety relief
valve, and control elements, should be tested in laboratory to confirm that they
are operational throughout the envelope.

The means of compliance with the requirement are MC1, MC2, MC3, MC5, MC6,
and MC9.

2.14 Nuclear, Biological, and Chemical (NBC) Protection Provisions

Criterion as it has been stated in the standard: “Verify that NBC equipment and/
or procedures are provided for protecting or maintaining environmental con-
trol system air free from contaminants” (DoD Standard, 2014).

Nuclear, biological, and chemical materials penetrate the aircraft via the bleed

air or ECS inlet/vents. Three ways to protect aircraft against NBC attack are in-
dividual protection, collective protection, and a combination of these two (SAE
Standard, 2011) as illustrated in Figure 11.

Strovegy
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1
‘ AVOIDANCE | PROTECTION ‘ DECONTAMINATION ‘
Maivi Prisnciples
‘ INDIVIDUAL | [ COLLECTIVE | ‘ HYBRID PROTECTION ‘
PROTECTION (IP) PROTECTION (CP) (IP+LCF)

Atrerafi Level

Figure 11. Strategy for NBC Defence (Based on author’s knowledge)

Individual protection requires the protection equipment which is involving a res-
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piratory system and a protective suit. On the other hand, the collective protection
means that the overpressure system which is the built-up of purified air in the
aircraft as illustrated in Figure 12.

Ambient Pressure, Pa

ECS purified air

- AvionicBay 0 Cabin Pressure, Pe - "'y

Ambient Pressure, Pa

Overpressure, Pc>Pa

Figure 12. Schematic of Overpressure in Aircraft (Based on author’s knowledge)

SDD can give technical explanations about the protection methods as a compli-
ance document. Training curriculum, flight and maintenance manuals supply the
procedures for flight safety under all operating conditions.

Showing compliance with the requirement may be exhaustive since live agent
testing can only show that NBC operates as designed (DoD Standard, 2013). A
chemical simulant may also be an option for laboratory tests. A flight test is al-
ways the final verification method to analyze the requirements. However, it may

not be the proper case since an appropriate environment may not be provided
on the flight.

NBC protection may not be considered an airworthiness requirement with the
consensus between the applicant and the military authority. However, it should
be checked that any hardware or software of NBC protection should not cause

ECS to reduce its reliability in all flight conditions, whether it is operational or
not.

The means of compliance with the requirement are MC1 and MC4.

2.15 Thermal Management

Criterion as it has been stated in the standard: “Verify that the air vehicle’s ther-
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mal management system is stable and meets all safety of flight performance re-
quirements throughout the design envelope” (DoD Standard, 2014).

Thermal design is presented in SDD, such as components, control elements, op-
erating sequence, interface with heat-released equipment, and other technical
details. Inspection of SDD provides safety precautions and performance parame-
ters such as operating procedures of thermal management in an emergency.

Thermal analysis or cockpit thermal balance analysis shows that ECS provides
a suitable environment not only to pilot but also to safety-critical avionics, in-
cluding the data such as the required mass flow rate and supply temperature as
defined in the Equation (1).

Qin — Qour = AQstorage = Mguppiy X Cp X (Tsupply - Tcockpit) (D
where:

Q., :  Heat gain by the cockpit interior, (in kW).

Q.. :  Heatloss from the cockpit interior to the ambient, (in kW).

AQsorqee @  Change in heat within the cockpit, (in kW).

Mgy ¢ Required mass flow rate to keep the temperature inside the cock-
pit same, (in kg/s).

Cp . Specific heat for the supplied air, (in k] /kg.K).

Tsuppiy :  Supply air’s temperature, (in K).

Teocipit : Cockpit interior air temperature, (in K).

The components for heat gain by the cockpit interior (Q,,) are expanded in
Equation (2).

Qin=Qp + Qs+ Qc+Qa+ QL +Qy (2)
where:

Q» : Sensible heat gain due to the pilot’s metabolism, (in kW).

Qs : Heatgain due to the solar radiation, (in kW).

Q; : Heatgain from the adjacent compartments, (in kW).

Qs : Heatgain due to the heat releases from avionics, (in kW).

Q. : Heatgain due to the heat releases from cockpit lighting, (in kW).

Qv : Heatgain due to the aerodynamic heating, (in kW).

The components for heat loss from the cockpit interior (Q,.) are expanded in
Equation (3).
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Qaut :and +Qcanv+Qrad+Qevap (3)

where:

Q.na @ Heatloss due to the conduction through the cockpit surfaces, (in
kw).

Qconv Heat loss due to the convection by the air flowing over the cockpit
surfaces, (in kW).

Qe : Heatloss due to the radiation from the cockpit surfaces, (in kW).

Qevp @ Heatloss due to evaporation of sweat from the pilot, (in kW).

In the aspect of thermal management in the cockpit, pilot envelope temperature
is a satisfactory requirement for military aircraft, and it should be included in
the thermal analysis. Pilot envelope temperature gives the measurement at the
ankle, knees, hips, chest, shoulders, and head (DoD Standard, 2014).

SSA provides that there is no loss of critical function in the case of ECS’s failure.

A test rig helps to identify problems early before proceeding to ground and flight
tests.

Components in the system should have the required qualifications regarding
their installation zones and conditions that they are exposed to. Equipment qual-
ification documents should be submitted to verify the requirement.

Final verification is provided with ground and flight tests. Flight tests in the only
method to confirm the performance under all operating conditions.

The means of compliance with the requirement are MC1, MC2, MC3, MC4, MC5,
MC6, and MCO.

2.16 Smoke Removal

Criterion as it has been stated in the standard: “Verify adequate smoke clearance
is available to ensure safe operation with or without an operational ECS” (DoD
Standard, 2014).

Smoke may be originated from onboard sources apart from the bleed air source.
There are many onboard smoke or fume sources, such as electrical components,
fans, fuel, exhaust, hydraulic fluids, duct insulation, deicing fluid, and air condi-
tioning packs (Anderson, 2021). In the condition of smoke or fume in the cockpit,
the smoke removal system is designed to provide a safe environment over the
flight envelope.

Inspecting drawings shows the provisions for emergency ventilation and smoke
removal. However, the performance which is the time to remove the smoke
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from the cockpit, is required to be evaluated with analysis and verified by
tests.

Safety analysis provides the failure condition, such as loss of ventilation in case
of smoke (both main and emergency ventilation), to verify that failure classifi-
cations and probabilities are within the design limits to sustain the flight safety.

The means of compliance with the requirement are MC1, MC2, MC3, MC5, and
MCé6.

2.17 Surface Touch Temperatures

Criterion as it has been stated in the standard: “Verify that all surface touch tem-
peratures remain within required limits to maintain the safety of flight opera-
tions of the air vehicle” (DoD Standard, 2014).

All surfaces that the crew can touch should be maintained within the allowable
limits to preclude thermal contact hazards (DoD Standard, 2013). Tempera-
ture exposure limits are illustrated in Table 5. Surface temperatures should be
checked to show compliance with the requirement.

Table 5. Temperature Exposure Limits (DoD Standard, 2012)

Temperature Limits

Exposure

Metal Gas Plastic or Wood
Momentary contact 60°C 68°C 85°C
Prolonged contact or handling 49°C 59°C 69°C

Analysis, component tests, and ground/flight tests verify that surface tempera-
tures are within the safe limits for human (DoD Standard, 2014).

Safety analysis should be performed to ensure no hazards are observed and that
is verified in the flight test.

The means of compliance with the requirement are MC2, MC3, MC5, MC6, and
MCo.

3. Recommendations For Compliance Strategy

The recommended technical descriptions for compliance strategy not included
in MIL-HDBK-516C are listed below:

e MIL-HDBK-516C recommends conducting a ground test for alternate cool-
ing. However, the ground test may not be an appropriate method to analyze
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safe return or mission completion concepts. They should be verified in the
flight test.

Laboratory tests prior to the flight test may help to show that interaction
between regulators are as expected for pressurization.

It is recommended to check data about conditioned maintenance in AMM to
preclude any unexpected failure of components that are highly sensitive to
contaminated environments.

Itis crucial to specify the critical view area for safe operation in environmen-
tal protection. The critical view area should always be kept clear throughout
the flight envelope. Moreover, it is recommended that temperature limit con-
trol in the hot air supply line for defog should be verified for compliance with
the requirement considering the failure case in ECS. Freezing rain may cause
safety problems at ECS’s vents even if ice formation is tolerable and no ice
protection is designed.

The document, including bleed air gas concentration data from the engine
manufacturer, should be submitted to show that substances are below the
maximum allowable concentration for flight safety to verify the require-
ments for air quality.

The leak detector sensors should be tested in laboratory to make sure that
they can operate in the desired environment and recover after disclosure to
the leakage.

It is recommended to install the shut-off provisions near the bleed port of
the engine to stop the bleed airflow when required.

It is recommended to reconsider the pressure schedule when collective NBC
protection is operating in the aircraft. CPCS should act quickly to adapt to
changes in flight altitude. This can be accomplished only by a quick-reacting,
automatic system with a usually 0.2 psi for the pressurized range and 0.5 psi
for the unpressurized range.

NBC protection may not be considered as airworthiness requirement with
the consensus between the applicant and the military authority. However, it
should be checked that any hardware or software of NBC protection should
not cause ECS to reduce its reliability in all flight conditions, whether it is
operational or not.

Pilot envelope temperature is a satisfactory requirement for military aircraft
and should be included in the thermal analysis. Pilot envelope temperature
should include measurements of ankle, knees, hips, chest, shoulders, and
head.

Smoke removal time should be evaluated by analysis and verified by tests. 4.
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4., Conclusion

A compliance strategy, including a systematic approach with the coordination of
other interlinked systems, is necessary to assure safety in military applications
since the certification activities have high complexity and many interfaces, and
there is no common rule for verification methods.

Academic education, such as recommended practices from many standards and
technical information from the handbook, is reviewed. Besides, vocational train-
ing, such as experience in the field, is mixed with academic education to prepare
a comprehensive compliance strategy for airworthiness certification of ECS in
military applications presented in this study.

In the aspect of the certification, the compliance strategy provides the followings:

e Specific safety requirements to ECS for the safety of flight.

e The coordination with other systems responsible that has an interface to get
the maximum technical support to verify the requirements.

e (Certain means of compliance with a comprehensive technical explanation to
show compliance with the requirements.

e  Specific technical information must be observed, measured, or searched in
the documents or tests since it is crucial to the system’s safety.
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Anahtar Kelimeler 0z
Biyogaz, enerji, Gelisen teknolojive artan niifusa paralel olarak enerji talebi giin
biyokiitle, yenilenebilir gectikge hizla artisgdstermistir. Enerji talebinin artisibu alanda

yapilan c¢alismalara hiz kazandirmigtir. Halihazirda emre
amade kullanilan konvansiyonel enerji kaynaklari tiikenebilme
riski ve olumsuz ¢evre etkileri nedeniyle kullanimina sinir
getirilmek istenen enerji kaynaklart durumuna gelmistir.
Yenilenebilir enerji kaynaklart bu anlamda konvansiyonel
enerji kaynaklarina alternatif olusturmuslardir. Tiikenme
riski olmayan ¢evre dostu yenilenebilir enerji kaynaklart son
donemlerde siklikla ¢alisilan konulardandir. Yenilenebilir
enerji kaynagi olarak biyokiitlenin kullanilmasi tarim ve
hayvancilik alaninda gelismeye sebep olmusgtur. Yapilan tarim
ve hayvancilikta atik olarak gériinen tirtinler degerlendirilerek,
geri kazanim saglanmis olacaktir. Hayvan diskist dogada
kaldigh stirece agiga ¢cikan metan gazi sera etkisi yaratarak
kiiresel 1sitnmaya neden olur. Suya karistiktan sonra insan
saghigina zararlt hale gelir. Bu nedenle elektrik ve 1s1 enerjisi
elde ederek geri déniistimlii olarak bertaraf edilmesi 6nem arz
etmektedir. Yapilan bu ¢alisma kapsaminda tilkemizin farkl
bolgelerinde bulunan Ankara, Gaziantep ve Kars illerindeki
hayvan diskisinin toplanabilirligi dikkate alinarak biyogazdan
elde edilebilecek potansiyel elektrik enerjisi arastirilmistir. Bu
kapsamda, Ankara ilinden 375.497,55 Mega Watt Saat Elektrik
/Yil (MWhe/y1l), Gaziantep ilinden 115.452,27 MWhe/y1l, Kars
ilinden de 198.691,4 MWhe/y1l elektrik enerjisinin biyogazdan
elde edilebilme potansiyeline sahip olduklari belirlenmistir.
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Developing technology and increasing population trigger the
increasing of the energy demand. As a result, increase in energy
demand has accelerated the studies in this field. Conventional
energy sources were used currently as usual however it was
desired to be limited due to the risk of depletion and negative
environmental effects. Therefore, environmentally friendly and
no risk of depletion renewable energy sources have created an
alternative to conventional energy sources were the frequently
studied topics recently. The use of biomass as a renewable
energy source has led to development in agriculture and animal
husbandry. Products that appear as waste in agriculture and
animal husbandry will be evaluated and recycled. If animal
feces remain in nature, the methane gas released creates a
greenhouse effect and causes global warming. It becomes
harmful to human health after mixing with water. For this
reason, it is important to obtain electrical and heat energy
and dispose of it recyclable. Within the scope of this study, the
potential electrical energy that can be obtained from biogas
was investigated, considering the collectability of animal feces
in Ankara, Gaziantep and Kars provinces located in different
regions of our country. In this context, it has been determined
that 375497.55 Mega Watt Hour Electricity (MWhe/year )
from Ankara, 115452.27 MWhe/year from Gaziantep, and
198,691.4 MWhe/year from Kars have the potential to obtain
electrical energy from biogas.
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Extended Abstract

Introduction

The need for energy, which could work, is increasing day by day with the increase in po-
pulation and the development of technology. Among the resources used to obtain energy,
there are exhaustible and clean energy sources. Solar, wind, biomass, hydraulic, geother-
mal are seen as clean energy sources. These energy sources are both renewable and envi-
ronmentally friendly. Considering the energy supply throughout the world, it was found to
be 13,961 MTEP in 2020, according to the International Energy Agency. When the sources
of energy supply are examined, the energy obtained and its source are 4.114 MTEP of oil,
3.741 MTEP of coal, 3.306 MTEP of natural gas, 1.373 MTEP of biofuels and waste, 697
MTEP of nuclear, 354 MTEP of wind and solar (International Energy Agency, 2020).

Considering the proportions of gases in the biogas released from animal manure, Metha-
ne (CH4) 40-75%, Carbon dioxide (CO,) 15-60%, Water vapor (H,0) 1-5%, Nitrogen (N;)
0-5%, Oxygen (0;) <2%, Hydrogen (H,) <1%, Ammonia (NHs3) 0-500 ppm, Hydrogen Sulfi-
de (H,S) 0-5000 ppm (Bharathiraja, B., Sudharsana, T, Jayamuthunagai, J., Praveenkumar,
R., Chozhavendhan, S., lyyappan, ., 2018.)

The potential energy to be gained from the cogeneration system to be made with methane
gas obtained from animal manures of Bursa province was conducted. According to this re-
search conducted in 2015, it has been determined that there is 2,788 T] of thermal energy
and 271 GWhe of electrical energy.

According to the research conducted in Canakkale province, the potential electrical energy
to be obtained from biogas was found to be 8.33 107 kWh/year. A study was conducted on
animal breeds and numbers (Ozpinar S., 2018).

There are carbon emission rates determined in the literature in energy production. Altho-
ugh this rate varies according to each country, it is accepted that 0.58 g of carbon dioxide
is emitted for 1 kWh electricity production for Turkey (Yagh H., Kog¢ Y., 2019). When re-
newable energy sources are used, the amount of CO; released into the atmosphere is also
reduced.

Material and Methods

The collectibility of animal manure is an important factor in the amount of biogas to be
obtained. Calculation on the collected fertilizers will give more accurate information. In
Turkey, the collectability rate of animal manure has been accepted as 50% (Yagh H., Kog
Y., 2019).

The information necessary to find the potential amount of biogas is available. This in-
formation is the type of animal, the number of animals, the daily manure amount of the
animal, the amount of wet manure according to the tests and acceptances, the amount of
solid matter, the amount of volatile solids. The efficiency of the gas turbine to be used for
the calculation of the electricity to be produced is also important. This rate varies between
35%-40%. In the calculations, this efficiency was accepted as 35%.

When making the calculations, the number of animal species is multiplied by the average
amount of fertilizer. To find a one-year amount, it is necessary to multiply it again by 365
days. To find the amount of collectable fertilizer, the annual amount of fertilizer is multip-
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lied by the collection rate. The amount of solid matter is found by multiplying the amount
of collectable manure with the solid matter ratio in the wet manure. When the volatile
solids ratio is multiplied by the solids amount, volatile solids are found. The amount of
methane is calculated by multiplying the amount of methane in the volatile solids with
the volatile solids. The amount of methane is multiplied by the generator efficiency and
the kWh value of the methane gas, which is 10kWh, to find the potential electrical energy.

Biogas Potential in Determined Provinces

When Ankara province is examined, the total number of animals is 18.437.040, the total
methane amount is 107.285.013,99 m3-CH4, the energy value is 3.862.260.50 GJ /year, the
potential electrical energy is 375,497.55 MWhe /year and the potential of the facility to be
established is 42 in total. It was found to be 87 MW.

When Gaziantep province is examined, the total number of animals is 7.031.749, the total
amount of methane is 32.986.363.06 m3-CH4, the energy value is 1.187.509.07 GJ/year,
the potential electrical energy is 115.452.27 MWhe/year and the potential of the facility
to be established is 13 in total. It was found to be 18 MW.

When Kars province is examined, the total number of animals is 2.125.962, the total met-
hane amount is 56,768,971.15 m3-CH4, the energy value is 2.043.682.96 GJ/year, the po-
tential electrical energy is 198.691.40 MWhe/year and the potential of the facility to be
established is 22 in total. It was found to be 68 MW.

Discussion and Conclusions

The 375,497.55 MWhe/year electrical energy to be obtained from the biogas facilities in
Ankara will meet the 2.5% of the total electricity expenditure according to the 2020 data
of Tedas. Since energy will be obtained from renewable sources, a total of 217,278.57 tons
of CO; emissions will be prevented. Due to the large amount of sheep, it will be recommen-
ded to give priority to sheep farms.

115,452.27 MWhe/year electrical energy to be obtained from biogas facilities in Gazi-
antep will meet 1.3% of the total electricity expenditure according to the 2020 data of
Tedas. Since energy will be obtained from renewable sources, a total of 66,962.31 tons of
CO; emissions will be prevented. Due to the large amount of cattle, priority will be given
to sheep farms.

198,691,40 MWhe/year electrical energy to be obtained from biogas facilities in Kars pro-
vince will meet 62% of the total electricity expenditure according to the 2020 data of
Tedas. Since energy will be obtained from renewable sources, a total of 115,241.01 tons of
CO; emissions will be prevented. Due to the large amount of sheep, it will be recommen-
ded to give priority to sheep farms.
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1. Giris

[s yapabilme yetenegi olan enerjiye gerek sanayide gerekse kisilerin giinliik ha-
yatlarinda oldukga ihtiya¢ duyulmaktadir. Niifusun ve teknolojinin artmasi ile
enerji ihtiyaci agig1 ortaya ¢ikmistir (Kog, E., Kaya, K. ,2015). Bu ihtiyac¢ tiikene-
bilen enerji kaynaklari ya da yenilenebilir enerji kaynaklari ile saglanabilir. Te-
miz enerji olarak adlandirilan ve giiniimiizde 6nemini artiran giines, jeotermal,
hidrolik, riizgar ve biyokiitle gibi yenilenebilir enerji kaynaklarindan enerji elde
edilebilmek miimkindiir (Mao C, Feng Y, Wang X, Ren G.,2015). Bu kaynaklar-
dan elde edilen enerji hem ¢evreci hem de daha uzun dmiirliidiir. Diinya gene-
line bakildiginda Uluslararasi Enerji Ajansi’'nin (International Energy Agency)
yapmis oldugu calismaya gore 2020 yilinda toplam 13.961 mega ton esdeger
petrol (MTEP) enerji arz1 gerceklesmistir. Bu enerji arzinin dagilimi incelendi-
ginde 4.114 MTEP ile %29,51ik paya sahip olan enerji ¢esidinin petrol oldugu,
%?26,8'lik paya sahip olanin da kémiirden 3.741 MTEP * lik enerji elde edildigi be-
lirlenmisitir. Dogalgazdan 3.306 MTEP, biyoyakit ve atiklardan 1.373 MTEP, niik-
leerden 697 MTEDP, hidrolik santrallerden 373 MTEDP, riizgar ve giines gibi kay-
naklardan 354 MTEP enerji elde edilmistir [3]. Ttrkiye’ de 2021 yilindaki enerji
arzina bakildiginda toplamda 158,43 MTEP enerji arzi yapilmistir. International
Energy Agency’nin paylastigi verilere dayanarak dogalgazdan enerji %31 pay ile
49,11 MTEP, %27,4 pay ile 43,47 MTEP petrolden, %25,3'lik pay ile komiirden
40,14 MTEP, %10,5’lik pay ile riizgar, glines ve jeotermal kaynaklarindan 16,56
MTEP, %3'liik pay ile hidroelektrik santrallerden 4,78 MTEP, %2,7’lik bir pay ile
de biyoyakit ve atiklardan 4,34 MTEP enerji elde edilmistir (International Energy
Agency, 2020).

Diinya genelinde enerji eldesi tiikenebilen enerji kaynaklarindan saglandig za-
man atmosferde mevcut olmayan karbon a¢iga ¢cikmaktadir. Karbon temelli olan
metan ve karbondioksit gazlari, sera gazi olarak adlandirilmaktadir. Bu sera gaz-
lar1 giines 1sinlarinin diinyada kalmasini saglayarak, kiiresel 1sinmaya sebep ol-
maktadir. Ozellikle metan gazi karbona gore 25 kat daha fazla etki etmektedir
(T.C. Cevre ve Sehircilik Bakanlig1 Cevre Yonetimi Genel Miidiirliigii, 2010). Bu
sebepten dolay1 agiga ¢ikabilecek metan gazi bertaraf edilmesi gerekmektedir.

Alternatif enerji kaynag olan biyokiitleden, farkli yontemler kullanilarak elekt-
rik eldesi saglanabilmektedir. Bu ¢evrim yontemleri ile ilgili yapilan arastirma-
ya gore fiziksel ¢cevrim yontemi, biyokimyasal ¢evrim yontemi, termokimyasal
cevrim yontemi, gazlastirma ve sivilastirma yontemleri gosterilmistir (Yilmaz O.,
2021).

Yenilenebilir enerji kaynaklarindan biri olan biyokiitleden elde edilen enerji ile
ilgili calisma yapilmis. Calismaya gore elde diinya genelinde biyokiitleden 59,2
Exajoule (E]) enerji arz1 tespit edilmistir. Biyokiitle ¢esitlerinden biri de hayvan
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glbrelerinden elde edilen biyogazdir. Hayvan giibreleri dogada kaldig1 zaman ¢ev-
reye metan gazi salinimi gergeklesir. Bu ylizden bu giibrelerin bertaraf edilmesi
hem cevredeki insanlarin saghigi hem de atmosferdeki metan gazi miktarindan
dolay1 6nem arz etmektedir. Bu metan gazi uygun sartlarda kojenerasyon sistem-
ler kurularak bertaraf edilmektedir. Metan gazi alinmis, gerekli islemler yapilmis
giibre, 6nceki durumuna gore daha verimli hale getirilebilir (Aslantas A., 2018)

Hayvan glibresinden elde edilen biyogazin icerisinde, hayvan tiiriine gore farklh
oranlarda metan gazi bulunmaktadir. Tablo 1’de biyogaz igerisinde bulunan gaz-
larin hacimsel oranlari verilmistir. Tablo 1’e gore metan orani1 %40 ile %75 ara-
sinda degiskenlik gostermektedir.

Tablo 1. Biyogaz Icerisindeki Gazlarin Orani (Bharathiraja, B. ve dig., 2018)

Bilesen Ad1 Hacimsel Oran Birim

Metan (CH,) 40-75 %

Karbon dioksit (CO,) 15-60 %

Su buhari (H,0) 1-5 %

Azot (N,) 0-5 %

Oksijen (0;) <2 %

Hidrojen (H,) <1 %

Amonyak (NH,) 0-500 Ppm (Parts Per Million)
Hidrojen Stlftir (H,S) 0-5000 Ppm

Hayvan giibrelerinin bakteriler araciligi ile saldig1 metan gazindan elektrik ener-
jisi ve 1s1 enerjisi elde edilebilmektedir. Giibrelerin salinimi stireci, verimli gaz
elde edilmesi, biyogaz tesisinin kurulumu ile ilgili Tiirk-Alman isbirligi ile T.C.
Cevre ve Sehircilik Bakanlig1 Cevre Yonetimi Genel Miidiirliigii biyogaz kullanim
kilavuzu ¢ikartmistir (T.C. Cevre ve Sehircilik Bakanligi Cevre Yonetimi Genel
Midirlugi, 2010)

Hayvan giibrelerinden elde edilen biyogaz kojenerasyon sistemlerde kullanil-
maktadir. Bélgesel olarak biyogazdan elde edilebilecek potansiyel enerji arastir-
malar1 yapilmistir. Bursa ili 6zelinde 2015 yilinda yapilan ¢alismada e 2.788 T]
1s1l enerji ve 271 GWhe elektrik enerjisi elde edilebilecegi gosterilmistir (Ayhan
A, 2015).

Canakkale ili 6zelinde biyogazdan elde edilebilecek potansiyel eneriji ile ilgili
Sakine Ozpinar’ 1n ¢alismasinda elektrik enerjisi potansiyeli 8.33 107 kWh/yl
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olarak bulunmustur. Buradaki hayvan cinsleri ve sayilarina gore arastirma yapil-
mistir (Ozpinar S., 2018).

Hayvan glibreleri belirli asamalardan sonra metan gazi salgilamaktadir. Hayvan
cinsine gore giibre miktari, giibrenin igerisindeki bilesenlerin miktar1 degisken-
lik gostermektedir. Metan gazi kojenerasyon sistemlerinde yakilarak elektrik
eldesi saglanir. Elektrik elde edilirken gaz tiirbinlerinin sogutulmasi amaciyla
kullanilan su da 1sitilmis olmaktadir. Sicak su hem tesis ihtiyact hem de farkh
alanlarda duyulan 1s1 enerjisi ihtiyaci i¢in kullanilabilir. Sekil 1’ de de gosterildigi
gibi toplanan hayvan giibreleri dnce karistirma iinitelerinden geger, sonrasinda
reaktorlere iletilir, reaktorlerdeki gazlar gaz motorlarina gonderilir ve burada
elektrik enerjisi Gretimi saglanir. Gaz1 alinmis olan giibre ise kullanilmak ya da
verimi arttirmak tizere farkl bir lokasyona aktarilabilir.
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Sekil 1. Biyogaz Uretim Prosesi (https://altacaenerji.com/biyogaz/uretim/)

Enerji tiretimi sirasinda yapilan calismalara gore her iilkenin kendi karbon salimi
mevcuttur. Tirkiye’ deki 1kWh'lik elektrik enerjisi icin dogaya salinan CO, mik-
tar1 ise 0,58 kg olarak belirtilmistir (Yagh H., Ko¢ Y., 2019). Yenilenebilir enerji
kaynaklarindan elde edilen elektrik enerjisi sayesinde dogaya salinan CO, mikta-
rinin diistimi de saglanmis olacaktir.

Bu calisma kapsaminda yapilan literatiir ¢alismalar1 dogrultusunda tilkemi-
zin farkli bolgelerinde bulunan ¢ biiyiik il icin biyokiitle enerjisinden elektrik
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enerji elde etme potansiyeli degerlendirilmistir. Yapilan ¢alisma ile incelenen
illerden Ankara’ ya bakildiginda 375.497,55 MWhe/ yil, Glineydogu Anadolu
Bolgesi'nden enerji eldesi potansiyeli yliksek olan Gaziantep’ e bakildiginda bi-
yogazdan 115.452,27 MWhe/ y1l ve Dogu Anadolu Bélgesi'nde bulunan Kars ili
incelendiginde 198.691,40 MWhe’ lik elektrik enerjisinin biyogaz tesislerinden
elde edilebilecegi bulunmustur.

2.Bilimsel Yazin Taramasi

Iran iilkesi icin Noorollahi ve arkadaslar1 (2015) besi hayvanlarinin giibresin-
den elde edilecek olan biyogaz potansiyeli calismasi yapmistir. Yapilan ¢alisma-
ya gore en yiiksek potansiyelin iran’in Sistan-Baluchestan ve Ilham bdlgelerinde
oldugu tespit edilmistir. Bu ylizden yapilacak olan biyogaz {liretim tesisinin bu
bolgede dncelik olmasi gerektigine karar verilmistir.

Bursa ili 6zelinde Ayhan A. (2015) tarafindan 2008-2014 yillar1 arasinda hayvan
glibrelerinden elde edilecek biyogaz potansiyel arastirmasi yapilmistir. Bu ¢alis-
madan c¢ikan sonuca gore elde edilecek olan potansiyel biyogaz %100 enerjiye
dontistiirilirse 2014 yili icin 2.788 T] 1s1l enerji ve 271 GWhe elektrik enerjisi
elde edilecegi bulunmustur.

Hayvan giibrelerinden faydalanilarak elde edilecek biyogaz potansiyeli Adana ili
ozelin Yagli, H. (2019) tarafindan 2019 yilinda ¢alisma yapilmistir. Calismanin
sonucunda 88.367,417 m? -CH,/y1l biyogaz tretilebilecegi, bu biyogaz kullanila-
rak senelik 309,286 MWhe elektrik iiretimi yapilabilecegi bulunmustur.

Niliifer Nacar Kogar (2006), Tiirkiye Hayvancilik Potansiyeli ve Biyogaz Ureti-
mi baslikli 2006 yilinda yaptig1 calismada, hayvan tiirlerine gore iiretilecek olan
metan gazi miktarlarini, metan tretimini etkileyen faktorleri arastirmistir. Bu
arastirma sonunda 12,5 milyon ton organik atik oldugun sonucuna varilmistir.
Sigir, koyun, kegi, tavuk ve hindi gibi hayvanlarin giibrelerinden elde edilecek
olan toplam biyogaz potansiyelini 3.275.098.076 m?/y1l olarak bulmustur.

Canakkale ili 6zelinde Ozpiar S. (2018) tarafindan yapilan ¢alismada toplam
biyogaz potansiyelinin 1.77x107 m® oldugu bulunmustur. Bu biyogazin enerji
esdegeri 425,3 milyon M] ve bunun da elektrik enerjisi karsilig1 8,33x107 kWh
oldugu belirtilmistir. Afyonkarahisar icin Kumas, K., & Akyiiz, A. 0. (2023) ta-
rafindan yapilan ¢alismada 208,44 Mm? yillik metan gazi potansiyeli ve metan
gazinin termal enerji karsiliginin 4.503.342 GJ/y1l olarak bulunmustur. Portekiz’
deki giibrelerden elde edilebilecek olan biyogaz ve biyometan iiretim potansi-
yeli incelemesi Fernandes, D. |, Ferreira, A. F, & Fernandes, E. C. (2023) tara-
findan yapilmistir. Bu calismaya gore en yiiksek giibre potansiyelinin Portekiz’
in orta ve giiney bolgelerinde oldugu bulunmustur. Bu bélgelerde kurulabilecek
743 adet tesisin olabilecegi bulunmustur. Portekiz’ in toplam biyogaz potansiyeli
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3.561.947,05 ton/y1l, biyometan potansiyeli 1.791.402,48 ton/y1l olarak bulun-
mustur.

Singh, D., Tembhare, M., Machhirake, N., & Kumar, S. (2023) tarafindan gida atik-
larindan elde edilen biyogaz potansiyeli ve biyogaz eldesi icin sicaklik sartlari
incelenmistir. 90 giin siiren ¢alismada 35°C ve 73°C arasindaki sicakliklarda biyo-
gaz Uretimi test edilmistir. En yiiksek verimin 45°C ile 52°C arasinda oldugu tes-
pit edilmistir. Afotey, B., & Sarpong, G. T. (2023) tarafindan Gana i¢in biyogaz po-
tansiyel ve 6nlenen sera gazi miktari belirlenmesi yapilmistir. Bu ¢alismada 2020
yilinda 6.792x10? m? biyogaz potansiyeli oldugu ve bu biyogazdan 7.12 10x10°9
kWh/y1l elektrik iiretimi yapilabilecegi bulunmustur. Hindistan tilkesi i¢in de
Nehra, M., & Jain, S. (2023) yaptig1 calismada 5464,11 milyon m? biyogaz ve bu
biyogazdan 9835,4 GWh elektrik enerjisi iiretilebilecegi tespit edilmistir. Konya
ili 6zelinde Karaca, C. (2023) tarafindan yapilan ¢alismada toplamda 105,67 Mm3
biyogaz potansiyeli oldugu hesaplanmistir. Biyogazdan elde edilebilecek elektrik
266,53 GWhe olarak bulunmustur.

3.Materyal ve Yontem

Hayvan giibrelerinin toplanmasi ayr1 bir prosestir. Hayvan giibresinden elde edi-
lecek enerjinin potansiyelini hesaplarken giibrelerin toplanabilir olmasi gerek-
mektedir. Tiirkiye geneli diisiiniildiigiinde toplanma orani olarak %50 alinmistir
(Yagh H., Kog Y., 2019).

Biyogaz potansiyeli hesaplanirken hesaplanacak bolge ile ilgili bilinmesi gereken
veriler mevcuttur. Bunlar bolgedeki hayvan cinsi ve sayisi, hayvan cinsine gore
giinliik giibre miktari, yapilan testlere veya kabullere gore hayvan cinsine gore
glbredeki yas giibre orani, yas glibredeki kati madde miktar1 ve kati maddedeki
ucucu kati madde miktaridir. Biyogaz miktarini bulduktan sonra bunun gaz tiir-
binlerinde elektrige ¢evrildiginde tiirbinin verimi de dikkate alinmasi gerekir.
Bu verim tiirbine gore farklilik gosterirken genel olarak %35-%40 arasinda de-
gisiklik gostermektedir.

Yapilan incelemelere gore hesaplamalar i¢in bazi kabuller yapilmistir. Tablo 2’
de hayvan tiirlerine gore giinliik giibre miktari, toplanabilirligi ve yas giibredeki
kati madde orani, kati madde icerisindeki ugucu kati madde orani, metan orani
gosterilmistir. Hesaplamalar bu verilere dayanarak yapilmistir (Yagh H., Kog Y.,
2019). Bu ¢alismada arastirma ve yayin etigine uyulmustur.
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Tablo 2. Hayvan Giibre Miktar1 (Yagh H., Ko¢ Y., 2019)

Kat1 Mad-
Hayvan Basi- . deligeri-
naOrtalama Toplana- Yas Gul_) sindeki _Met_an_
P rs redeki Uretimi
Hayvan Giinliik Yas  bilir Fay- Ucucu 3
L . o . Kat1 Mad- (Nm
Tiri Giibre Ureti- dali1 Giibre Kat1 Mad-
. N de Oram CH,/kg-
mi (kg/giin- Orani (%) (%) de Oram UKM)
hayvan) ° (UKM)
(%)
Kiiltiir ve
Melez Siit 43,00 41,00 17,27 83,36 0,108
Sigir1 (Yetis-
kin)
Kiiltiir ve
Melez Et 29,00 41,00 12,41 84,65 0,22
Sigir
(Yetiskin)
Yerli Sigir 29,00 41,00 17,27 83,36 0,22
Geng Yavru 2,48 41,00 3,71 44,23 0,22
(Buzag1)
Koyun 2,40 41,00 23,00 83,63 0,20
Keci 2,05 41,00 23,17 73,06 0,20
At-Katir- 20,40 33,00 19,61 66,67 0,18
Esek
Et Tavugu 0,19 99,00 20,00 77,28 0,20
Yumurta
- 0,13 99,00 18,75 75,00 0,20
Tavugu
Hindi 0,38 99,00 19,36 75,83 0,20
Kaz 0,33 99,00 17,27 61,28 0,20
Ordek 0,33 99,00 17,27 61,3 0,20

Gaz tiirbini verim orani olarak %35 kabul edilmistir. Bu oran ile tiirbine gelen
gazin elektrik enerjisine ¢evirimi hesaplanmistir. Hesaplamalar agsagida yontem-
ler kullanilarak yapilmistir. Esitlik 1-7 islemlerinde kullanilan parametrelere ait
kisaltmalar ve aciklamalar Tablo 3’de verilmistir
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Tablo 3.Islemlerde Kullanilan Parametreler ve Kisaltmalar

Hesaplanan Tanim Kisaltmasi
Yillik Toplam Hayvan Giibresi YTHG
Hayvan Sayisi HS
Ortalama Giinliik Giibre Miktari 0OGGM
Toplanabilir Faydali Giibre Miktar1 TFGM
Toplanabilir Faydali Giibre Orani TFGO
Kat1 Madde Miktari KM
Yas Gilibredeki Kat1 Madde Orani YGKMO
Ugucu Kat1 Madde Miktari UKM
Kat1 Maddedeki Ucucu Kat1 Madde Orani KMUKMO

Kat1 Maddedeki Ucucu Kati Maddedeki Metan Orani
Metan Miktari

Metan Enerji Degeri

Elektrik Enerjisi

Motor Verimi

= m o
= §§

Metan Gazinin Elektrik Enerjisi Degeri

Hesaplamalar yapilirken dncelikle bulunmasi gereken deger bizim toplamdaki
yas glibre miktarimizdir. Senelik toplam giibre miktarini bulmak i¢in hesaplanan
hayvan tiirintin sayis1 ve ortalama giinliik giibre miktar1 kullanmilmistir. Esitlik 1
icin yilin 365 giin oldugu bilinerek hesaplama yapilmistir.

YTHG = HS x OGGM x 365 1

Toplam giibre miktarimiz bulduktan sonra bu giibrelerin toplanma durumu
onem kazanmistir. Yapilan besicilige gore toplanma miktar1 hayvanlara gore de-
giskenlik gostermis olup toplanan giibreden enerji eldesi olacagi i¢in toplanabilir
giibre miktari Esitlik 2’de belirtildigi sekilde hesaplanmistir.

TFGM = YTHG x TFGO (2)

Toplanan giibrelerdeki kati madde miktar1 ve bu kati maddedeki ugucu kati mad-
de miktar1 bizim i¢in 6nemlidir. Toplanabilir giibre miktart ile yas giibre kat1 mad-
de miktar1 ¢carpimindan kati madde miktar1 Esitlik 3’deki gibi hesaplanmistir.

KM = TFGM x YGKMO (3)

Kat1 madde igerisindeki ugucu kat1 maddeyi de Esitlik 4’den yola ¢ikarak bulun-
ma orant ile hesaplayabiliriz. Biyogaz bu ugucu maddeden elde edilmistir.
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UKM = KM x KMUKMO (4)

Kat1 madde igerisindeki ugucu kati maddeyi bulduktan sonra metan miktari bu-
lunur. Her glibrenin icerisindeki metan orani farklilik gésterebilir. Hacimsel ola-
rak metan gazi miktari, ugucu kati madde miktarinin kg birim basina belirli bir
orani mevcuttur. (Esitlik 5)

MM = UKM x MO (5)

Metan miktar1 bulunduktan sonra elde edilebilecek enerji miktar1 bulunabilinir.
Biyogazin igerisindeki metan orani %100 oldugunda metan gazinin enerji degeri
36 MJ/Nm? olarak belirlenmistir. Esitlik 6 kullanilarak metan gazinin 1s1l degeri
36 MJ/Nm? olarak hesaplanmistir (YAGLI, Hiiseyin. 2019).

Q=MM x 36 MJ/Nm? (6)

Biyogazdan elektrik eldesi i¢cin gaz motorlari bulunmaktadir. Bu motorlar araci-
lig1 ile biyogaz yakilarak elektrik enerjisi elde edilmektedir. Elektrik enerji mik-
tarini belirleyen parametrelerden biri de kullanilan motorun verimidir. Motor
verimleri %35-%40 arasinda degisiklik gostermektedir. Hesaplamalarda motor
verimi %35 olarak alinmistir. Metan gazinin kWh degeri yaklasik olarak 10 kWh
olarak alinmistir. Buna gore Esitlik 7°deki gibi hesaplama yapildiginda elektrik
enerjisi degeri E degeri bulunmustur.

E=MMxnxW (7)

4.Ankara, Gaziantep ve Kars illeri icin Biyogaz Potansiyellerinin Belirlenmesi

Yapilan bu calisma ile, Boliim 2’de verilen materyal ve yontem kisminda detaylari
verilmis hesaplamalar kullanilarak iilkemizin farkli bolgelerinden iller secilerek,
bu illerdeki hayvansal atiklardan elde edilebilecek elektrik enerjisi potansiyeli
belirlenmistir. Bu ¢alisma kapsaminda sanayi veya hayvanciligin gelismis oldu-
gu iller drnek alinarak secilmistir. Bu kapsamda, i¢ Anadolu Bélgesi’'nden Anka-
ra, Glineydogu Anadolu Boélgesi’'nden Gaziantep ve hayvanciligin yaygin oldugu
Dogu Anadolu Bolgesi'nden Kars illeri secilmistir. Yapilan bu ¢alisma neticesinde
secilen iller icin biyokiitleden elektrik enerjisi potansiyelini belirleyerek bu bol-
gelere siirdiiriilebilir teknolojinin kullanimi n1 artiracak yatirimlar yapilabilme-
sini saglamaktir.

4.1 Ankara ili Hayvan Giibrelerinden Elde Edilecek Elektrik Enerjisi Potan-
siyeli

Ankara ilinde 2021 yil1 i¢in niifus 4.890.893’ tiir. Bunun igerisinde 2.843.409 er-
kek, 2.903.916 kadin bulunmaktadir (TUIK, 2022). Ge¢im kaynag1 olarak sanayi
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ve hayvancilik yapilan ilde, Tablo 3’ te gortildiigi gibi genelde kiiciik bas ve kiimes
hayvanlar1 beslenmektedir. Toplam hayvan sayisina bakildiginda 18.430.040 ola-
rak bulunmustur (TUIK, 2022). Kimi hayvanlar ciftliklerde beslenirken kimisi de
meralarda otlamaktadir.

TUIK verilerine gore Ankara ilindeki hayvan giibrelerinin toplanabilirligi dikka-
te alindiginda, elde edilebilecek olan glibre miktar1 4.382.269,78 ton/y1l olarak
bulunmustur. Belirtilen yontem uygulandigi zaman Tablo 3’ te de belirtildigi gibi
toplam olarak 774.118,67 ton/yil kati madde miktari, 630.994,82 ton/y1l ugucu
kat1 madde miktar1 ve 107.285.013,99 m3-CH4 metan gaz1 potansiyeli tespit
edilmistir. Potansiyel olarak bulunan metan gazi, elektrik tiretimi i¢in uygun
tesislerde elektrik enerjisine doniistiiriilebilmektedir.

Tablo 3. Ankara ilinin Metan Gaz1 Potansiyeli

Toplanabi-

. Ucucu
Hayvan Hayvan hr Fayda!ll Kan M ad- Kati Mad- Metan Miktar
- Sayisi Giibre Mik- de Miktan . 3
Tiirt de Miktar1 (m*Cya)
(Adet) tar1 (ton/ (ton/y1l)
(ton/y1l)
yil)

Kiltir ve
Melez Siit 246.640  1.587.116,07 274.09494 228.48555 24.676.438,98
Sigir (Ye-
tiskin)
Kiltir ve
;‘:gellrez Et 211437  917.604,86 113.874,76 96.394,99  21.206.897,24
(Yetiskin)
Yerli Sigir 14.819 6431224  11.106,72  9.258,56  2.036.884,21
GengYavru 39947 51.677,16 1.917,22 847,99 186.557,27
(Buzag)
Koyun 1.940.304 696.879,58 160.282,30 134.044,09 26.808.818,25
Keci 349337  107.170,48 24.831,40 18.141,82  3.628.364,14
’g;'eiat‘r' 3.628 8.914,65 1.74816  1.165,50 209.790,01
EtTavugu  9.867.362  677.458,54 135.491,71 104.70528 20.941.056,40
Yumurta 5.599.003 263.01597 49.31549 36.986,62  7.397.324,03
Tavugu
Hindi 18.670 2.563,63 496,32 376,36 75.271,81
Kaz 22.239 2.651,90 457,98 280,65 56.130,43
Ordek 24.359 2.904,70 501,64 307,41 61.481,23

TOPLAM 18.437.040 4.382.269,78 774.118,67 630.994,82 107.285.013,99
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Metan gazinin elektrik enerjisine doniistimu i¢in kullanin gaz tirbinin verimi
%35 olarak alindiginda Tablo 4’ teki veriler elde edilmistir. Tablo 3’ te gosteril-
digi gibi toplam elektrik enerjisi potansiyeli 375.497,55 MWhe/y1l olarak bulun-
mustur. Kurulabilecek olan biyogaz tesislerinin toplam kapasitesi ise 42,87 MW
olarak bulunmustur.

Tablo 4. Ankara Ilinin Metan Gazindan Elektrik Uretim Potansiyeli

s Enerji Elektrik Kurulu Gii¢
- Enerji Degeri oL Lo A
Hayvan Tiirti (GJ/y1) Degeri Enerjisi Potansiyeli
y (TEP/y1l) (MWhe/yl) (MW)
Kiiltiir ve Melez Siit
Sigir (Yetiskin) 888.351,80 21.221,97 86.367,54 9,86
Kiiltiir ve
melez Et s1g1r
(Yetiskin) 763.448,30 18.238,13  74.224,14 8,47
Yerli Sigir 73.327,83 1.751,74 7.129,09 0,81
Geng Yavru (Bu-
zagl) 6.716,06 160,44 652,95 0,07
Koyun 965.117,46 23.055,84 93.830,86 10,71
Keci 130.621,11 3.120,43 12.699,27 1,45
At-Katir-Esek 7.552,44 180,42 734,27 0,08
Et Tavugu 753.878,03 18.009,51  73.293,70 8,37
Yumurta Tavugu 266.303,66 6.361,77 25.890,63 2,96
Hindi 2.709,79 64,73 263,45 0,03
Kaz 2.020,70 48,27 196,46 0,02
Ordek 2.213,32 52,87 215,18 0,02
TOPLAM 3.862.260,50 92.266,14 375.497,55 42,87

4.2 Gaziantep ili Hayvan Giibrelerinden Elde Edilecek Elektrik Enerjisi Po-
tansiyeli

Gaziantep ili icin 2021 y1li igin TUIK 2022 verileri dikkate alindiginda 2.130.432
olarak tespit edilmistir. Niifusun 1.075.409 kisisi erkek, 1.055.023 kisisi kadindir
(TUIK, 2022). Sanayinin de oldugu Gaziantep ilinde hayvancilik da yapilmakta-
dir. Tablo 5’ teki verilere bakildiginda kiimes ve kiiciikbas hayvanciligin daha yay-
gin oldugu goriilmektedir. Toplam hayvan sayis1 7.031.749 olarak belirlenmistir
(TUIK, 2022).

Yapilan hesaplamalar sonrasinda Tablo 5’ te goriildigi gibi Gaziantep ilindeki
hayvan giibrelerinin toplanabilir miktar1 toplamda 1.432.809,72 ton/yil, kati
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madde miktar1 251.623,04 ton/y1l, ugucu kat1 madde miktar1 203.530,27 ton/y1l
ve metan gazi miktari ise 32.986.363,06 m? -CH, olarak bulunmustur.

Tablo 5. Gaziantep ilinin Metan Gazi Potansiyeli

Toplanabi- Ucucu
Hayvan Hayvan hr Fayda.lll Kati M ad- Kati Mad- Metan Mikta-
. Sayisi1 Giibre Mik- de Miktar1 . .
Turi de Miktar1 r1 (m*CH,
(Adet) tari (ton/ (ton/y1l) )
(ton/y1l)
yil)
Kiiltiur
veMelez o 7 62250428 107.522,03 89.63037 9.680.079,57
Siit Sigin
(Yetiskin)
Kiltir ve
:gellfz Bt 57482 24946326 3095839 2620628  5.765.381,02
(Yetiskin)
Yerli Sigir 766 3.324,33 574,11 478,58 105.287,35
Geng
Yavru 45050  16.719,50 620,29 274,36 60.358,26
(Buzag)
Koyun 463.447  166.451,62 38.283,87 32.016,80 6.403.360,70
Kegi 234871  72.05431 16.694,98 12.197,36  2.439.471,09
AtKaur- -, ¢ 4.926,65 966,12 644,11 115.939,63
Esek
EtTavugu 295000  20.253,67  4.050,73  3.130,33  626.06517
Yumurta o002 485 27262161 5111655 3833741  7.667.482,77
Tavugu
Hindi 26.478 3.635,77 703,89 533,76 106.751,32
Kaz 3.041 362,63 62,63 38,38 7.675,37
Ordek 3.372 402,10 69,44 42,55 8.510,81
TOPLAM  7.031.749 1.432.809,72 251.623,04 203.530,27 32.986.363,06

Elde edilebilecek olan metan gazinin Tablo 6’ da verildigi gibi potansiyel enerjisi
1.187.509,07 GJ /y1l, elektrik enerjisi potansiyeli ise %35’lik verimli bir gaz tiirbi-
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ni kullanilan tesiste 115.452,27 MWhe/y1l olarak bulunmustur. Biyogaz tesisleri
icin toplam kapasite 13,18 MW olarak hesaplanmistir.

Tablo 6. Gaziantep ilinin Metan Gazindan Elektrik Uretim Potansiyeli

Enerji Degeri Enerji De- Elektrik Ener- g:::;l:
Hayvan Tiirti (GJ/yl) geri El'l)‘EP/ jisi (IV:IV)Vhe/ tansiyeli
y y (MW)
Kiiltiir ve Melez
Siit Sigin (Yetis- 348.482,86 8.324,96 33.880,28 3,87
kin)
Kiiltir ve Melez
Et Sigir 207.553,72 4.958,28 20.178,83 2,30
(Yetiskin)
Yerli Sigir 3.790,34 90,55 368,51 0,04
Geng Yavru (Bu- 2172,90 51,91 211,25 0,02
zagl)
Koyun 230.520,99 5.506,95 22.411,76 2,56
Keci 87.820,96 2.097,97 8.538,15 0,97
At-Katir-Esek 4173,83 99,71 405,79 0,05
Et Tavugu 22.538,35 538,42 2.191,23 0,25
Yumurta Tavugu 276.029,38 6.594,11 26.836,19 3,06
Hindir 3.843,05 91,81 373,63 0,04
Kaz 276,31 6,60 26,86 0,00
Ordek 306,39 7,32 29,79 0,00
TOPLAM 1.187.509,07 28.368,59 115.452,27 13,18

4.3 Kars ili Hayvan Giibrelerinden Elde Edilecek Elektrik Enerjisi Potansiyeli

Dogu Anadolu Bélgesi'ndeki Kars ili incelendiginde TUIK verilerine gore 2021
yilinda niifus 281.077 olarak gosterilmektedir. Niifusun 144.396’s1 erkeklerden,
136.681’i kadinlardan olusmaktadir (TUIK, 2022). Diger illere gore niifusun dii-
stik oldugu ilde hayvancilik 6nemli ge¢cim kaynaklarindandir. Tablo 7’ deki veri-
lere bakildiginda kiimes hayvanlari, kiiciikbas ve biiyiikbas hayvancilik oransal

olarak dagilmistir. Toplam hayvan sayis1 2.125.962 olarak verilmistir.
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Yapilan hesaplamalar dogrultusunda Tablo 7’de belirtildigi gibi toplanabi-
lir faydali giibre miktar1 3.047.332,72 ton/y1l, kati madde miktar1 506.601,43
ton/y1l ugucu kat1 madde miktar1 418.899,40 ton/y1l ve metan gazi miktar1 da
56.768.971,15 m3-CH, olarak bulunmustur.

Tablo 7. Kars ilinin Metan Gazi Potansiyeli

Toplanabilir _ Ugucu Kat1
Hayvan Hayvan Faydal1 Giib- Kat M ad Madde Metan Mikta-
L Sayisi . de Miktar1 . 3
Tiirii re Miktar1 Miktari r1 (m*CH
(Adet) (ton/y1l) 4
(ton/y1l) (ton/y1l)

Kiiltir
veMelez 45 388 212603026 36716543 306.069,10 33.055.462,70
Sit S181r
(Yetiskin)
Kiiltir ve
;rl‘gellrez Bt 116257 50453704 6261316 53.002,04 11.660.448,51
(Yetiskin)
Yerli Sipir ~ 9.141 39.670,57  6.851,11  5711,08  1.256.438,26
Geng
Yavru 164.937  61.213,40 227102  1.00447  220.983,59
(Buzag)
Koyun 574530  206.348,19  47.460,08 39.690,87  7.938.173,78
Keci 30.217 9.270,05 214787  1.569,23 313.846,74
‘é;lf(a“r' 7.300 17.937,41 351753 234514  422.124,33
Et Tavugu 0 0,00 0,00 0,00 0,00
Yumurta 50011 1620237  3.037,94 227846  455.691,56
Tavugu
Hindi 41.095 5.642,88 1.092,46 828,41 165.682,65
Kaz 489304  58347,30  10.076,58  6.174,93  1.234.985,49
Ordek 17.882 2.132,35 368,26 225,67 45.133,52

TOPLAM  2.125.962 3.047.332,72 506.601,43 418.899,40 56.768.971,15

Hesaplamalar sonucunda ¢ikan metan gazi potansiyeli biyogaz tesislerinde
%35’lik verimli gaz tlirbinlerinde degerlendirildiginde iiretilecek olan elektrik
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enerjisi hesaplanmistir. Elektrik tiretilmeden dnceki enerji potansiyeli Tablo 8’
de belirtildigi gibi 2.043.682,96 GJ/y1l bulunmustur. Gaz tiirbinlerinden gegiri-
lerek elektrik tiretildiginde 198.691,40 MWhe/y1l'lik elektrik enerjisi potansi-
yeli hesaplanmistir. Bu enerji iiretimi i¢in biyogaz tesislerinin toplam kapasitesi
22,68 MW olarak bulunmustur.

Tablo 8. Kars ilinin Metan Gazindan Elektrik Uretim Potansiyeli

Hayvan Tiirii Enerji Degeri g:r(i?';‘Ele/ Elektrik Enerji- l;::::sl;;‘i
(GJ/y1l) yl) si (MWhe/y1l) (MW)

Kiiltiir ve Me-

lez Stit Sig1r1 1.189.996,66 28.428,01 115.694,12 13,21

(Yetiskin)

Kiiltiir ve Me-

lez Et Sigir 419.776,15 10.028,10 40.811,57 4,66

(Yetiskin)

Yerli Sigir 45.231,78 1.080,55 4.397,53 0,50

Geng Yavru 7.955,41 190,05 773,44 0,09

(Buzagi)

Koyun 285.774,26 6.826,91 27.783,61 3,17

Keci 11.298,48 269,91 1.098,46 0,13

At-Katir-Esek 15.196,48 363,03 1.477,44 0,17

Et Tavugu 0,00 0,00 0,00 0,00

YumurtaTa- ¢ 40490 391,90 1.594,92 0,18

vugu

Hindi 5.964,58 142,49 579,89 0,07

Kaz 44.459,48 1.062,10 4.322,45 0,49

Ordek 1.624,81 38,82 157,97 0,02

TOPLAM 2.043.682,96 48.821,86 198.691,40 22,68

5. Sonug ve Oneriler

Yenilenebilir enerji kaynaklarindan birisi de biyokiitle enerjidir. Biyokiitle ¢esit-
lerinden olan biyogaz, temelinde metan gazindan olusmaktadir. Metan gazinin
hayvan giibrelerinden elde edilip elektrik ve sicak su eldesi i¢in biyogaz tesisleri
kurulmaktadir. Bu sekilde sera etkisi olusturan metan gazi hem bertaraf edil-

426



Miihendis ve Makina / Engineer and Machinery 65, 716, 409-431, 2024

mis hem de enerji eldesi saglanmis olmaktadir. Hayvancilik yapilan bolgelerde
glbrelerin toplanmasi ve enerji elde edilmesiyle o bolgedeki elektrik ve 1sinma
ihtiyaci karislanabilir. Analiz yapilan bolgelerde biyogaz tesis kurulumu i¢in 6n-
cesinde potansiyel arastirmasi yapilir. Yiiksek potansiyele sahip, ham maddeye
olan ulasilabilirligin uygunlugu g6z oniine alindiginda tesis kurulumu igin ¢alis-
malar yapilir. Bu ¢calisma kapsaminda incelenen Ankara, Kars ve Gaziantep illeri
icin toplam hayvan sayisi bilgisi Sekil 2’de gosterilmistir.

illere Gére Toplam Hayvan Sayisi
20.000.000
18.000.000
16.000.000
14.000.000
12.000.000
10.000.000
8.000.000
6.000.000

4.000.000

2.000.000 -
0

Ankara Kars Gaziantep

Sekil 2. illere Gore Toplam Hayvan Sayisi

Farkli lokasyonlardaki iller incelendiginde sirasiyla biyogazdan elde edilebile-
cek olan potansiyel elektrik enerjisi Ankara 375.497,55 MWhe/yil, Gaziantep
115.452,27 MWhe/y1l ve Kars 198.691,40 MWhe/y1l olarak bulunmustur. Niifus
yogunlugu ve sanayi kuruluslari fazla olan Ankara’ da potansiyel elektrik enerjisi
en fazladir. Hayvan tiirlerinden en fazla koyun giibresinden elde edilecek biyogaz
miktarinin oldugu tespit edilmistir. Ankara’daki 2021 yili niifusuna bakildiginda
5.747.325 oldugu goriilmiistiir. Tedas verilerine gore 2020 yilinda Ankara’daki
kisi basi elektrik tiiketimi 2.680 kWh’ tir. Yillik toplam elektrik tiiketimi olarak
15.402.831 MWhe' tir.

Gaziantep iline bakildiginda en ¢ok kiltiir ve melez sigirinin giibresinin potan-
siyeli oldugu bulunmustur. 3. Sirada ise kiltiir ve melez sigirinin giibresinin po-
tansiyelinin olmasindan dolayi, biyogaz tesisinin kurulum 6énceliginin biiytikbas-
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larin oldugu yerlere yakin kurulmasi daha verimli olacaktir. Gaziantep’teki 2021
yil1 niifusuna bakildiginda 2.130.432 olmasi ve Kkisi bas1 2020 yilinda elektrik
tiikketimi 4.076 kWh olmasindan dolay1 yaklasik olarak yillik toplam elektrik tii-
ketimi 8.683.640 MWhe olarak bulunmustur.

En ¢ok biiylikbas hayvanlarinin giibrelerinin biyogaz potansiyeli olan Kars ilin-
de 2021 yili niifusu 281.077 olarak goriilmektedir. Tedas'in 2020 verilerine gore
Kars ilinde kisi basi elektrik tiiketimi 1.139 kWh' tir. Yaklasik olarak toplam elekt-
rik enerjisi tiiketimi 320.146 MWhe olarak hesaplanmistir. Sekil 3’te potansiyel
enerji ve Sekil 4’te karbon emisyon azalma potansiyelleri gosterilmistir.

Potansiyel Enerji MWhe/yil

400.000,00
350.000,00
300.000,00
250.000,00
200.000,00
150.000,00
100.000,00

50.000,00

0,00
Ankara Gaziantep Kars

Sekil 3. Ankara, Gaziantep ve Kars I¢in Yillik Potansiyel Enerji Orani

Sonug olarak yapilan bu ¢alisma neticesinde Ankara i¢in kurulacak biyogaz te-
sisleri ile birlikte buradan elde edilecek elektrik toplam tiiketimin %2,5" unu
karsilamis olacaktir. Bu yontem ile tiretilecek elektrik sayesinde 217.278,57 ton
CO,salinimin éniine gecilecegi dngoriilmiistiir. Gaziantep ili icin Biyogaz tesisleri
ile iiretilecek olan elektrik enerjisi toplam tiiketimin %1,3 ‘ iinii karsilamaktadir,
115.452,27 MWhe/yil elektrik enerjisinin biyogaz tesislerinden elde edilmesi ile
66.962,31 ton CO, salimimin éniine gecilmis olunacaktir. Kars ili icin Biyogaz te-
sislerinden elde edilecek olan elektrik enerjisi ile toplam tiiketimin %62’ si kar-
silayabilmektedir. Yenilenebilir enerji olarak tiretilen elektrik enerjisi sayesinde
115.241,01 ton CO, saliniminin 6niine gecilecegi hesaplanmistir.
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Karbon Emisyonu Azalma Potansiyeli ton/yil
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Sekil 4. Ankara, Gaziantep ve Kars i¢in yillik Karbon Emisyonu Azalma Miktari
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via the KNIME platform, the study aims to predict the sales data
for the COVID-19 period. Three different regression models
- linear, gradient boosting, and random forest - were used to
make these predictions, and the models were compared based
on their coefficient of determination (R2) to determine which
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predict future sales data during unpredictable events such
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the impact of COVID-19 on a technology consulting company
and demonstrates the importance of using data analysis and
machine learning techniques to make predictions and interpret
the effects of significant events on business operations.
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COVID-19'UN TEKNOLOJi SEKTORUNE ETKISi: BIR

DANISMANLIK SIRKETi ORNEGI

Anahtar Kelimeler

0z

COVID-19, makine
6grenimi, regresyon
modelleri, KNIME,
tahmin

COVID-19 salgini, diinya genelinde benzeri gériilmemis bir
etki yaratmigstir; hem ekonomik hem de sosyal ag¢idan biiyiik
degisimlere neden olmustur. Bu salginin farkl lilkeler ve
endiistriler lizerindeki etkisini anlamak icin bircok calisma
yapilmistir. Bu c¢alisma ise, teknoloji hizmetleri alaninda
uzmanlagsmis  bir danismanlik  firmasinin  COVID-19'un
etkilerini analiz etmektedir. Calisma kapsaminda, sirketin
pandemi éncesine ait bes yillik satis verileri incelenmis ve
bu veriler lizerinden KNIME platformu araciligiyla makine
6grenimi teknikleri kullanilarak COVID-19 dénemine iliskin
satis verilerinin tahmini amaglanmigstir. Bu tahminler igin ti¢
farkli regresyon modeli (dogrusal, gradyan artirma ve random
forest) kullanilmis ve bu modellerin performansi, belirleme
katsayilarina (R2) gére karsilastirilmistir. Secilen model daha
sonra, COVID-19'un girket lizerindeki etkilerini yorumlamak
icin kullanmlmigtir.  Arastirmanin  bulgulari, COVID-19'un
danismanlik sirketini nasil etkiledigine dair derinlemesine
icgéri saglamaktadir. Segilen model, salginin sirketin satislart
tizerinde énemli bir olumsuz etki yarattigini ve 6zellikle 2020
yilinin ikinci ¢eyreginde sert bir diistis yasandigini géstermigtir.
Ancak, sirket yilin dérdiincti ¢ceyregine dogru kayiplarinin bir
kismint telafi etmeyi basarmistir. Calisma ayrica, COVID-19
salgini gibi 6ngériilemeyen olaylar sirasinda gelecekteki satis
verilerini tahmin etmek icin makine 6grenimi tekniklerinin
6nemini vurgulamaktadir. Genel olarak, bu c¢alisma, bir
teknoloji danismanlik sirketi tizerinde COVID-19'un etkilerine
dair énemli bilgiler sunmakta ve is operasyonlari lizerindeki
etkileri tahmin etmek ve yorumlamak icin veri analizi ve
makine égrenimi tekniklerinin degerini ortaya koymaktadir.
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1. Introduction

The coronavirus pandemic, also known as the COVID-19 pandemic was first
shown up in Wuhan, Hubei Province on 31st December 2019. COVID-19 was con-
firmed as a pandemic on 2020, March 11 by World Health Organization. Before
the declaration as a pandemic, it spread to 18 countries from China (WHO 2022).
The first case of Turkey’s COVID-19 was discovered on March 11, 2020. More
than 5 million people were infected after the first incidence, and nearly 100,000
people died until the beginning of May (Anon n.d.).

According to World Health Organization (WHO), more than 520 million people
were affected by COVID-19 and also more than 6 million people passed away
until May 2022 (WHO, 2022).

The COVID-19 pandemic affects the world socially, physiologically, and also eco-
nomically. Several papers, studies, and, articles were published to explain those
effects with different analyses from different angles. Out of 193 countries’ eco-
nomics, 167 economies saw a negative rate in 2020. Almost 79 percent of the
world economy accounted for by these 167 economies. China was the worst af-
fected country in the first quarter of 2020 with an economic decrease of 9,7 per-
cent. Iceland and France followed China on the list. India, United Kingdom, and
Spain were the most damaged countries during the second quarter of 2020 and
the world economy shrunk 32,9 percentages. In the third quarter of 2020, 33,1
percent growth came amid a resurgence in consumer activity. In the last quarter
of 2020, the economy maintained growing by 4 percent even with a slight rate
compared to the third quarter. Total growth in 2020 was 3,6 percent and only
two countries which are China and Turkey saw a positive economic rate at end
of the 2020 (Organisation for Economic Co-operation and Development, 2021).

COVID-19 appeared suddenly and changed the expectations of companies. Fore-
casting is substantial to plan production, efficiently allocate resources and work-
forces, marketing strategies for companies. Machine learning (ML) is the study
of computer algorithms that can learn and develop on their own through experi-
ence and data (Mitchell, 1997). Forecasting is one of the applications of machine
learning.

This research concentrated to analyze the impacts of COVID-19 in the case of a
Turkish consultancy company in technology sector with machine learning. With
seven years of sales data collected made forecasting using different regression
model from the Konstanz Information Miner (KNIME) platform. The regression
models are gradient boosting regression (GBR), linear regression (LR) and ran-
dom forest regression (RFR).
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Section 1 contains general information about COVID-19 and its economic im-
pacts. The remaining parts of this study are as follows. Section 2 discusses the re-
view of previous studies published which provides a summary of similar studies
about the economic impacts of COVID-19 in different sectors around the world.
Machine learning, forecasting methodologies, and the KNIME tool which is used
for modeling information are given in Section 3. Section 4 explains preparing
sales data, and forecasting methods step-by-step. Numerical results and com-
ments are given in Section 5. Finally, Section 6 highlighted and presented results
and findings in this case.

2. Literature Review

After COVID-19 appeared, more than 50.000 papers were published on the Sci-
ence Direct website. Pandemic affected various sectors like tourism, accommoda-
tion, education, aviation, production, automotive, and food. More than one-fifth
of papers are related to the economic effect of COVID-19 from different angles
(ScienceDirect, n.d.). According to Organization for Economic Co-operation and
Development (OECD), countries’ economies affected adversely in the beginning
of the pandemic. Recovery started however lower-income economies still needs
time (Organisation for Economic Co-operation and Development, 2021). Table 1
summarizes the main studies to understand the effect of COVID-19 worldwide
except in the technology sector.

Table 1. Significant Studies about COVID-19 on Sectoral Basis

Author(s) Country Sector Impact

COVID-19 affected strong-
ly the agricultural system

Blazy et al., 2021 Caribbean Agriculture such as a decrease in rev-
enue, production decreas-
ing.

There was stockpiling es-

Vall Castell6 & Lopez pecially in the first week of

Casasnovas, 2021 Spain Supermarket lock<.iown, with fear of pan-
demic was decreased sales
rates.

Electric Vehicl i
Wen etal, 2021 China ectric Vehicle There WE.IS a negative effect
Industry on sales in the short term.
Wieczorek-Kosmala, There were financial slack

4 countries  Hospitality

2021 holdings during COVID-19.
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Hayakawa & Muku-

noki, 2021

Maneenop

Kotcharin, 2020

Fu & Shen, 2020

Menhat et al., 2021

Heetal,, 2020
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& 9 Different

Countries

China

Malaysia

China

34 Different International

Trade

Airline

Energy Industry

Marine  (Ship-
ping, fisheries,
marine tourism,
energy)

Various sectors

There were negative ef-
fects on leather, footwear
products, and transport
kits especially in the fourth
and fifth months of 2020
whereas there were effects
positively in industries
manufacturing medical
products.

Australia, Canada, the Unit-
ed Kingdom, and United
State showed the worst
reaction to proclamation of
COVID-19 as a global pan-
demic.

COVID-19 damaged the
productivity of energy
companies, and companies
could not effort their fixed
costs and expenses, as a
result, an important dam-
aging effect was found on
the development of energy
companies.

Marine tourism was the
most affected sector in
Malaysia because the gov-
ernment considered as a
non-essential sector. Ship-
ping was affected lightly
compared to other sectors.

Electric energy, heating,
mining, and environmental
industry have been impact-
ed negatively during the
COVID-19. Even so, some
industries showed strong
immunity for instance pro-
duction, information tech-
nology, and healthcare in
China.
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There were negative effects
on property and personal
insurance, and personal
insurance was damaged
more than that property
insurance from the angle
of insurance density and
depth.

Wang et al,, 2020 China Insurance

"
E

-

Neovel Coronavines Daily Cases

Figure 1. Daily Cases of Turkey

This study will be a research that will focus on analyzing the impacts of COVID-19
on the technology sector in a Turkish company. The first case of COVID-19 appea-
red on 11* March 2020 in Turkey. After the first case, more than 5 million people
were infected and almost 100.000 people died until the beginning of the May
(Anon n.d.). Figure 1 shows daily cases of Turkey (Worldometers n.d.).

Note. Daily COVID-19 cases in Turkey. From Worldometers, COVID Live - Corona-
virus Statistics — by Worldometers, n.d. (Worldometers n.d.).

e Turkey Government took various precautions during this time. Important
dates are;

e 1%t February 2020- All the flights from China were stopped.

e 29" February 2020- All flights to South Korea, Italy, and Iraqgi were stopped
(The Economist, 2020).

e 11% March 2020- First COVID-19 case was announced.
e 12% March 2020- Schools was closed from 16" March (Kandemir, 2020).

e 16% March 2020- Indoor activities such as businesses and places of worship
were halted (Cantekin, 2020).
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e 215t March 2020- A total curfew was announced for people who are elder 65
and who have immune system diseases such as asthmatics, cardiovascular
problem, high blood pressure (Kandemir, 2020).

e 10" April 2020- A curfew was announced to everyone during weekends
(Ghosh, 2020).

e 4% May 2020- Return to normal life rules explained (Anon n.d.).

e 1% June 2020- Public spaces were opened and domestic flights were resumed
(The Economist, 2020).

o 26" November 2020- A new curfew was announced for people elder than 65
and younger than 20. Also, indoor activities such as businesses and places of
worship were halted again (Overseas Security Advisory Council, 2020).

e 14" April 2021- A two-week partial closure was declared (Anon n.d.).

e 26" April 2021- New full lockdown announced from 29" April to 17" May
(The UN Refugee Agency, 2021).

e 17% May 2021- Partial closure was declared until 1t July (Anon n.d.).
e 1%July 2021- The curfew was completely lifted (Anon n.d.).

In compliance with data from the Presidency of Strategy and Budget, in the se-
cond quarter of 2020, most sectors were affected negatively by COVID-19 such
as industry, construction, services, export, and import. The most affected sector
in Turkey became exporting with a 15,4 percent decrease(T.C. Cumhurbaskan-
lig1 Strateji ve Biitge Baskanligi n.d.) Exporting became a general problem in the
world because of restrictions on air flights and curfews. During the pandemic,
electronic microchip demand was increasing around the world. In Turkey, the
automotive sector was affected negatively as a consequence of an interruption in
production in the second quarter (Sabah, 2020).

The consultancy sector was affected adversely by COVID-19 in the first quarter of
2020. The consultancy sector continues to grow over the last 12 years. In 2019,
the value of the sector reached $160 billion. Source Global Research gathered
the opinions of hundreds of consulting organizations from around the world and
concluded that the consultant sector could lose $30 billion in value by 2020. The
United States has a major percentage in the consultancy sector and according to
the study, 1 percent decrease is expected. Study shows Europe will be the worst
affected by COVID-19 (Consultancy n.d.). While business services, healthcare,
energy and resources, manufacturing, and the public sector were in the higher
risk group, financial services, pharma, retail and, technology and telecoms were
in the lower-risk group (Consultancy n.d.).
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Information technology (IT) consulting, often known as technology consulting,
refers to services that assist clients in determining how to best employ informa-
tion technology and digital to meet their business objectives. Remote working
and curfews affected the demand for information and communication technolo-
gies (ICT) demands in a positive way (Taser, Aydin, Torgaloz and Rofcanin 2022).
People need to do various things online such as shopping, working, studying and
ICT makes them possible. That's why companies investing in digitalization for
adopting this period.

A survey about people’s grocery shopping choices shows there is a significant
passing to online shopping during COVID-19. And it explains people who expe-
rienced online shopping are more likely to keep (Shen, Namdarpour, and Lin,
2022). Besides online shopping, the study by Mouratidis and Papagiannakis
shows online learning, telework, telehealth, and teleconferencing also increased
when compared to before COVID-19. While teleconferencing and e-learning inc-
reased by 34 percent, telework has a 31 percent increase (Mouratidis and Papa-
giannakis, 2021).

Microsoft Teams is a platform that combines teleconference, chat, and notes. Sin-
ce it was released in November 2016, there was no significant growth like during
the pandemic. From March 2020 to April 2020, the number of users increased by
4,5 times. According to a survey of Microsoft Teams users in the United States,
29.71 percent of businesses used Microsoft Teams for remote work during the
COVID-19 pandemic in 2020 (Statista, 2022).

During a pandemic, ICT generates solutions to understand the spread of CO-
VID-19. For instance, the Australian Government released an application called
CovidSafe to monitor and keep down the spreading of COVID-19 and invest $5
million for consulting, development, and maintenance (Consultancy n.d.). Also,
Turkey Government launched a similar application named “Hayat Eve Sigar” to
minimize spreading. The application generates a unique code and people use this
code when they went to indoors such as in shopping malls, theaters, cafés and
restaurants, and schools.

The National Institute of Standards and Technology (NIST) defines cloud compu-
ting as a model that provides ubiquitous, on-demand network access to a com-
mon pool of configurable computing resources (e.g., servers, networks, applica-
tions, storage, and services) that can be provisioned and released quickly with
minimal management effort or service provider interaction (Mell and Grance,
2017). According to a study, cloud computing is helping countries in the fight
against COVID 19, economically and commercially in the education and health
sectors (Alhomdy, Thabit, Abdulrazzak, Haldorai and Jagtap, 2021).
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According to a survey of 263 senior UK banking executives, shows two-thirds
are planning operational costs and want to invest in technology and automation.
After COVID-19 they realized their potential agility and the necessity of digitali-
zation (Appian, 2020).

Ntasis, Koronios, and Pappas (2021) investigate the impact of COVID-19 on the
technology sector for TATA Consultancy Services (TCS). TATA Consultancy Servi-
ces is a multinational information technology services and consulting company
in India. They have 285 offices across 46 countries. They used the business and
stock value performance of TCS for their study. According to a study, economic
policy uncertainty has a negative effect on the stock price of TCS (Ntasis, Koroni-
os, and Pappas, 2021).

Forecasting future demand is quite important to manage production, plan reso-
urces, avoid overstocking, and supply process. There are a number of methodo-
logies that can be used at this point, and most of these methodologies are based
on past demand or sales (Rohaan, Topan, and Groothuis-Oudshoorn, 2022). As
examples in the energy sector, Agbulut (2022), Ayvaz et al. (2017), and, Sun and
Liu (2016) used ML to forecast energy demand and CO; emission in different mo-
dels. In the health sector, Yang et al. (2022) studied the prediction of lung cancer
recurrence and survivability, and Chowdhury et al. (2022) studied the diagnosis
of COVID-19 from coughs sounds, Sabeti, and friends (2022) searched for de-
tection of craniosynostosis in newborns with machine learnings. Madhurya et
al. (2022), and Sahin et al. (2013) examined the detection of credit card fraud
with different machine learnings techniques (Agbulut, 2022; Ayvaz, Kusakci, and
Temur, 2017; Chowdhury, Kabir, Rahman and Islam, 2022; Madhurya, Gururaj,
Soundarya, Vidyashree and Rajendra, 2022; Sabeti, Boostani, Moradi and Sha-
koor, 2022; Sahin, Bulkan, and Duman, 2013; Sun and Liu, 2016; Yang, Xu, Sun,
Zhang and Farid, 2022). While Ensafi et al. (2022), used time series forecasting
techniques to predict item sales of a retail store, Chen and Ou (2011) used extre-
me learning machines to forecast sales in the retail industry (Chen and Ou, 2011;
Ensafi, Amin, Zhang, Shah, 2022).

3. Methodology

This section explains general information about machine learning and imple-
mentation areas, three regression models that we used for prediction, and exp-
lains which data were collected and preprocessing of collected data. The study
adhered to research and publication ethics standards.

3.1 Machine Learning

Machine learning (ML) is the study of computer algorithms that can learn and de-
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velop on their own through experience and data (Mitchell 1997). It is becoming
one of the hottest topics for research. Researchers are used ML in various areas
such as health, energy, biology, social science, banking, etc. ML helps to detect
some diseases earlier, predict energy consumption, forecast sales in various sec-
tors, identification of fraud or spam e-mail, and recommend products or videos.

There are various platforms to implement machine learning. In this study, Kons-
tanz Information Miner (KNIME) was used for implementation. KNIME is an
open-source and free platform based on Java that used data analysis, integration,
and reporting. Figure 2 is a summary of input and outputs values used in three
regression models. Different models were implemented to sales data and com-
pared with each other. The best prediction was used to explain COVID-19 effects
on sales.

Linear Output Valne
Regression - Predicted Sales Amount
" X
Input Values
- Categories
-Sectors g
- Years sl e Cutput Value
- Quarters Rioosrgg - Predicted Sales Amount
-Sales Amount of Chuarter, eI
- Sales Amount of 1.2.3
Previous Quarter
Random N
b 4 Output Value
— Forest — o : :
= - Predicted Sales Amount
Regression

Figure 2. Diagram of Input and Output Value

3.2 Data Preparation

In this study, sales data of a technology company was collected between 2015
and 2022 years. At the first, sales data have 3.072 rows that include 8 service
categories and 12 sectors. The 3 most known services categories were selected
according to sales amount from the 8 services. Since 5 sectors have minor sales
amount like 4 percent as total, they were grouped in others. Sales amount was
calculated quarterly every year and 1,2, and 3 previous quarter amount was ad-
ded as new columns to understand sales trends. Every row that has “0” as sales
amount was deleted to make more successful forecasting. After preprocessing,
sales data have 531 rows. Finally, historical information of COVID-19 was taken
from the Republic of Turkey Ministry of Health website (Anon n.d.).
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Sales amount normalized with min-max normalization. This method increases
consistency of models. The purpose of min-max normalization method is to nor-
malize the smallest value to 0 and the largest value to 1, and spread all other
data to this 0-1 range. Its formula is as below. This approach serves to obscure
the company's data while also standardizing all parameters onto a consistent
positive scale.

X' = X _Xmin (1)

Xmax-Xmin
X = The value that will normalized
Xmin = The smallest value of variable
Xmax = The biggest value of variable

After normalization, descriptive analysis implemented to sales amount. Nor-
mal distribution was controlled and sales amount variables was found non-
parametric. Figure 3 shows the distribution of values. The outliers that were
seen in figure was checked in sales data. They did not remove from data because
any mistake was not found.

400

Frequency

0 1 1 ]
,00000000 ,20000000 40000000 ,60000000 80000000 1,00000000

Figure 3. Frequency of Sales Amount

442



Miihendis ve Makina / Engineer and Machinery 65, 716, 432-461, 2024

Kruskal Wallis test implemented for category and sector. This method used to
test whether the mean of two or more samples shows a significant difference
from each other. Table 2 shows the results of test. Significance level is lower
0,001, which means category and sector has significance on sales amount.

Table 2. Results of Kruskal Wallis test for Category and Sector

Variables Test Significance
Category Kruskal-Wallis Test <0,001
Sector Kruskal-Wallis Test <0,001

Figure 4 shows the sales amount of three service categories every quarter. 3rd
service category has a major sales percentage every quarter. The revenue line
has a significant peak in every last quarter of a year until the 2021 year.

Category ®Categary | ®Category I @ Cotegory 3 #5des Amount

Sales Amount

e o <Nl bl

fear Guarter

Figure 4. Categorical Sales Amount Quarterly

3.3 Machine Learning Models

A study by Chicco and friends shows that R2 has more advantages over other sta-
tistical rates such as MAE, MSE, RMSE, and MAPE in different analyses. According
to the study, only MAPE or MSE, or RMSE is not enough to explain a regression
performance quality (Chicco, Warrens, and Jurman, 2021).

3.1.1 Linear Regression

Linear regression is a classical statistical algorithm and a machine learning algo-
rithm. The first type of regression analysis was developed by Adrien Marie Le-
gendre in 1806 (Legendre 1806). The relationship between variables is modeled
using linear predictor functions. Simple linear regression is used when there is
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just one variable. Multiple linear regression is used when there is more than one
variable (Rencher and Christensen, 2012). In linear regression, the main goal is
finding the best equation which is nearest to the values.

3.3.2 Gradient Boosting Trees Regression

The gradient boosting technique used in classification and regression was sug-
gested by Breiman et al. in 1984 (Breiman, Friedman, Olshen and Stone, 1984).
The gradient-boosting algorithm improved weak learners to strong learners
(Nie, Roccotelli, Fanti, Ming and Li, 2021). The main goal is to minimize the sum
of squared errors. Figure 6 shows the relationship between iterations and error.
With every iteration, the error is decreasing and the model becomes more suc-
cessful.

Error

< A
ihdg%

Iterations

Figure 5. Schematic Representation of Gradient Boosting Regression

3.3.3 Random Forest Regression

Like gradient boosting, the random forest technique is used for classification and
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regression. Tin Kam Ho created the first algorithm in 1995 (Ho, 1995). The ran-
dom forest algorithm generates reasonable forecasting with little configuration.
In the regression model, the average forecasting of each tree are returned and
overfitting of the training set is prevented (Ho, 1998; Minasny, 2009). Figure 7
shows the diagram of random forest regression. This method is very popular to
analyze large data sets (Borup, Christensen, Milbach and Nielsen, 2022).

| Test Sample Input ‘

L
OO |

‘ Reaulrs-1

| Final Results

Figure 6.Diagram of Random Forest Regression

4. Implementation

The monthly total sales figures have been calculated on a quarterly basis starting
from the first month of the year. The amounts of the 1, 2, and 3 previous quarters
were added as new columns to understand sales trends. Three service catego-
ries,7 sectors, years and quarterly knowledge, quarterly revenue amounts, and
sales amount of 1,2, and 3 previous quarters are used as inputs for machine le-
arning. After splitting the sales data into training and test data, three regression
models were implemented and the sales figures for the next year were predicted
with different year combinations. Models are compared to each other according
to the R? values.

Three regression models were constructed using KNIME. The inclusion of para-
meters in the regression model was determined based on their p-values. Parame-
ters with a p-value less than 0.05 were included in the model. Figure 7 shows the
construction of the models. Excel reader module is used to import collected sales
data. KNIME understands data type automatically but also allows to change ma-
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nually. The imported data were sorted by year and quarter. With the normalizer
module, data consistency increased for sales amount. The partitioning module
helps to split data as train and test. Partitioning rate change according to the
years which belongs to the train or test. Three regression model is added with
two modules that are learner and predictor. The learner module teaches machine
learning which data are input and which are predicted. The predictor module is
configured to predict sales amounts. The numeric scorer calculates the success
of models and the line plot shows custom graphics.

5. Numerical Results

In this section, three various forecastings were calculated with KNIME. One of
them belongs to pre COVID-19 era and the others prediction of the COVID-19 era.

5.1 Forecast for 2019 with Data Between 2015 and 2018

From 2015 to 2018 years belong to the pre-COVID-19 era. Data from 2015-2018
were used as training data and data from 2019 were used as test data. The sales
data has 270 rows for training and 82 rows are predicted with three models.
Figure 9 shows the predicted sales amount with linear regression and the actual
sales amount for all sectors in 2019. Even if the quality of prediction looks good,
it changed from sector to sector.

alas Aol

salei Arnound ve Pradicted S

AR MJ i. A A ~. & M)

Figure 8. Actual and Predicted Sales Amount of 2019 Year with LR for All Sec-
tors

Figure 9 and 10 details the actual and projected sales amounts for the techno-
logy and holding sector. There is a noticeable deviation at the end of the year.
There may be delays in the collection of revenues.

447



Miithendis ve Makina / Engineer and Machinery 65, 716, 432-461, 2024

e Amounl va Pradicied Sales Amourd

Sai

Figure 9. Actual and Predicted Sales Amount of 2019 Year with LR for Technol-
ogy Sector

Predeted Sales Ameurt

Figure 10. Actual and Predicted Sales Amount of 2019 Year with LR for Holding

Faw

Figure 11. Actual and Predicted Sales Amount of 2019 Year with LR for Auto-
motive Sector
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The finance sector had a difference between actual and predicted sales amount
almost all year is shown in Figure 12. While predicted sales amount was more
than actual in the first quarter, there was not a difference in the second quarter.
This means the collection revenue is not associated with this difference.

ount ve Fredicted Sales Amount

Sales

Figure 12. Actual and Predicted Sales Amount of 2019 Year with LR for Finance
Sector

Figure 13 explains the values of the retail sector. There is a significant difference
in the first quarter of the year like the finance sector. However, in this case, this
difference is a positive way.

AN

Figure 13. Actual and Predicted Sales Amount of 2019 Year with LR for Retail
Sector

Service and others were shown in Figures 14 and 15. Both of them had signifi-
cant deviations all year. It is hard to explain this difference with a collection of
revenue. Because of the irregularity of sales amount, different models can be
improved for those sectors.
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Figure 14. Actual and Predicted Sales Amount of 2019 Year with LR for Service

Sector

Sales Amcus| ve Predicied Sales Ameesl

Figure 15. Actual and Predicted Sales Amount of 2019 Year with LR for Others

Table 4 is a summary of the results of three regression models. Results shows,
that while linear regression has the biggest R? value which means has better go-
odness of fit, random forest regression is the most ineffective regression model.

Table 4. Result of Three Regression Models for 2019 Forecasting

Regression Train Test
Model Data Data

LR 2020
GBR 2015-

2019 0,928
RFR 0,894

RZ

0,896
0,023

0,026

MAE

0,028
0,002

0,003

MSE

0,003
0,047

0,057

RMSE

0,056
-0,009

-0,013

MSD

0,001
1,093

1,757

MAPE

2,108
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5.2 Forecast for 2020 with Data Between 2015 and 2019

The First COVID-19 case has announced at the beginning of 2020 in Turkey. We
try to forecast the 2020 year that has COVID-19 with data between 2015 and
2019. The construction of regression models is the same as 2019 forecasting
which is explained in the implementation section. 352 rows of sales data were
used for training and 80 rows were predicted. The actual and predicted sales
amount was shown in Figure 16.

A »\,JM\/J\V\A\/\,N/\‘J AAMA;U 1

Figure 16. Actual and Predicted Sales Amount of 2020 Year with Linear Regres-
sion

A

\_/’/\/\

Figure 17. Actual and Predicted Sales Amount of Q1 2020 Year with Linear Re-
gression
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It seems that the actual sales amount is lower than the predicted sales amount
in the first quarter of 2020. Figure 17 shows the detail of the first quarter. As we
understand, there is a notable variation in category 3 that has the biggest sales
value. The first quarter revenue is lower than the predicted sales amount.

When on closer inspection of the second quarter in Figure 18, we can see total
sales amount is bigger than predicted. The deficit in the first quarter may have
been offset here.

e~ N A

Figure 18. Actual and Predicted Sales Amount of Q2 2020 Year with Linear Re-
gression

% |

S22

Figure 19. Actual and Predicted Sales Amount of Q3 2020 Year with Linear Re-
gression
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The third quarter of the year has better accuracy as we can see in Figure 19 when
compared first and second quarters. This adaptation impact is kept in the fourth
quarter which is shown in Figure 20.

Pradctail
o

A
e /\ I \/ \k/f/ \

o

Figure 20. Actual and Predicted Sales Amount of Q4 2020 Year with Linear Re-
gression

Table 5 shows that R? has decreased compared to the 2019 prediction. COVID -19
may cause this decrease.

Table 5. Results of Three Regression Models for 2020 Forecasting

Regres-

sion Train Test  p: MAE MSE RMSE MSD MAPE
Data Data

Model

LR 2020 0,896 0,028 0,003 0,056 0,001 2,108

GBR 0155019 0025 0023 0002 0047 -0,009 1,093

RFR 0,026 0,003 0,057 -0,013 1,757

0,894

The linear regression model was the best model when we predict the non-
COVID-19 era. The linear regression was implemented quarterly for the 2020
year. Results are written in table 6. As we understand, prediction quality gets
better towards the end of the year. Especially, the R2 value of the 1st quarter has
a disruptive impact on the year. When R2 is calculated with the 2nd, 3rd, and
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4th quarters, the best value has been obtained. The first case of COVID-19 was
appeared end of 2019 and announced as a pandemic in March 2020. In Turkey,
the full lockdown was from March to June. This situation explains the lower R2
value in the first and second quarters. Until 21st November, Turkey did not have
a lockdown.

Table 6. Results of Linear Regression Quarterly in the 2020 Year

Regression Model Train Data Test Data R?
LR 1t Quarter 0,42
LR 1,2 Quarter 0,778
2015-2019
LR 1t,2"d 31 Quarter 0,841
LR 2" 314 4% Quarter 0,931

Forecast for 2020-2021 with Data Between 2015 and 2019The sales data bet-
ween 2015 and 2019 were used to predict the 2020 and 2021 years which has
pandemic. 352 rows of sales data were used for training and 158 rows were pre-
dicted. The line graph of actual and predicted sales data is given in Figure 21.

& |

A

LA A Lw’"‘w

WL M

Figure 21. Actual and Predicted Sales Amount of 2021 Year with Linear Regression

Table 7 shows the statistical measures of each regression model. According to the
results, linear regression has the best value and is better when compared to fore-
casting 2020. This improvement can be proof that after the first year of COVID-19
normalization process started.
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Table 7. Results of Three Regression Models for 2020-2021 Forecasting

Reﬁr:;ff“ "];r:t‘: gg:; 2 MAE MSE RMSE MSD MAPE

LR 2015 0921 0,033 0003 0058 -0,003 1,459

GBR . 2020- 0832 0,039 0007 0084 -0021 0874
2021

RFR 2019 0,839 0,039 0007 0083 -0028 1,074

When the actual and predicted total sales amount in 2020 was compared pre-
dicted value is lower than actual. It can be a negative effect of COVID-19 at the
beginning of the 2020 year. When collection data examined, the first quarter of
2020 has missing collection. There may have been a problem in collection due
to the uncertainty brought by the COVID-19 period. However, in 2020 there is a
positive effect on the total sales amount. Table 8 is a summary of the difference
between actual and predicted sales amounts.

Table 8. The Difference Between Actual and Predicted Total Sales Amounts

Actual Total Predicted Total

Ye t Diff
ear Quarter Sales Amount Sales Amount tierence

Q1 1,44 1,73 -20,48%
Q2 1,72 1,45 15,74%

2020
Q3 1,73 2,09 -20,69%
Q4 2,33 2,03 12,87%
Q1 2,13 2,32 -8,99%
Q2 2,52 2,18 13,64%

2021
Q3 3,16 2,90 8,21%
Q4 3,59 3,47 3,45%

5.4 Forecast for 2021 with Data Between 2015 and 2020

By using the values between 2015-2020, 2021 values were tried to be predic-
ted. 432 lines belong to train data and 78 lines are predicted as sectoral. Table 9
summarized metrics of three regression models. Linear regression has the best
R2 value.
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Table 9. Results of Three Regression Models for 2021 Forecasting

Regression Train Test

2
Model Data Data R MAE MSE RMSE MSD MAPE

LR 0928 0,039 0004 0063 -0,012 0,752
2015-

GBR 2020 2021 0,912 0,041 0005 0069 -0023 0,596

RFR 0,889 0,043 0,006 0,078 -0,033 0,518

2020 year was the most affected from COVID-19. 2021 values predicted with two
different train data for understanding that 2020 data has disruptive effect on
machine learning whether or. Table 10 shows the R2 value of two different mod-
els. The coefficient of determination has better value without 2020 sales data. To
ensure that the 2020 sales data will be ignored, the model can be run again by
continuing to collect data after the COVID-19.

Table 10. Comparison of 2021 R? Values with Different Train Data

Regression Model Train Data Test Data R?
LR 2015-2019 2021 0,933
LR 2015-2020 2021 0,928

6. Conclusion

After COVID-19 first appeared in China, various sectors were affected tourism,
accommodation, education, aviation, production, automotive, energy, technology,
and food. Every country took various cautions like using masks, remote working,
and curfews to control this pandemic.

Remote working and curfews affected the demand for information and com-
munication technologies (ICT). People need to do various things online such as
shopping, working, studying and ICT makes them possible. That's why compani-
es investing in digitalization for adopting this period.

This study aims to understand the impact of COVID-19 and explore the populari-
ty of information technologies in the technology sector through various machine
learning models, utilizing sales data from pre-COVID-19 periods of a Turkish
consulting firm.
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Results show COVID-19 has adverse effects, especially in the first quarter of the
2020 year. After the adaptation period, the sales amount normalizes. Even, in
2021 a positive effect was seen on sales amount. Further, it can be investigated
whether the machine learning model tested afterward is suitable for predicting
future years or whether it is more appropriate to make predictions by ignoring
the COVID-19 period. In addition, the inflation impact can be studied during the
COVID-19 era, and sales revenue convert as dollars because of changes in cur-
rency. With the increasing demand for the technology sector, being a developer is
more interesting day by day, and companies seeking good developers in Turkey
and also around the world. It can be examined as a new study, impacts of increa-
sing demand for information technologies on developers, and their salary.
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Anahtar Kelimeler 0z
Biyokiitle, kati Biyokiitle enerji uygulamalarinda kullanilan ticari teknolojilerin
biyoyakitlar, yakit basinda biyokiitle yakma sistemleri gelmektedir. Orman kékenli

biyokiitlelerin ticari yakma sistemlerinde yakilmast bilinen ve
kanitlamis bir teknoloji olmakla birlikte tarimsal atiklarinin
ciruflanma, kirlenme, yakilmast orman kékenli yakitlara gére cok daha sorunlu
korozyon olabilmektedir. Bu sorunlar; yakma sistemlerinin tasarimindan,
isletme kogsullarina ve burada yakilacak biyokiitlelerin tiiriine,
fiziksel ve kimyasal ozelliklerine bagh olarak degisiklikler
gosterebilmektedir. Bu sorunlarin bagsinda, sistemin diizenli ve
stirekli ¢alismasini etkileyerek plansiz duruslara neden olan
sinterlesme, aglomerasyon, cliruflasma, korozyon gelmektedir. Bu
calismada, bu sorunlari énceden analiz etmek iizere literatiirde
yaygin olarak kullanilan kémiir kiillerinin indislerinin biyokiitle
kiilti iizerindeki uygulanabilirligi incelenmistir. Acik alanda
depolanan 5 farkli biyokiitle hammaddesi (saz kamisi, misir sapi,
cam kapagi, kavak kapagi, agag kékii) silolarindan iki farkli zaman
diliminde alinan numunelerde kiil mineral icerigi, klor icerigi,
kiikiirt icerigi ve kiil ergime sicakligi analizleri yapilarak indis
hesaplamalari gerceklestirilmistir. Bdylece biyokiitle yakitlarindan
kaynakli sorunlarin depolama kosullarina bagh degisimleri de
incelenmis olacaktir. Yapilan analizler ve hesaplamalar sonucunda
biyokiitle kiiliiniin kémiirden énemli élciide farkli olmast ve
biyokiitle hammaddelerinin heterojen yapist nedeniyle kémiire
6zgli literatiirde verilen indisler arasinda herhangi bir iliski veya
6ngort net olarak ortaya konulamamistir. Elde edilen celiskili
sonuglar, bu indislerin olusturulmast veya dogrulanmasi icin
gercek kosullar altinda daha fazla arastirma ve deneysel testlerin
gerekliligini gostermektedir. Biyokiitle yakitlarinin heterojen
yapist ve fizikokimyasal karakterizasyonu dikkate alinarak gercek
yanma deneyimlerine dayalt daha ¢cok deneysel sonuglarin birlikte
degerlendirilmesine ihtiyag¢ duyulacagi gortisiine varilmigtir.
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One of the prominent technologies in biomass energy
applications is commercial biomass combustion systems. While
burning forest-derived biomass is a well-established and proven
technology, the combustion of agricultural residues poses more
challenges compared to forest-derived fuels. These challenges
vary depending on factors such as the design of the combustion
system, operational conditions, and the type, physical, and
chemical properties of the biomass to be burned. Sintering,
agglomeration, slagging, and corrosion are among the major
issues that affect the regular and continuous operation of the
combustion system, leading to unplanned shutdowns. This
study investigates the applicability of common coal ash indices,
widely used in the literature to predict these problems, to
biomass ash for pre-analysis. Five different biomass feedstocks
(reed canary grass, corn stalk, pine, poplar, and tree root)
stored in open silos were sampled at two different time periods.
Analyses of ash mineral content, chlorine content, sulfur
content, and ash fusion temperatures were conducted, and
various indices were calculated. Thus, changes in the problems
related to biomass fuels depending on storage conditions will
also be examined. As a result of the analyses and calculations,
no significant relationship or prediction could be demonstrated
among the existing indices due to the considerable differences
between biomass ash and coal ash, as well as the heterogeneous
nature of biomass feedstocks. The contradictory results
highlight the necessity for further research and experimental
tests under real conditions to establish or verify these indices.
It is concluded that a more comprehensive evaluation, taking
into account the heterogeneous structure and physicochemical
characterization of solid biomass fuels, will be required based
on actual combustion experiences.
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Extended Abstract
Introduction and Objectives

Population growth, urbanization, and modernization continuously increase the demand
for energy. In our country, 58% of the electricity produced is met by burning fossil fuels
[ETKB, 2023]. The use of fossil fuels in thermal power plants for energy production incre-
ases carbon dioxide emissions released into the atmosphere from flue gases, contributing
to global climate change. To reduce dependence on fossil fuels and increase energy diver-
sity, our country, along with many others, has shown great interest in renewable energy
sources. Among these sources, biomass energy has become a significant alternative. Com-
pared to fossil fuels, energy derived from biomass is carbon-neutral.

In this study, samples were taken from five different types of biomass (reed canary grass,
corn stalk, pine, poplar, and tree root) stored in the open at two different times. The samp-
les were analyzed for ash content, melting temperatures, and Cl, S contents in an accre-
dited laboratory. Mathematical indices commonly used for coal in the literature to pre-
dict biomass ash slagging and fouling tendencies were employed to estimate biomass ash
slagging and fouling tendencies. The ultimate goal is to determine whether these indices
provide insights into slagging and fouling tendencies when applied to biomass ash com-
ponents and melting temperatures.

Methodology and Analysis

In this study, samples were taken from five different biomass types (reed canary grass,
corn stalk, pine, poplar, and tree root) stored in open-air silos at two different times (April
2020, April 2021). Standard procedures were applied for the sampling method. Subse-
quently, biomass samples were analyzed in an accredited laboratory for oxide-form ash
content (Si0,, Ca0, K0, P,0s, Al,03, MgO, Fe,0s, SO;, Na,0, TiO,, Sd, and Cl), melting tem-
peratures, IDT (Initial Deformation Temperature), ST (Softening Temperature), HT (He-
mispherical Temperature), and FT (Fusion Temperature). The analysis values were classi-
fied based on the time period and product type in which the samples were analyzed. The
obtained results were interpreted by comparing them with literature data to confirm the
reliability of the analyses.

Results and Discussions

This study demonstrates that there is no general formula that can clearly correlate ash de-
position and fouling tendencies of five different agricultural and forestry biomasses (corn
stalk, reed canary grass, root, pine, poplar) analyzed by taking samples at different time
intervals under open-air conditions. Coefficients traditionally used to predict coal ash de-
posits yield mixed results when applied to biomass fuels. As a result, research findings
predicting the fouling and fouling tendencies of biomass fuels based on some of these
indices need to be questioned. The creation of new indices should be based on realistic
results obtained from actual combustion experiences, taking into account not only the inf-
luence of combustion technology and conditions but also the heterogeneity and physicoc-
hemical characterizations of solid biomass fuels. In conclusion, there is a need for further
research based on real combustion data, considering the properties of the raw materials
used to create and validate indices in the context of different combustion technologies and
operating conditions.
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1. Giris

Niifus artisy, sehirlesme ve modernlesme ile enerjiye olan talep stirekli artis gos-
termektedir. Ulkemizde iiretilen elektrigin %58'i fosil yakitlarin yakilmasindan
karsilanmaktadir (ETKB, 2023).

Fosil yakitlarin enerji iiretiminde ve tasitlarda kullanimi, atmosferde hava kirli-
ligine neden olan bir durumdur (Behcet, R., & Yakin, A. 2020). Bu kirlilik, cografi
sinirlara bagh olmadigindan, ¢evresel etkileri sadece belli bir iilkeyi degil, kii-
resel diizeyde tiim diinya nifusunu etkilemektedir. Fosil yakitlarin kullanimiyla
artan emisyonlar, kiiresel iklim degisikligi lizerinde 6nemli bir etkiye sahiptir.
Bu durum, gevresel stirduriilebilirlik ve kiiresel 1sinma gibi evrensel endiseleri
glindeme getirmektedir (Yakin, A., & Behget, R. 2019). Fosil yakit bagimliligini
azaltmak ve enerji ¢esitliligini artirmak i¢in bir¢ok iilke ile birlikte iilkemiz de ye-
nilenebilir enerji kaynaklarina biiyiik ilgi gostermektedir. Bu kaynaklar arasinda
biyokiitle enerjisi dnemli bir alternatif olmustur. Fosil yakitlarla mukayese edildi-
ginde, biyokiitleden elde edilen enerji karbon nétr bir kaynaktir. Biyokiitle enerji
proseslerinde ortaya ¢ikan CO,, fotosentez yoluyla organik maddelerin biiytimesi
ve gelismesi sirasinda atmosferden alinan karbondioksite esdeger oldugundan
biyokiitle enerjisi karbon nétrdiir. Bu yiizden biyokiitle enerjisinin CO, salinimi-
nin azaltilmasinda ve dolayisiyla kiiresel 1sinma ile miicadelede ¢ok 6nemli bir
rolii vardir. Bunun yani sira kullanilabilirlik ve ¢ok iyi bilinen dontisiim teknolo-
jileriyle biyokiitle, enerji talebini ve enerji arz giivenligini saglamada 6nemli bir
alternatif olmaktadir (Badem, A. & Olgun, H. 2023).

Biyokiitle yakma, bilinen en yaygin biyokiitle enerji doniistimu yontemidir. Biyo-
kiitle yakmada en ¢ok akiskan yatakli kazan ve 1zgarali kazan kullanilmaktadir.
Biyokiitle yakma sistemlerine 6zgii problemler biytik 6l¢iide proses sonucu olu-
san kiiliin bilesiminden kaynaklanmaktadir. Ciddi isletme sorunlarina yol agmasi
nedeniyle biyokiitle kiilii kaynakli problemlerin ¢dziimii iizerine arastirmalar ya-
pilmaktadir (Garcia-Maraver, Mata-Schancez, Carpio & Perez-Jimenez, 2017). Cii-
ruflasma (slagging) ve kirlenme (fouling), 1s1 transfer ytizeylerinde kil birikimini
ifade etmek icin kullanilan terimlerdir. Daha acik bir ifade ile ciiruflasma, ugucu
kiiliin 1s1 radyasyonuna maruz kalan yiizeylerde birikmesi olayy, 1s1 geri kazanim
boélimii ylizeylerinde toplanan tortular ise kirlenmeyi olusturmaktadir [Munir,
2010]. Kil miktar1 ve 6zellikleri, kullanilan biyokiitlenin sadece miktarina bagh
degildir. Ayn1 zamanda kullanilan biyokiitlenin cinsine (tarimsal, ormansal, hay-
vansal ve endiistriyel biyokiitle) ve kimyasal 6zelliklerine de baghdir (Tortosa
Masia vd., 2007). Biyokiitle tiirlerinin genis cesitliligi, kiil bilesimini dzellikle
organik ve inorganik bilesenleri agisindan olduk¢a degisken hale getirmektedir
(Jenkins vd. 1998;Demirbas 2005;0bernberger vd.,1997). Yakma sistemlerinde
kil kaynakli problemlerin arastirilmasinda ilgilenilen ana bilesenler olarak; si-
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lisyum, potasyum, Klor, kiikiirt, demir, fosfor, magnezyum, kalsiyum, titanyum,
karbon, hidrojen ve oksijen basta gelmektedir (Baxter vd., 1998).

Yakma sistemi tasarimi ve sorunsuz isletilme kosullarinin belirlenmesinde, kul-
lanilacak yakitlarin ve bu yakitlara ait kiillerin bilesimi 6nem arz etmektedir.
Ornegin, biyokiitle kiillerinin diisiik erime sicakliklar1 ve yiiksek mineral oksit
icerikleri yakma sisteminde ve 1s1 transfer ekipmanlarinda erimis kiil birikintile-
rine neden olmaktadir (Werther vd., 2000; Bryers 1996; Pronobis 2005). Bir¢cok
biyokiitle tesisi ciiruf ve sinterlenmis kil birikintilerinden dolay1 ciddi ekonomik
kayiplar yasamaktadir. Tarimsal ve kentsel atiklar yakildiginda bu risk ¢ok daha
fazlayken, orman atiklarinda risk orani daha diisiiktiir. Orman atiklarinin ciiruf
olusturma egilimleri kimyasal icerikleri nedeniyle diisiik olmasina ragmen, yakit
ile gelen diger kirletici toprak malzemeleri nedeniyle yakma sistemlerinde sorun
yasanabilmektedir. Asir1 kil birikimi yanma dengesini bozar, 1s1 transferini gecik-
tirir, yiiksek sicaklik korozyonuna ve kizdirici patlamalarina hatta mekanik ariza-
lar nedeniyle plansiz duruslara sebep olabilir (Aho ve Silvennoinen, 2004; Szem-
melveisz vd., 2009; Jensen ve Dam-Johansen 2004). Cok farkl 6zellikte biyokiitle
yakilmasindan kaynaklanacak sinterlesme ve ciiruf olusumunun énceden tah-
min edilmesi; isletme kaynakli bakim ve onarim maliyetlerinin disiiriilmesine
katki saglayacaktir. Yakma sistemlerinde yakit alternatiflerinin degerlendirilme-
si ve agiklanan etkilerin en aza indirilmesi i¢in ¢esitli metotlar ortaya konmustur
(Fernandez Llorente ve Carrasco Garcia 2005). Bir kazanin ciiruf olusturma egi-
limi, yalnizca yakit 6zellikleri agisindan tahmin edilemez (Miles vd. 1996). Kiiliin
erime noktasi ile yakit bilesimi arasinda gii¢lii bir iliski oldugu bilinmektedir. (Yu
vd. 2014). Kémir kiiliiniin sinterleme ve cliruf egilimi ile ilgili bilimsel yayinlara
dayal1 olarak risk tahmini i¢in bir dizi yontem gelistirilmistir (Garcia vd., 2015;
Teixeira vd., 2012). Biyokiitlenin ise kdmiirden dnemli 6l¢iide farklilik gosterdigi
bilinmektedir (Cuiping , Chuangzhi, & Haitao, 2004; Mohan vd., 2006; Nordin
1994; Wigley vd., 2007). Kémir i¢in gelistirilen ampirik formiillerin biyokiitle
icin de gecerliligi tizerine ¢ok fazla bir ¢alisma yoktur. Biyokiitle yakitlar1 kendi
icerisinde ¢ok cesitlidir ve her bir tiirt farkh fiziksel ve kimyasal 6zellikler gos-
termektedir. Farkli bolgelerden alinan ayni biyokétle tiirlerinin kiil analiz sonug-
larinda bile farkliliklarin oldugu, elemental ve oksit formda kil igeriklerinin ve
kiil ergime sicakliklarinin ayni olmadigi goriilmektedir.

Biyokiitle organik icerikli bir yakit oldugu icin 6zellikleri de havaya, iklime, yetis-
tirme startlarina ve toprak ozelliklerine son derece baghdir. Bu heterojen yapisi
nedeniyle kat1 biyokiitlenin uygun bir sekilde depolanmasi ve efektif yakilmasi, fo-
sil yakitlarla mukayese edildiginde ¢ok daha zor ve sorunlu olabilmektedir. Bu ca-
lismada, a¢ik alanda depolanan 5 farkl biyokiitle tiirtinden (saz kamisi, misir sapi,
¢am kapak, kavak kapak, agac kokii) 2 farkli zamanda numuneler alinarak akredite
laboratuvarda kiil igerigi, ergime sicakliklari ve Cl, S igerikleri analiz edilmistir.
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Biyokiitle ciiruf ve kirlenme egilimlerinin tahmini i¢in literatiirde yaygin olarak
komiir icin kullanilan matematiksek indisler kullanilarak bir sonuca varilmaya
calisilmistir. Nihai amag, bu indislerin biyokiitle kiil bilesenleri ve erime sicaklik-
lar1 tizerinde kullanildiginda ciiruf ve kirlenme egilimlerinde fikir verip verme-
yecegini belirlemektir. Calismanin bulgulari, biyokiitle yakitlarinin depolanmasi
sirasinda olusan kuru madde kayiplarinin mekanizmalarinin daha iyi anlagilma-
sina, biyokiitle yakitlarinin depolanmasi ve islenmesi i¢cin daha verimli ve str-
diirtilebilir yontemlerin gelistirilmesine ve dogru yakit regeteleri hazirlanarak
biyokiitle enerjisinin daha yaygin ve etkin kullanimina katkida bulunacaktir.

2. Materyal ve Metod

Bu ¢alismada arastirma ve yayin etigine uyulmustur.

2.1 Kullanilan Analiz Yontemi ve Deneysel Veriler

Biyokiitle hammaddelerinin kiil minerali icerigi (Si, Ca, K, P, Al, Mg, Fe, Na ve Ti)
“Standard Test Method for Major and Trace Elements in Coal and Coke Ash by
X-Ray Fluorescence” olarak adlandirilan XRF ASTM 4326 standardi kapsaminda
gerceklestirilmistir. Bu standart, yakit kiiltindeki ana ve iz elementlerin analizini
yapmak icin X-151n1 floresans spektrometrisi (XRF) yontemini tanimlamaktadir.
XRE bir numunenin X-1sinlarina maruz birakilmasiyla ¢alisan bir analiz teknigi-
dir. Numunenin atomik yapisi X-1s1nlar1 tarafindan etkilenir ve bu etkilesim sonu-
cunda numunenin karakteristik floresans 1sinlar1 yayilir. XRF cihazi, bu floresans
1sinlarini algilayarak numunedeki elementlerin tespitini ve miktarlarinin belir-
lenmesini saglar. Bu standart, kalite kontrol amaclariyla, cevresel analizlerde ve
arastirmalarda kullanilan bir referans noktasidir. XRF analizi, yanma iiriinlerinin
bilesimini ve kalitesini belirleme, emisyon kontrolii, enerji tiretimi ve diger uy-
gulamalar i¢in 6nemli bir aragtir. ASTM 4326, bu analizin standardizasyonunu
saglayarak sonuclarin karsilastirilabilir ve giivenilir olmasini temin eder.

Biyokiitle hammaddelerinin kiil ergime sicakliklar: (IDT, ST, HT, FT) ASTM D1857
veya D1857M-18, “Standard Test Method for Fusibility of Coal and Coke Ash” ola-
rak adlandirilan bir ASTM standardi kapsaminda gergeklestirilmistir. Bu stan-
dart, komir ve kok komiri kiiliiniin erime 6zelliklerini degerlendirmek icin
olusturulan bir yontemdir. ASTM D1857, komiir veya kok kdmiirii kiiliintin belirli
sicaklik araliginda erime davranisini belirlemek i¢in kullanilan bir test yontemi-
dir. Bu test, numunenin yliksek sicaklikta i1sitilmasini ve olusan kiiliin erime dav-
ranisini degerlendirir. Bu test yonetimi, yakitin yanma siirecinde olusan kiiliiniin
davranisini anlamak ve degerlendirmek icin 6nemlidir.

Kiiliin erime 6zellikleri, yakitin yanma verimliligi, kazan performansi ve yanma
sonrasl atiklarin yonetimi agisindan 6nemli bir faktérdir. ASTM D1857, bu 6zel-
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likleri belirlemek ve farkl yakit tiirleri arasinda karsilastirma yapmak i¢in stan-
dartlastirilmis bir yontem saglar.

Biyokiitle hammaddelerinde bulunan klor igerigi yiizdesi (Cl) (%), EPA 5050 Iyon
Kromatografisi ile belirlenmistir. EPA 5050, Amerika Birlesik Devletleri Cevre
Koruma Ajansi (EPA) tarafindan yayinlanan bir yontemdir. Bu yontem, biyokiitle
numunelerindeki gesitli iyonlar: analiz etmek icin kullanilir. [yon kromatografisi,
bir numunedeki iyonlarin ayristirilmasi ve tespiti i¢in kullanilan bir analiz tek-
nigidir. Biyokiitle numunesi iyon kromatografisi cihazina verilir ve klor iyonlari
ayristirilir. Bu sayede klor miktari tespit edilir ve yiizde olarak ifade edilir.

Biyokiitle hammaddelerinin kuru yakittaki kiikiirt ytizdesi (Sd) (%), ASTM D4239
standardi ile analiz edilmistir. ASTM D4239 standardinda yer alan “Standard Test
Method for Sulphur in the Analysis Sample of Coal and Coke Using High-Tem-
perature Tube Furnace Combustion” tarafindan kuru yakittaki kiikiirt ylizdesini
ifade etmektedir. ASTM D4239, kuru yakitlardaki kiikiirt icerigini belirlemek i¢in
bir deney yontemini tanimlar. Bu yontem, yiiksek sicaklikta tiip firin1 yanma kul-
lanarak numunelerdeki kukiirtiin oksidasyonunu gerceklestirir. Olusan kiikiirt
dioksit (SO;) gazi, uygun bir dedektor araciligiyla tespit edilir ve kiikiirt miktari
gaz analizi ile belirlenir.

Bu c¢alismada, acik alanda depolanan 5 farkli biyokiitle (saz kamisi, misir sapi,
cam kapagy, kavak kapagi ve agag kokii) acik hava silolarindan 2 farkli zamanda
(Nisan 2020, Nisan 2021) numuneler alinarak akredite laboratuvarda kiil igerigi,
ergime sicakliklari ve Cl, S igerikleri analiz edilmistir. Numune alma yontemi icin
standart prosediirler uygulanmistir [Badem A., Olgun H., 2023]. Analiz degerleri,
numunelerin analiz edildigi zaman dilimi ve iiriin cinsine gore siniflandirilarak
Tablo 1’de gosterilmistir. Elde edilen sonuglar, analizlerin giivenilirligini teyit et-
mek adina literatlirden alinan verilerle karsilastirildi.

Tablo 1'de, bes farkli biyokiitlenin iki farkli zaman diliminde alinan érneklerinin
oksit formdaki kiil icerikleri goriilmektedir. Bu tablo, her bir biyokiitle i¢in Sio,,
Ca0, K;0, P,0s, Al,05, MgO, Fe,03, SO3, Na,0, TiO,, Sd ve Cl iceriklerini ayrintili bir
sekilde listelemektedir. Her bir 6zellik, Nisan 2020 ve Nisan 2021 dénemlerinde-
ki degerlerini icermektedir. Tablo 1’den de goriilecegi lizere kiillerin oksit bile-
senleri yakit tipine ve numune alma tarihine gore farkliliklar géstermektedir. Bu
durum da uzun stireli depolamalarda kiil kaynakli problemlerde de bir farklilik
olabilecegini gdstermektedir.

Tablo 2’de ise, ayn1 biyokiitle 6rneklerinin kil ergime sicakliklar1 bulunmakta-
dir. Bu sicakliklar IDT (ilk Deformasyon Sicakhig), ST (Yumusama Sicakligi), HT
(Yarikiire Sicakligi) ve FT (Erime Sicakligl) olarak dort farkh kritik noktada ve-
rilmistir. Nisan 2020 ve Nisan 2021 donemlerinde elde edilen degerler karsilas-
tirilmistir.
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Tablo 3 ve Tablo 4’te ise bes farkli biyokiitle tiirii olan kok, cam kapagi, kavak ka-
pagl, misir sap1 ve saz kamisinin oksit formda kiil icerikleri ( SiO,, CaO, K;0, P,0s,
Al, 03, MgO, Fe,05, SO3, Na,0, Ti0,, Sd ve Cl) ve kiil ergime sicakliklar: (IDT, ST, HT,
FT) literatlirden alinan veriler ile 6zetlenmistir.

Tablo 3. Bes Farkh Biyokiitlenin Oksit Formda Kiil icerikleri

icerik ) Cam Kavak ka- Saz ka-
% Kok kapasi as1 Misir sap1 misi
(%) pag pag $

[Zevenho- [Tortosa [Tortosa [Vassilev

ven-Onder- Masiavd., [Vassilevvd., Masiavd.,

Referans watervd., 2007; Vas- 2014;Bryers, 2007; Vas- ;\I/[d(;ili\ (r)llei;
2000; Miles  silev vd,, 1996] silev vd., 2006] ’
vd., 1996] 2014] 2014]

Sio; 20,62 68,18 1,86 49,95 84,92
Ca0 47,55 7,89 77,31 14,73 3,31
K;0 10,23 4,51 8,93 18,53 2,93
P,0s 5,05 1,56 2,48 2,42 3,88
Al,03 2,99 7,04 0,62 5,06 1,32
MgO 7,2 2,43 2,36 4,49 1,42
Fe,0; 1,42 5,45 0,74 2,53 1,04
S0; 2,91 1,19 0,74 1,84 1,04
Na,0 1,6 1,2 4,84 0,16 0,09
TiO, 0,4 0,55 0,12 0,29 0,05
Sd 0,1 0,09 0,1 0,08 0,15
Cl 0,03 0,06 - 0,64 0,06
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Tablo 4. Bes Farkli Biyokiitlenin Kiil Ergime Sicaklig1 Degerleri

°C Kok Cam kapagr Kavak kapagi Misirsapr Saz Kamisi
i (Tortosa .
(Wilen (Tortosa Ma (Vassilev vd., Masia vd., (Vassilev
siavd., 2007; vd., 2014;
Referans vd., . 2014;Bryers, 2007; Vas- .
Vassilev vd., ] Moilanen,
1996) 2014) 1996) silev vd.,, 2006)
2014)
IDT 1175 1256 1329 1126 1256
ST 1205 - - - -
HT 1230 1402 1447 1214 1402
FT 1250 1430 1458 1221 1430

Analiz sonuglari literatiir verileriyle genel olarak uyumludur. SiO,, Ca0, K0, P,0s,
Al, 03, MgO, Fe,0; ve SO; gibi ana bilesenlerde benzer egilimler goriiliirken, kok,
¢cam kapag1 ve kavak kapagindaki Na,O degerleri 6ne ¢ikan farkliliklardir. Ayrica,
Cligerigi ozellikle misir sap1 ve saz kamisinda 6nemli 6l¢iide degismektedir. Agik
havada depolama neticesinde yagislar nedeniyle yikama etkisi ile olusan farkli-
liklar ve tasima esnasinda numunelerde olusabilecek yabanci madde ve toprak
kaynakli olabilir. Kiil ergime sicakliklari analizinde ise, genelde IDT, ST, HT ve FT
degerleri benzerlik gostermektedir. Tablo 2’den de goriilecegi izere en diisiik kiil
ergime sicakliklart misir sap1 icin bulunmustur. Kiil ergime sicakligi, biyokiitle
yakitlarinin termal 6zelliklerini belirleyen kritik bir parametre olarak éne ¢ikar.
Bu parametre, yakitin yanmasi sirasinda olusan kiiliin termal davranisini belir-
ler ve dolayisiyla kazan performansini etkiler. Diisiik kil ergime sicakligy, kiiliin
kazan i¢cinde daha az yapiskan bir tabaka olusturmasini saglayarak temizlik is-
lemlerini kolaylastirabilir. Ancak, bu durum ayni zamanda kiiliin yapismasina ve
kazan performansini olumsuz etkileyebilecek sertlesmesine de neden olabilir.
Yiiksek kiil ergime sicakligi ise kiiliin daha stabil bir tabaka olusturmasina yar-
dimci olabilir ve dolayisiyla kazan performansini artirabilir. Ancak, asir1 yiiksek
kiil ergime sicakligr da kiiliin yapismasina ve temizlik islemlerinin zorlasmasina
neden olabilir. Bu nedenle, kiil ergime sicakliginin yakitin performansi, verimli-
ligi ve bakim gereksinimleri tizerinde dnemli bir etkisi oldugu gortilmektedir. Bu
durum, biyokiitle yakitlarinin se¢imi ve islenmesi siirecinde dikkatle ele alinmal
ve kazan tasariminda goz oniinde bulundurulmalidir. Bu veriler literatiir verile-
ri ile de olduk¢a uyumlu cikmistir. Elde edilen kiil igerigi ve kil ergime sicakli-
g1 sonuglari, literatiirdeki bulgularla genel bir uyumluluk gostermektedir. SiO,,
Ca0, K;0, P,05, Al,0;, MgO, Fe,0; ve SO; gibi ana bilesenlerin oranlarinda ben-
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zer egilimler gozlemlenmistir. Fakat kok, cam kapagi ve kavak kapagindaki Na,0
degerleri, literatiirden farklilik géstermektedir. Ayrica Cl igerigi, 6zellikle misir
sap1 ve saz kamisinda énemli dlciide degisiklik gostermektedir. Bu farkliliklar,
acik havada depolama sirasinda yagislarin neden oldugu yikama etkisi ve tasima
esnasinda numunelere bulasan yabanci madde ve toprak kaynakl olabilir. Kiil
ergime sicakligi analizlerinde de IDT, ST, HT ve FT degerleri literatiirle benzerlik
gostermektedir. Tablo 2’den de goriilebilecegi tizere en diisiik kiil ergime sicak-
liklar1 misir sapi1 i¢cin bulunmustur. Bu bulgu da literatiirdeki verilerle uyumludur.
Sonuc olarak, bu calisma farkl biyokiitle tiirlerinin kiil icerigi ve ergime 6zellikle-
ri arasindaki varyasyonlar1 anlamak i¢in degerli bir referans kaynagi sunmakta-
dir. Elde edilen veriler, biyokiitleden enerji iretim siire¢lerinin optimizasyonuna
katki saglayabilir.

2.2 Ciiruflasma ve Kirlenme indeksleri

Sicak yiizeylerde kiil birikmesi olayi cliruflasma (slagging) ve kirlenme (fouling)
olarak tanimlanmistir. Ciiruflasma, kazanin firin duvarlarinda veya radyant 1siya
maruz kalan konveksiyon yiizeylerinde erimis veya kismen erimis birikintilerin
olusumu olarak tanimlanir.

Kirlenme (fouling) ise kizdirici ve ara 1siticilar gibi konveksiyon 1s1 yiizeylerinde

birikinti olusumu olarak tanimlanir. Ciiruflanma, enerji liretimi sirasinda veya
diger termal islemlerde yanma sonucu olusan clirufun yiizeylerde birikmesi veya
yapismasi olayidir. Yanan yakitin icerisinde bulunan mineral maddeler, yanma
slireci sirasinda cesitli bilesikler halinde serbest kalir. Bu bilesikler, havada ta-
sinarak yiizeylere carparak veya akiskanlarla birleserek birikintilere ddniise-
bilir. Cliruflasma; kazanlar, firinlar, bacalar, 1s1 esanjorleri gibi ekipmanlarin i¢
yuzeylerinde birikime neden olurlar. Enerji transferini engelleyebilir, akiskan-
larin akis direncini artirabilir ve ekipmanlarda hasara yol agabilirler. Kirlenme,
endiistriyel siireglerde akigskanlarin temas ettigi ytizeylerde biriken tortu, kir
veya birikintilerin olusumu anlamina gelir. Akiskanlar icinde bulunan kat1 par-
tikillerin, ¢okelme, kristallesme, kimyasal reaksiyonlar veya biyolojik etkilesim-
ler sonucu ylizeylere yapismasi ve birikmesiyle meydana gelir. Kirlenme, boru
hatlary, 1s1 esanjorleri, reaktorler, sogutma sistemleri ve diger ekipmanlarda akis
direncini artirabilir, termal verimi disiirebilir ve isletme maliyetlerini artirabi-
lirler. Her iki problem de endiistriyel siireclerde 6nemli sorunlar olusturur ve
diizenli bakim ve temizlik gerektirirler. Ciiruflanma ve kirlenme, ekipmanlarin
performansini olumsuz etkiler, enerji verimliligini azaltir ve isletme maliyetleri-
ni artirir. Bu nedenle, diizenli temizlik, bakim ve uygun isletme yontemleri ile bu
sorunlar minimize edilmeye ¢alisiilmaktadir. Bu ¢alismada dikkate alinan ciiruf-
lagma ve kirlenme indeksleri, kiil bilesimi ve/veya eriyebilirlik sicakliklar: kore-
lasyonlarina dayanmaktadir Literatiirde daha ¢ok komiir yakitlari i¢in kullanilan
bu endeksler asagida kisaca agiklanmistir.
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Silika icerigi (Si0,)

Yakitta bulunan silika miktarinin ytizdesel olarak ifadesidir. Silika, kiil olusumun-
da belirleyici bir faktor olup, yliksek silika igerigi cliruflasma ve kirlenme riskini
artirabilir. Biyokiitle kiliiniin silika i¢eriginin cliruf olusumunda etkili oldugu bi-
linmektedir. Bu neden ile biyokiitle kiiltiniin silika icerigi ctiruf gostergesi olarak
kullanilmaktadir [Ohman vd., 2004]. Literatiirde verilen bilgilerde kritik Si igeri-
ginin (SiO; olarak verilir) yakit kiiliindeki degisiminin ciliruflasma iizerindeki et-
kisi Tablo 5’de verilmistir. Bu degerin %20’nin altinda olmasi durumunda ciiruf
olusumunu en az olmaktadir [Gilbe vd., 2008].

Klor icerigi (Cl)

Yakitta bulunan klor miktarini ytizdesel olarak ifade eder. Klor, yliksek sicaklik-
larda agresif bir bilesik haline gelerek korozyon ve ciiruflasma reaksiyonlarini te-
tikleyebilir. Klor, potasyum ve silika arasindaki reaksiyonlari kolaylastirici bir rol
oynayarak, tipik kazan ¢alisma sicakligi olan 800-900 °C’de erimis cam benzeri
tortu ve ciiruflarin olusumuna neden olmaktadir. (Jenkins vd., 1996; Llorente vd.,
2006). Kiil iceriginde yakittaki klor igerigi icin farkli araliklar, biyokiitle yakitlari-
nin cliruf egilimi ile iliskilendirilmistir (Tortosa Masia vd., 2007; Pronobis, 2005).
Bu deger Tablo 5’den de goriildugii gibi en diisiik risk icin %0.2'nin alt1 olarak
verilmistir.

Bazik/Asit Orani (B/A)

Kiil bilesenlerinin bazik ve asidik karakteristiklerinin oransal bir géstergesidir.
Diistik B/A oranlar1 asidik karakterli kiil olusumunu, yiiksek oranlar ise bazik
karakterli kiil olusumunu isaret edebilir. Kiildeki bazik bilesikler (Fe,0; + CaO +
MgO + Na,0 + K;0) kiil erime sicakligini diisiiriir (Munir, 2010). Bu bilesenler, B
grubu olarak smiflandirilir ¢linkii P205 fraksiyonu, ugucu kiildeki erime sicakli-
gin1 diistirebilen diisiik erime noktali fazlarin gelisimini artirabilir. Bu nedenle,
P,0, icerigi de B grubuna dahil edilir. Asidik bilesenler, erime sicakligi daha ytik-
sek olan (SiO, + Al,O; + Ti0;) gibi bilesenlerdir, A grubu olarak adlandirilir. Bazik
bilesiklerin asidik bilesiklere orani Tablo 5’de verilen araliklara gore kiil biri-
kintisi davranisini tahmin etmek i¢in bir indeks olarak kabul edilmistir (Tortosa
Masia vd., 2007; Pronobis, 2005; Vamvuka ve Zografos, 2004). B/Anin 0,5'den
kii¢iik olmasi istenir.

B/A=(Fe,0;+Ca0+Mg0+Na,0+K,0+P,05)/(SiO; + Al,0; + TiO,) (D

Yatak Aglomerasyon indeksi (BAI)

Yakitin yanmasi sirasinda yatagin icinde olusabilecek aglomerasyon riskini belir-
lemek i¢in kullanilir. Yiiksek BAI degerleri, aglomerasyon ve tikanma problemle-
rinin olasiliginm artirabilir. Akiskan yataklarda biyokiitlenin yanmasi sirasinda en
biiyiik sorun yatak aglomerasyonudur (Werther vd., 2000). Bu nedenle, akiskan
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yatakli reaktorlerde kiil bilesimini aglomerasyonlarla iliskilendiren bir yatak ag-
lomerasyonu indeksi gelistirilmistir (Vamvuka ve Zografos, 2004). BAI'nin <0.15
olmasi yliksek risk olarak tanimlanmistir.

BAI = (Fe,0;)/(Na,0+K,0) (2)

Babcock endeksi (Rs)

Kiildeki silika ve aliimina oranlarinin oranini belirler. Yiiksek Rs degerleri, kiilde-
ki silika iceriginin arttigini ve dolayisiyla ciiruflasma riskinin yiiksek oldugunu
gosterebilir. Rs indeksi B/A oranina ve kiildeki kiikiirt oranina dayalidir (Prono-
bis, 2005). Biyokiitle yakitlarinda kiikiirt yiizdesi ¢cok diisiik oldugu i¢in biyokiitle
yakitlari i¢in ihmal edilebilir (Miles vd., 1996). Farkli risk araliklar1 Tablo 5’de
gosterilmistir.

Rs = (B/A)-S¢ 3)

Kiil eriyebilirlik indeksi (AFI)

Kiiliin belirli bir sicaklikta erime egilimini ifade eder. Diisiik AFI degerleri, kiiliin
ylksek erime direncine sahip oldugunu gosterir. Kiil eriyebilirlik indeksi kiil er-
gime sicakligi degerlerinden IDT ve HT'ye dayanmaktadir (Gray ve Moore, 1974).
Indeks, denklem (4) ile belirlenmis ve aralik degerleri Tablo 5’te gosterilmistir.

AFI = (4-IDT + HT)/5 (4)

Kirlenme indeksi (Fu)

Kazan yiizeylerinde olusabilecek kirlenme riskini belirlemek i¢in kullanilir. Yiik-
sek Fu degerleri, kirlenme ve tikanma riskinin arttigini gosterebilir. Kirlenme
indeksi, B/A oranini ve alkali (Na,0 + K;0) icerigini dikkate almaktadir (Prono-
bis, 2005). Daha ytiksek Fu degerleri, daha yiiksek kirlenme egilimlerine karsilik
gelmektedir (Tablo 5).

Fu = (B/A)-(Na; O + K,0) (5)

Ciiruf viskozite indeksi (Sr)

Cirufun akiskanlik 6zelliklerini belirler. Yiiksek Sr degerleri, ciiruflasma egili-
minin arttigini ve bu durumun kazan performansini olumsuz etkileyebilecegini
gosterebilir. Bu indeks, alkali bilesikleri disinda, kiildeki bazik bilesiklerin silis
ylzdesini hesaplar. Yiiksek Sr degerleri, yiiksek viskoziteyi ve bu nedenle diisiik
cliruf olusum egilimini ifade eder (Pronobis, 2005).
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Sr = Si0, -100/(Si0, + Fe,0; + Ca0 + Mg0). (6)

Yumusama sicakhigi (ST)

Kiiliin termal deformasyon veya erimeye basladig1 sicaklik noktasini belirler. Dii-
stk ST degerleri, kiiliin disiik termal stabiliteye sahip oldugunu gosterebilir. Cii-
ruf tahmini modelleri, biyokiitle yakitlarinin yumusama sicakligini Tablo 5’'teki
sinirlara gore degerlendirmektedir (Yu vd., 2014).

ilk deformasyon sicakhig1 (IDT)

Kiiliin yapisindaki ilk deformasyonun basladigi sicaklik noktasini belirler. IDT,
kiiliin termal stabilitesi ve dayaniklili§1 hakkinda bilgi saglar. Biyokiitle, yanma
esnasinda organik formda ayrisarak diisiik erime sicakliklarina sahip bilesikler
olusturan potasyumu icermektedir (Miles vd., 1996). Bu nokta dikkate alindi-
ginda, IDT (sinterlemenin basladigi yer) ile K20 igerikleri arasinda bir iliski bu-
lunmustur (Werther vd., 2000; Gupta vd., 1998). Bu korelasyona karsilik gelen,
IDT degerlerine bagl olarak sinterleme egilimleri icin farkl araliklar Tablo 5’de
ozetlenmistir (Ohman vd., 2004).
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Tablo 5. Ciiruflasma ve Kirlenme Indisleri

Ciiruflasma ve Kirlen-

indeks Aralik Deger me Egilimi Referans
<20 Diisiik
Si0, (%) 20-25 Orta (Ohman vd., 2004)
> 25 Yiiksek
<02 Diigiik
i) e saonetna 2008
0,3-0,5 Yiiksek
>0,5 Cok Yiiksek
<0,5 Diistiik
B/A 05-1 Orta (Munir, 2010)
1-1,75 Yiiksek
>1,75 Cok Yiiksek
<0,15 Yiiksek
<0,6 Diisiik
ES A I 0,6-2 Orta g((})eir;)la-Maraver vd.,
2-2,6 Yiiksek
> 2,6 Cok Yiiksek
> 1342 Diisiik
1232-1342 Orta (Dunnu, Maier &
AFI 1052-1232 Yiiksek Scheffknecht, 2010)
<1052 Cok Yiiksek
<0,6 Diisiik
Fu 0,6 - 40 Orta g((})eir;)la-Maraver vd.,
> 40 Yiiksek
>72 Diigiik
Sr 65-72 Orta (Pronobis, 2005)
<65 Yiiksek
> 1390 Diisiik
ST (°C) 1250-1390 Orta (Yuvd., 2014)
<1250 Yiiksek
>1100 Diistik
IDT (°C) 900-1100 Orta (Ohman vd., 2004)
<900 Yiiksek
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3. Sonuglar ve Tartisma

Tablo 1 ve 2’de verilen analiz sonuglarina gore cliruflasma ve kirlenme indeksleri,
Tablo 5’'de verilen aralik degerler lizerinden hesaplanmistir. Elde edilen sonuglar
bes farkli biyokiitle icin iki farkli zaman diliminde Tablo 6’da gosterilmistir.

Tablo 6. Ciiruflanma ve Kirlenme Indekslerinin Degerleri

Ciiruflanma ve kirlenme indeks degerleri - NISAN 2020

Biyokiitle iy ¢j  B/A BAl Rs AR Fu Ssr ST IDT
Cesidi
KOK 229 0,022 051 0,16 12482 16,61 - 1253 1245
«AM 0,015 0,79 0,16 1412 13,05 6694 1494 1391
KAPAK ' g g
KAVAK
Kapak 641 002 0,17 0,84 14896 1500 1487
MISIR
SAPI 0264 078 0,17 12,64 67,06 1169
SAZ KA-
Misi 0249 0,1 073 9598 1492 1281

Ciiruflanma ve kirlenme indeks degerleri - NISAN 2021

Biyokiitle oy ¢;  B/A BAI Rs AFI Fu St ST IDT
Cesidi 2

KOK 194 0,012 047 0,16 [ELIOMN 16,87 1168
CAM

capag 16 0013 077 034 1312 1274 1307
KAVAK

KAPAK 0,008 0,77 7,29 1186
MISIR

SAPI 006 052 068 314 67,96 1195
SAI\,%I;A' 0157 017 036 057 89,83 1458 1390

Renklerin Lejanti

Genel olarak, farkli donemlerde farkl biyokiitle yakitlarina uygulandiginda mev-

| DUSUK ORTA

cut indisler arasinda bir iliski olmadig1 sonucuna varilabilir. Hatta sonuglar ken-
di icerisinde celiski barindirmaktadir. Ornegin, Nisan 2021 déneminde kék ve
cam kapak analiz degerlerine indis hesaplamalar1 uygulandiginda, kiil birikin-
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tileri tiretme hususunda B/A indeksine gore c¢ok yliksek, Sr indeksine gore ise
ylksek risk egilimine sahip oldugu 6ngoriilmektedir. Fakat ayni donemde kok ve
cam kapak i¢cin hesaplanan SiO,, Cl, Rs, IDT indislerine gore dusiik seviye ctruf
ve kirlenme egilimi, Fu indisine gore ise orta derece ciiruf ve kirlenme egilimi
gostermektedir. Bu celigkili tahminler Tablo 6’da gosterilen farkli dénemlerde
alinan hemen hemen tiim biyokiitlelerde bulunmaktadir. Silolardan alinan farkh
zaman dilimlerine iliskin biyokiitle numuneleri ayr1 ayri ve birlikte incelenmistir.
Fakat indis hesaplamalari arasinda olusan ¢eligkili sonuglar nedeniyle herhangi
bir korelasyon olusturulamamistir.

Silika I¢erigi (Si0,)

Silika i¢cerigi i¢in Si0, >%25 degeri yiiksek risk olarak tanimlanmistir. En yiiksek
silika yiizdesi hem Nisan 2020 hem de Nisan 2021 degerlerinde bu kritik de-
gerin ¢ok lzerinde ¢ikmistir. Biyokiitle yakitlarindaki ytiksek silika seviyeleri,
yakitin depolama kosullarinda toprak veya kumla karisimindan kaynaklanma
ihtimali mevcuttur. SiO, igerigine iliskin indis, misir sap1 ve saz kamisi biyoktit-
lelerinde kiil birikintileri tiretme egilimi géstermistir. Bu SiO, degerleri, bu tiir
biyokiitlelerdeki SiO, igerigini bitkinin saglamligina veya sertligine katkisiyla
iliskilendiren diger calismalarda elde edilen verilerle uyumludur. Nisan 2020
déneminde alinan numunelerde kavak kapak SiO, i¢erigi bakimindan 6,41 ola-
rak hesaplanmistir. Nisan 2021 doneminde yapilan analizlerde ise kavak kapak
icin bu degerin 33,8’e yiikseldigi, ciiruf ve kirlenme risk egiliminin Nisan 2020’de
diistik seviyedeyken, Nisan 2021’de yiiksek risk grubunda oldugu Tablo 6’da go-
riilmektedir. Bu durumun temel nedeni, biyokiitlelerin silika i¢ceriginin tasima,
ytikleme, acik havada depolama vb. dis etmenler ile biyokiitle ylizeyinde biriken
topraktan kaynaklanan kirlenme nedeniyle artmasidir.

Klor icerigi (Cl)

Tarimsal biyokiitleler, misir sap1 ve saz kamisi Nisan 2020 déneminde orta sevi-
yede bir kil biriktirme riski barindirirken, odunsu biyokiitleler daha diisiik risk
egilimi gostermistir. Nisan 2021 doneminde alinan numunelerde ise tiim biyo-
kiitleler diisiik risk grubu icerisinde yer almistir. Tarimsal biyokiitlelerde klor
yuzdesinin diisimiine a¢ikta depolama esnasinda meydana gelen yagislarin (y1-
kama etkisi nedeni ile) etki edebilecegi dngoriilmektedir.

Bazik asit bilesik orani (B/A)

B/A orani goz 6niline alindiginda, ¢calismamizda yer alan biyokiitlenin hemen
hemen tiimintin, daha diisiik B/A degerleri sundugu, bazi dénemlerde ise saz
kamisi disinda, diger yakitlarin ciiruflasmaya neden olan orta, ytliksek ila asiri
ylksek bir egilim gosterdigi goriilmiistiir (Tablo 6). Dolayisiyla saz kamisinin cii-
ruf veya kirlenmeye neden olma sansi daha diisiiktiir. Bu sonuglar, saz kamisinin
daha yiiksek SiO, icerigiyle iliskilendirilebilir. Bu durum, asidik bilesiklerin art-
masina ve dolayisiyla daha ytiksek kiil fiizyon sicakligina isaret etmektedir (Niu
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vd., 2014). Ozetle, bu indeks icin elde edilen bulgular, SiO; igeriginin ciiruf olusu-
mundan sorumlu ana bilesen olarak degerlendirilmesiyle ¢elismektedir. Saz ka-
mis1 Nisan 2020 ve Nisan 2021 donemlerinde en yiiksek SiO, i¢erigine sahipken,
B/A indis hesaplamalarinda en diisiik cliruf ve kirlenme egilimi gostermistir.

Yatak aglomerasyon indeksi (BAI)

Baz1 arastirmalar, 7602C-900 °C sicakliklardaki akiskan yatakl yakicilardaki
yatak aglomerasyonlarinin, 6zellikle silikanin etkisi altinda oldugunu vurgula-
maktadir (Miles vd., 1996; Teixeira vd., 2012; Skrifvars vd., 1999). Bununla bir-
likte, BAI indeksi, kiil biriktirme ve cliruf olusumunu tahmin etmede bu unsuru
dikkate almaz. Tablo 6’da BAI indeksine gore yapilan farkli donemlerde alinan
biyokiitle numunelerinin risk parametreleri birbirleri ile ¢eliski gdstermektedir.

Babcock endeksi (Rs)

Kiikiirt, alkali ve toprak alkali (K, Ca) igceren yakitlarla birlikte yanildiginda stilfat
olusabilir, ancak bu elementler silikatlarla baglandiklarinda bu durum gergekles-
mez (Tortosa Masia vd., 2007). Bu nedenle SiO,'nin eklenmesi, biyokiitle kiil fiiz-
yon sicakligini artiran 6nemli miktarda K ve Ca silikat olusumuna neden olabilir.
Tekrar belirtmek gerekirse, SiO,'nin mevcudiyeti, 900 °C gibi tipik yanma sicak-
liklarinda kararsiz olan K,SO, ve CaS0, gibi siilfiir acisindan zengin birikintilerin
olusumunu engellemeye yardimci olabilir. (Garcia-Maraver vd., 2017). SiO,’yi bir
biyokiitle yakitinin ciiruf egilimini azaltabilen bir bilesen olarak ele alan bu agik-
lama, B/A indeksini bir tahmin modeli olarak desteklemektedir. Ancak, B/A in-
deksi, S icerigi ile tamamlandiginda ve Rs indeksi ile birlestirildiginde, sonuclar
onemli dlctide degismektedir (Tablo 6). Bu indeksin sonuclarina gore, ¢cok diisiik
Si0; icerigine sahip istisnai biyokiitlenin, digerlerine kiyasla daha ytiksek ciiruf
olusturma egilimleri gosterdigi goriilmektedir.

Kiil eriyebilirlik indeksi (AFI)

AFI indeksi, kiil bilesikleri arasindaki olasi sinerjileri géz ardi ederek, yakitlarin
gercek kiil eritme davranisina yakin bir karsilik gelen, biyokiitle icin en umut ve-
rici indekslerden biri olarak kabul edilir. Ancak, daha 6nce yapilan ¢alismalar, kiil
eriyebilirlik testi sirasinda kullanilan ¢galisma kosullarinin degismesi durumunda
farkh erime sicakliklarinin elde edilebilecegini gdstermistir. Onceki ¢alismalar, ta-
rimsal biyokiitlede oldugu gibi, yliksek silis icerigine sahip biyokiitle icin 6zel so-
runlarin ortaya ¢ikabilecegini gostermistir (Garcia-Maraver vd., 2017). Tablo 6'da
sonuglar incelendiginde misir sap1 biyokiitlesinin her 2 donemde de yiiksek risk
teskil ettigi ongoriilirken diger biyokiitlelerde cgeligkili sonuglar ortaya ¢ikmistir.

Kirlenme indeksi (Fu)

Klorun bulunmadigi veya diisiik seviyede oldugu durumlarda, alkali, tortu olusu-
munda kritik bir rol oynar. Potasyum ve sodyum, biyokiitlede organik formda bu-
lunur, ancak yanma stirecinde bu elementler buharlasarak ayrisir, sonug olarak
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¢ok diisiik erime sicakliklarina sahip otektik bilesikleri olustururlar. Bu durum,
cliruflasma ve kirlenme egilimlerini artirir (Tortosa Masia vd., (2007); Miles vd.,
1996)). B/A indeksinin Na,0 ve K,O toplami ile tamamlanmasinin nedeni budur.
Ancak bu indeks i¢in Tablo 6’da elde edilen sonuglar, genel olarak tarimsal biyo-
kiitlelerin odunsu biyokiitlelere gore ciiruf veya kirlenmeye daha duyarl oldugu-
nu gosteren 6nceki sonuglar ve deneyimlerle tutarsizdir (Bryers, 1996).

Ciiruf viskozite indeksi (Sr)

Srindeksi, Denklem 6’da belirtildigi tizere, silikay1 kiil birikiminden en az sorum-
lu bilesenlerden biri olarak kabul eder. Tarimsal biyokiitleler, odunsu biyokiitle-
lere nazaran daha diisiik bir cliruf egilimi gosterir. Tablo 6’da verilen sonuglar,
dikkate alinan diger bazi indislerin ve deneysel sonuglarin tamamen tersidir.
Ornegin; Nisan 2021 déneminde SiO, icerigi en yiiksek olan saz kamisi ve misir
sap1 SiO, indisine gore yiiksek ctliruf ve kirlenme risk egilimi gosterirken ayni
dénemde ayni1 biyokiitle tiirleri Sr indisine gore diisiik ve orta seviye risk egilimi
gostermektedir.

Yumusama sicaklig: (ST)

Biyokiitle kiillerinin eriyebilirligine 6zellikle yumusama sicakligi (ST)’ye iliskin
calismalar literatiirde azdir. Onceki ¢calismalar, SiO, ilavesinin, ST’yi diisiiren ve
dolayisiyla biyokiitle kiil fiizyon sicakligini diisiiren 6nemli miktarda K-silikat
olusumuna yol actigini belirtmektedir (Niu vd. 2014). Tablo 6’da biyokiitlelere
iliskin verilen sonuclar degerlendirildiginde ise SiO, icerigi ile ST degeri arasinda
dogrudan bir iligki ¢ikarilamaz.

ilk deformasyon sicakhigi (IDT)

IDT, silikat erimesiyle indiiklenen ciiruf i¢in bir degerlendirme indisi olarak hiz-
met edebilir, ¢iinkli daha ytiksek IDT, silikat erimesiyle indiiklenen ciiruf olusu-
munun olusma potansiyelini azaltir (Niu vd., 2014). Tablo 6’da goésterilen Nisan
2020 ve Nisan 2021 doneminde analiz edilen numune sonuglardan anlasilabile-
cegilizere, saz kamig1 ve misir sapi gibi genellikle daha ytiksek SiO, icerigine sahip
biyokiitleler, daha diisiik IDT degerlerine sahip olanlar olacaktir. Diger taraftan
farkli donemlerde yapilan analiz sonuglari tizerinden yapilan degerlendirmede
celigkili sonuglar ortaya cikmaktadir. Celiskili sonuclar, ayni biyokiitle tiirlerinin
farkli donemlerdeki analizlerinde degisen degerlerin ortaya ¢ikmasiyla ilgilidir.
Ornegin, Tablo 6’da gosterilen Nisan 2020 ve Nisan 2021 dénemlerinde analiz
edilen numuneler arasinda farkli SiO; igerigi ve cliruflanma indeksi degerleri go-
riilmektedir. Ayni biyokiitlenin farkli dénemlerde farkli analiz sonuglarina sahip
olmasi, muhtemelen numune alimi sirasinda yasanan degisiklikler veya analiz
yontemlerindeki farkliliklardan kaynaklanabilir. Bu tiir ¢eliskiler, analiz siirecin-
deki standartlasma eksikligi veya dis etkenlerin etkisi gibi faktorlerden kaynak-
lanabilir ve sonuglarin dogrulugunu etkileyebilir. Bu nedenle, benzer analizlerin
farkli donemlerde tekrarlanmasi ve sonugclarin karsilastirilmasi 6nemlidir.

481



Miithendis ve Makina / Engineer and Machinery 65, 716, 462-486, 2024

ST ile IDT arasindaki sicaklik farklari, biyokiitle clirufunun hareketliligini etkiler.
Bu farkin daha genis olmasi, daha yavas bir kirlenme oranina isaret eder. (Vam-
vuka ve Zografos, 2004). Bu nedenle, erime sicakliklari arasindaki farklar dik-
kate alindiginda ciiruf davranis1 hakkinda daha fazla bilgi elde edilebilir. Tablo
6’dan da goriilebilecegi iizere, ST ve IDT arasindaki sicaklik farklar1 genellikle
100°C’nin altindadir. Bu durum, ¢ogu biyokiitle ciirufunun hizla katilasip, hava
akisi nedeniyle 1sitma yiizeylerinde kolayca bir ciliruf tabakasi olusturabilecegi
anlamina gelmektedir.(Li vd., 2013).

Sonuglar

Kati biyokiitle yakitlarinin kullanimini kisitlayan baslica zorluklardan biri, kiil yo-
netimidir. Kazanlarda hasarlari azaltmak i¢in yakitlarin kalitesi analiz edilmekte-
dir. Ancak temsili numunelerin toplanmasinin zorlugu nedeniyle kalite kontrolii
kritik bir 6neme sahiptir. Ornegin 1 gram numune, 1000 tonluk bir yakit dagili-
mini analiz etmek icin kullanilabilir. Bu nedenle genellikle analiz degerlerinde
olusabilecek hatalarin %80’e kadar numune alimina, %15’i numune islemeye
%>5’e kadar olan kismi ise analize bagh degiskenlik gostermektedir (Stromberg
& Herstad Svard, 2012).

IDT sndeks degerleri agisindan incelendiginde tiim biyokiitleler 1168-1390 de-
geri arasinda (>1100) diisiik risk egilimi gdsteren grupta yer almaktadir. Cl in-
deksi incelendiginde Nisan 2020 doneminde misir sap1 ve saz kamisi 0,264 ve
0,249 degerle orta derecede bir risk egilimi barindirirken, Nisan 2021 dénemin-
de 0,06 ve 0,157 deger ile diisiik risk grubunda yer almistir. SiO, indeks igerigi
incelendiginde ise saz kamisi 74,4 ile en yiiksek, misir sap1 52,7, kavak kapak ise
33,8 ile yiiksek SiO, icerigi yiiksek ciiruf ve kirlenme egilimi riski barindirmakta-
dir. Fakat SiO,igceriginin her indekste risk parametresini artirici bir faktér oldugu
sdylenemez. Ornegin Nisan 2021 déneminde yiiksek risk egilimi gosteren ve SiO,
icerigi yliksek saz kamisi, misir sap1 ve kavak kapak, Cl, B/A, BAI, Fu, Sr ve IDT
indekslerinde diisiik ve orta risk grubunda yer almaktadir.

Bu calisma, acik hava kosullarinda depolanan, farkli zaman dilimlerinde numu-
neler alinarak analiz edilen 5 farkli tarimsal ve ormansal biyokiitlenin (misir
sap1, saz kamisi, kok, cam kapagi, kavak kapagi) cliruf olusturma ve kirlenme
egilimlerini net bir sekilde iliskilendirebilecek genel bir formiiliin olmadigini
gostermektedir. Kémiir kiilii birikintilerini tahmin etmek i¢in geleneksel olarak
kullanilan katsayilar, biyokiitle yakitlarina uygulandiginda karisik sonuglar verir.
Sonuc olarak, bu indislerden bazilarina dayanarak biyokiitle yakitlarinin ciiruf-
lagma ve kirlenme egilimlerini tahmin eden arastirma bulgularinin sorgulanmasi
gerekmektedir. Yeni indislerin olusturulmasi, yalnizca yakma teknolojisi ve ko-
sullarinin etkisi degil, ayni1 zamanda kati biyokiitle yakitlarinin heterojenligi ve
fizikokimyasal karakterizasyonlar1 da dikkate alinarak, gercek yanma deneyim-
lerinden elde edilen gergekei sonuglara dayanmalidir. Sonug olarak, farkli yakma
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teknolojileri ve calisma kosullar1 baglaminda indisler olusturmak ve dogrulamak
icin kullanilan hammaddelerin 6zelliklerini de dikkate alarak, gercek yanma ve-
rileri ile daha fazla arastirmaya ihtiyac¢ vardir.
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Anahtar Kelimeler 0Oz

Al,0;, Ti, grafen, Bu derlemede, matris malzemesi olarak aliiminaya titanyum ve grafen
ilavelileri ile yapilan kompozit ¢alismalart 6zetlenmistir. Son yillarda
yapilan c¢alismalarin 1siginda grafen takviyesinin énemi ve ayni
zamanda titanyum takviyelerinin de seramik matrisli kompozitlerin
ozelliklerine etkileri belirtilmistir. Seramik matrisli kompozitlerden
en yaygin kullanim alani bulan aliimina matrisli kompozitler diisiik
yogunluk, ytiksek sertlik ve kimyasal kararlilik gibi ézelliklerinden
dolay! gecmisten giintimiize dek endiistride kullanilmaktadir. Ancak
aliiminanin diistik kirilma toklugu (3,5 MPa.m'?) kullanim alanini
kisitlamakta bu sebeple ikinci faz ilaveleri ile mevcut olan mekanik
ozellikler iyilestirilmekte, bununla birlikte yapilan takviyelerle
daha yiiksek sertlik ve kirlma toklugu elde edilmektedir. Incelenen
calismalarda, aliimina matrise titanyum takviyesinin genel olarak
sertlik, kirtlma toklugu ve egme dayanimlarinda monolitik aliiminaya
kiyasla diistik sonuglar elde edildigi ve titanyum takviyesinin kirilma
toklugu diistik olan aliiminanin ozelliklerinin gelistirilmesi agisindan
o6nemli bir asama oldugu ifade edilse de yapilan bazi ¢alismalarda
titanyum ilavesinin kirtlma toklugu (4,32 MPa.m'/?) ve egme dayanimini
artirdigt bildirilmigtir. Yapilan ¢calismalar titanyumun altimina matrise
takviyesi ile elde edilen mekanik ozelliklerin gelistirilmesi amaciyla
Al;05Ti kompozitine ikinci takviye malzemesinin ilave edildigini
gostermistir. Grafenin, Al,Os-Ti yapisina ilavesi konusunda yapilan
literatiir ¢calismalarin kisith oldugu gérilmiistiir. Sinirli calismada
grafen takviyesi ile monolitik aliimina ve diger takviyelere gére
porozitenin azaldigi, iletkenlik, asinma dayanimi, sertlik ve kirilma
toklugu arttirdigt (8,7 MPa.m'?) yénde sonuglar elde edilmistir. Bu
veriler de grafen takviyelerinin kullaniminin artarak devam edecegini
gostermektedir. Yapilan bu derleme ile aliimina matrise titanyum ve
grafen tozlarinin ilavesi, toz metalurjisi metoduyla tiretim yontemleri,
yapilan takviyelerin mikroyapt ve mekanik 6zelliklere etkileri
incelenmistir.
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DETERMINATION OF THE EFFECTS OF TITANIUM AND
GRAPHENE ADDITIONS TO ALUMINA AS A MATRIX MATERIAL

Keywords

Abstract

Al,0;, Ti, graphene,
sintering, mechanical,
properties

In this review, composite studies using titanium and graphene
additions to alumina as matrix materials are summarized. In
the light of studies conducted in recent years, the importance
of graphene reinforcement and the effects of titanium
reinforcement on the properties of ceramic matrix composites
have been stated. Alumina matrix composites, which are the
most widely used ceramic matrix composites, have been used
in the industry from past to present due to their properties
such as low density, high hardness and chemical stability.
However, the low fracture toughness of alumina (3.5 MPa.
m'?) limits its usage area, therefore, the existing mechanical
properties are improved with second phase additions, and
higher hardness and fracture toughness are obtained with the
reinforcements. Although it has been stated in the reviewed
studies that titanium reinforcement into alumina matrix
generally results in lower hardness, fracture toughness and
bending strength compared to monolithic alumina and that
titanium reinforcement is an important step in improving
the properties of alumina with low fracture toughness, some
studies have shown that titanium addition has increased
fracture toughness (4,32 MPa.m'?) and has been reported to
increase bending strength. Studies have shown that a second
reinforcement material is added to the ALOs;Ti composite
in order to improve the mechanical properties obtained by
reinforcing titanium into alumina matrix. It has been observed
that literature studies on the addition of graphene to the
ALOs-Ti structure are limited. In a limited study, results were
obtained that graphene reinforcement reduced porosity and
increased conductivity, wear resistance, hardness and fracture
toughness (8.7 MPa.m/?) compared to monolithic alumina
and other reinforcements. These data show that the use of
graphene supplements will continue to increase. In this review,
the addition of titanium and graphene powders to the alumina
matrix, production methods by powder metallurgy method,
and the effects of the reinforcements on microstructure and
mechanical properties were examined.
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Extended Abstract

Introduction

In this review, composite studies using titanium and graphene additions to alumina as
matrix materials are summarized. In the light of studies conducted in recent years, the
importance of graphene reinforcement and the effects of titanium reinforcements on the
properties of ceramic matrix composites are stated. In this study, the reinforcement mate-
rials applied to alumina matrix composites and the importance of titanium and graphene
reinforcements as reinforcement materials are mentioned. In this context, by examining
the publications made in recent years, the production methods and sintering processes
of alumina matrix composites, and the post-production mechanical properties of Ti and
Graphene reinforced alumina composites have been extensively examined.

Objectives/ Research Purpose

Alumina is more widely used than other oxide ceramics in advanced engineering studies
due to its high mechanical and physical properties. Alumina is used in the production
of cutting edges, automotive, defense, space industries and medical parts due to its high
hardness, wear and corrosion resistance. Although alumina can replace metals and alloys
due to its superior properties such as density, thermal expansion coefficient and hard-
ness, its disadvantages such as low fracture toughness and thermal shock resistance come
to the fore. In order to benefit from the superior properties of alumina, efforts to improve
this fragile structure with second phase additions are continuing rapidly, as it is known
that the addition of the second phase particle to the ceramic matrix will provide impro-
vement in mechanical properties. It is seen in the literature studies that the composites
obtained by reinforcements to the alumina matrix will be obtained through appropriate
processes in order to improve the existing properties. With this study, the effects of Ti and
Graphene reinforcements will be examined in order to benefit from the superior proper-
ties of alumina and will contribute to the literature.

Results/Findings

In this study, a comprehensive literature review was conducted on the effects of Ti and
Graphene reinforcements on mechanical properties of AI203 matrix composite materials
and their production methods. As a result of literature research, the use of Al,0; matrix
composite materials has been increasing for many years. Due to the brittle structure of
Al,0;, samples were obtained with many reinforcing elements in different ratios, different
sintering methods and parameters, and the physical and mechanical properties of these
samples were tried to be determined in the studies. In the TM method used in the produc-
tion of Al,0; matrix composites, high density and low porosity structures are obtained. has
been detected. It has been determined that choosing the appropriate compression pres-
sure for the sintering method to be applied in conjunction with the pressing and sintering
processes in the production of Al,0; matrix composites significantly affects the strength
values to be obtained after sintering. Although Ti addition to the Al,05; matrix is an impor-
tant step in improving the properties of alumina with low fracture toughness, and altho-
ugh it has been reported in some studies that Ti addition increases fracture toughness and
bending strength, it has been determined that Ti additions generally yield lower results in
hardness, fracture toughness and bending strength compared to monolithic alumina. Con-
sidering that graphene is a new reinforcement material compared to others, it has been
observed that the number of studies on graphene reinforcement into the Al,0; matrix is
limited. In studies on the subject, it has been determined that the porosity of composites
with graphene reinforcement decreases and the conductivity, wear resistance, hardness,
fracture toughness and bending strength increase compared to monolithic alumina and
other reinforced samples. Additionally, it has been determined that mechanical properties
are negatively affected by increasing graphene amounts above the optimal level.
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1. Giris

Giniimiiz mithendislik ¢alismalarinda enerji tasarrufu, yliksek dayanim ve ha-
fiflik gibi malzeme 6zelliklerinin bir arada tutularak yeni malzemelerin gelisti-
rilmesi ihtiyac1 uzay, savunma ve otomotiv gibi endiistrinin temel alanlarinda
gelistirme ¢alismalarinin hiz kazanmasini saglamistir. Bu gelistirme calismalari
mevcut mithendislik malzemelerinin yerini almakta olan kompozit malzemele-
rin iretiminin de hiz kazanmasini saglamistir. Kompozitler farkli malzemelerin
birlestirilmesi ile olusturulan ve bilesimde kullanilan fazlarin tekil olarak gos-
teremeyecegi daha yiiksek ozelliklerin elde edildigi yeni bir malzeme olarak
tanimlanmaktadir. Kompozit malzemeler matris fazina kazandirilmak istenilen
ozelliklere sahip ikinci fazlarin ilaveleri ile elde edilen malzemelerdir. Bu sebeple
daha ¢ok olan yap1 matris fazi olarak adlandirilir ve genel olarak matrisin 6zellik-
lerinin iyilestirildigi kabul edilmektedir. Matris malzemesine ilavesiyle 6zellikle-
ri iyilestiren ikinci malzemeler ise takviye faz olarak adlandirilmaktadir. Bir¢ok
uygulamada takviye fazi matristen daha sert ve dayaniklidir. Matrise ilave edilen
faz yapisi farkli geometrilerde olabilmekte ve bu da ilave fazin etkisini tizerinde-
ki ana parametre olarak belirtilmektedir. Takviye fazlar1 partikiil yapili, kisa fi-
ber (visker), tabakali yap1 ve siirekli fiber olarak farkl sekillerde olabilmektedir.
Sekil 1’de takviye cesidine gore kompozit malzemeler sematik olarak verilmistir.
Matris yapisinin farkli bir islevsel 6zelligi de ilave edilen fazlar yiik altinda bir
arada tutmak ve yiikiin homojen dagilimini saglamaktir. Kompozitler matris
malzemesine gore polimer matrisli, metal matrisli ve seramik matrisli olarak ana
gruplarda siniflandirilmislardir (Ayas, 2003; Glirbiiz ve Mutuk, 2019).
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Sekil 1. Takviye Cesidine Gore Kompozit Malzemeler (Yontar, 2021)

Seramik, iretimi ve kullanimi eski ¢aglara dayandigi arkeolojik ¢alismalarla tes-
pit edilmis malzeme olup, giiniimiize gelinceye kadar gelistirilerek teknik, ileri
teknoloji seramikler adini alarak savunma, otomotiv, biyomedikal, kesici takim
sanayisi gibi genis bir liretim yelpazesinde kullanimi devam etmektedir (Rende
ve Hanyaloglu, 2012). Yiiksek sicaklik dayanimlari, diisiik 6zgiil agirlik, korozyon
direnci, yliksek sertlik ve asinma dayanimu gibi ytliksek 6zellikleri endtistrinin il-
gisini ¢cekmis bir malzeme grubu olmasina ragmen egilme dayanimi ve kirilma
toklugunun zayif yapida olmasi 6zellikle yiiksek sicaklik ve agir yiiklemelerde
giivenilirligini diistirmektedir (Yin, Yuan, Huang, ve dig., 2016). Kirilgan yapidaki
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seramiklerin 6zelliklerini iyilestirmenin bir yolu ikinci takviye fazinin ilavesidir.
Elde edilen yap1 seramik matrisli kompozit malzeme (SMK) olarak adlandiril-
makla birlikte 1980°li yillarda tretilmeye baslanarak giiniimiize kadar yaygin
olarak kullanilarak gelmistir. SMK tiretiminde kullanilan ilave fazlar yogunlasma
asamasinl gugclestirmekte, imalat siirecindeki proseslerin daha karmasik hale
gelmesine yol agmaktadir (Ayas, 2003).

Son yillarda mithendislik uygulamalarinda yaygin olarak kullanilmakta olan alii-
mina (Al,03) seramikleri, yirminci yiizyilda talash imalat yontemlerinde kesici ug
tretimi i¢cin gelistirilmeye baslanmistir. Alimina, mekanik 6zellikleri sayesinde
cesitli uygulamalarda yaygin kullanimi sebebiyle endiistride geleneksel olarak
kullanilmakta olan metal ve alagimlarinin yerini almistir. Yiiksek sertlik ve asin-
ma dayanimi ile 6zgtl agirhiginin diistik olmasi ve korozyon dayanimi gibi avan-
taj saglayan ozelliklerinin yani sira kirilma toklugunun ve ¢ekme dayaniminin
oldukea diislik olmasi aliiminanin dezavantajlari olarak belirtilmektedir (Ayas,
2003; Ozdemir, 2006; Rende ve Hanyaloglu, 2012; You ve dig., 2005).

Alimina yiiksek sicaklik dayanimi gerektiren, 6zgil agirhgin diisiik olmasi is-
tenilen ve asinma dayaniminin yiiksek olmasini gerektiren bircok 6zel mithen-
dislik ¢alismalarinda kullanilmaktadir. Ancak kirilma toklugunun diisiik olmasi
aliminanin kullaniminda dezavantaj saglamaktadir. Bu durum incelendiginde
sinterleme sonrasi yliksek oranda kapali porozite icermesi ve sinterleme ile olu-
san tane biliylimesinin 6niine gecilememis olmasi1 mekanik 6zelliklerini zayiflat-
makta ve kirilma toklugunu diisiirmektedir (Ayas, 2003; Ozdemir, 2006; You ve
dig., 2005). Bu amacla aliiminanin gevrek ve kirilgan olan yapisinin daha sitinek
hale getirilmesi ve kirilma toklugunun artirilmasi i¢in uzun siiredir aragtirmalar
devam etmektedir. Yapilan ¢alismalarda faz doniisiimii ile mekanik 6zelliklerin
iyilestirilmesi ve siinek yapili ikinci metal fazlarin aliimina matrise ilave edilmesi
gibi yontemler uygulanarak gevrek ve kirilgan yapisinin iyilestirildigi ve kirilma
toklugunun daha yiiksek oldugu aliimina matrisli kompozitler {iretilmistir (Yin
ve dig., 2013; Yin, Yuan, Huang, ve dig., 2016; You ve dig., 2005). Bu ¢alismalarda
aliiminaya mekanik 6zelliklerini gelistirmek ve kirilma toklugunu artirmak i¢in
TiC (Cheng ve dig., 2017), Ti (Meir, Kalabukhov, Frage ve Hayun, 2015), Ni (Lu ve
dig., 2020), Grafen (Gutierrez-Gonzalez ve dig., 2015) olmak {izere bir¢ok ikinci
takviye malzemesi ile calismalar yapilmistir. Alimina matrise yapilan bu takviye-
ler ile sertlik, yogunluk, kirilma toklugu, asinma dayanimi gibi 6zelliklerde uygun
takviye oranlari ile artis saglandig belirtilmistir (Cheng ve dig., 2017; Gutierrez-
Gonzalez ve dig., 2015; Yin ve dig., 2013; Yin, Yuan, Huang, ve dig., 2016; You ve
dig., 2005).

Kompozit malzeme iiretiminde takviye fazlarinin se¢imi, elde edilecek kom-
pozit malzemeden istenilen 6zelliklere gére uygun imalat yontemi ve olusacak
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maliyetler hesaplanarak degiskenlik gosterebilmektedir. Titanyum malzemeler
diistik 6zgiil agirlik, korozyon direnci ve diger metallere kiyasla mukavemetinin
ylksek olmasi sebebiyle medikal, savunma ve uzay endiistrisinde aliminyum
alasimlarinin yerine kullanilmaya baslamistir. Ancak titanyumun maliyet kriter-
lerine gore yliksek olmasi ve temas halinde calisma esnasinda ¢abuk asinmaya
ugramasi dezavantaj olarak one cikmaktadir. Yiiksek mekanik 6zellikleri sebe-
biyle son yillarda aliimina matrisli kompozitlerde gevrek ve kirilgan yapiya sii-
nek yapili metal takviyeleri calismalarinda titanyum ilavesi arastirmalari hiz ka-
zanmistir. Yapilan arastirmalarda aliimina matrise Ti ilavesinin sertligi artirdig:
ve kirillma toklugunu iyilestirdigi ve bunun yani sira Ti’nin yaninda ikinci bir faz
takviyesi ile de daha yiiksek mekanik 6zelliklerin elde edilebilecegi bildirilmistir
(Bahraminasab, Ghaffari ve Eslami-Shahed, 2017; Meir ve dig., 2015; S. Shi, Cho,
Goto, Kusunose ve Sekino, 2018; S. Shi, Sekino, Cho ve Goto, 2020).

Yapilan ¢alismalarda karbon esasl takviye fazi se¢imlerinde grafit ve karbon na-
notiip secilirken yapilan son ar-ge ¢calismalari ile birlikte grafen daha ¢ok kulla-
nilmaya baslanmistir. Grafeni olusturan kuvvetli karbon baglar1 sebebiyle mu-
kavemet ac¢isindan en iyi malzemeler grubuna girmistir. Grafen takviye elemani
olarak kullanildiginda sahip oldugu yaglayicilik 6zelligi sayesinde kompozitlere
diisiik siirtiinme ve yiiksek asinma dayanimi 6zellikleri saglamaktadir. Grafenin
diisiik 6zgil agirlhigy, cok ince yapisi ve mukavemetinin yiiksek olmasi 6zellikle
son yillarda bilimsel calismalarda 6nemi giderek artmaktadir (Gilirbiiz ve Mu-
tuk, 2019). Bu bakimdan grafenin takviye elamani olarak aliimina matrisli kom-
pozitlerde kullanimi ile aliimina matrisli kompozitlerin kirilma mukavemeti ve
iletkenlik gibi 6zelliklerinin iyilestirdigi goriilmekte fakat yapilan literatiir ¢alis-
malarinin yetersiz oldugu bu sebeple literatiiriin bu agigini gelistirmek Grafenin
saglayacag Ustiin 6zelliklerden faydalanmak adina 6nem arz etmektedir.

Aliimina matrisli kompozitler konusunda son 2014-2023 yillarinin literatiir ta-
ramasi yapildiginda Science Direct veri tabaninda giiniimtize kadar 9627 ¢alisma
yapilmis olup, bu ¢alismalarin 5743 adedi son 5 y1l igerisinde yapildigi goriilmiis-
tiir. Bu literatiir galismalarinin son yillarda yogunlugunun artmasi aliimina mat-
risli kompozitlerin kullaniminin arttig1 ve yapilacak yeni ¢alismalar ile literatiire
katkinin devam edecegini gostermektedir. Sekil 2’de altimina matrisli kompozit-
ler, Sekil 3’de Ti takviyeli kompozitler ve Sekil 4’de Grafen takviyeli kompozitler
hakkinda yapilan literatiir ¢alismalarinin yillara gére dagilimlari verilmistir. Hem
matris malzemesi hem de takviye malzemelerinin giderek artan sayilarda litera-
tiir calismalar1 konunun diinya genelinde 6énemini géstermekle birlikte literatiir
aciginin kapanmasina katki saglamak, iilkemiz endiistrinin gelisimine katki sag-
layacak yeni nesil malzeme iiretimini konusunda faydali olacaktir.
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Sekil 4. Grafen Takviyeli Kompozitler Konusunda 2014-2023 Yillar1 Arasinda
Yapilan Yayinlar

Sekil 3’de verilen Ti takviyeli kompozitler incelendiginde son on yilda 34.841
¢alisma yapilmis olup ¢alismalarin her yil arttig1 ve son 5 yil icerisinde 23.404
calismanin yapildig1 goriilmektedir. Sekil 4’te verilen Grafen takviyeli kompozit
calismalar1 incelendiginde son on yilda 29.798 calismanin yapildi ve her yil
calisma sayisinin arttigl ve bununla birlikte son 5 yilda 22.720 ¢alismanin
yapildig1 goriilmektedir.

Yapilan bu ¢alismada altimina matrisli kompozitlere titanyum-grafen takviyele-
rinin énemine deginilmistir. Onceki ¢alismalar incelendiginde aliimina matrise
yapilan takviyelerde mekanik 6zelliklerde artis saglandig1 belirtilmis ancak Ti
takviyeleri ile elde edilen mekanik 6zeliklerin gelistirilmesi agisindan yapilan
calismalarda Ti'nin yaninda ikincil faz ilavelerinde grafen takviyesi ¢alismalari-
nin oldukga yetersiz oldugu belirlenmistir. Bu amacla yapilan bu ¢alismanin lite-
ratiirde az sayida deginilmis bir konu olan ve grafenin Al,0;-Ti kompozitlerine
ilavesi ile elde edilecek mekanik 6zelliklerin miithendislik uygulamalarina sagla-
yacag1 avantajlar, bu calismanin 6zgiinliglinii ortaya koymaktadir. Bu kapsamda
son yillarda yapilan yayinlar incelenerek aliimina matrisli kompozitlerin tiretim
yontemleri ve sinterleme islemleri, Ti ve Grafen takviyeli allimina kompozitlerin
tiretim sonrasi mekanik 6zellikleri genis kapsamda degerlendirilmistir.

2. Matris Malzemesi Olarak Al,O; ve Ozellikleri

Alimina, 1887 yilinda Bayer’in ¢alismalar1 ve 1892 yilinda boksitlerden NaOH
cozeltisinde yliksek sicaklik ve basing ile aliminanin ayristirilmasi ile giiniimiize
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gelinceye kadar tiretimin %95’i bu proses ile yapilmaktadir. Yaygin olarak kulla-
nilmakta olan bu proses bir takim kimyasal reaksiyonlar icermektedir ve proses
kisaca boksitin 80 veya 100 meshe 6giitiilmesi sonrasinda 6zel tanklarda 3,5-5
atm basing altinda 160-170°C NaOH ile reaksiyona sokulmasi seklinde 6zetlene-
bilir. Bu islemlerin ardindan %99,55 saflikta Al,0; elde edilmektedir. Ergime de-
recesi yaklasik 2000 °C olan altimina yiiksek sicakliklarda korozyona ve uygula-
nan yiiklere karsi dayanimi en yiiksek olan malzemeler arasinda yer almaktadir.
Saf aliimina nispeten diisiik sicakliklarda farkl formlarda olurken, tane boyutu
ve atmosfer sartlarina gore 750-1200 °C araliklarinda a-aliimina yapisina do-
niismekte, ayrica 1600 °C tlizerindeki sicaklarda bu déntisiim islemi daha hizl
olmakta ve olusan bu fazin dontisiimi tersinir formda degildir (Cerezci, 2008;
Oztiirk, 2007).

Aliimina ytliksek mekanik ve fiziksel 6zellikleri sebebiyle ileri miithendislik ¢alis-
malarinda diger oksit seramiklerden daha yaygin olarak kullanim alani bulmak-
tadir. Malzemenin yliksek sertlik, asinma ve korozyon direncine sahip olmasi ke-
sici ug, otomotiv, savunma, uzay endiistrileri ve medikal parcalarinin iiretiminde
yaygin olarak kullanilmasina olanak saglamaktadir. Bircok uygulamada kullani-
lan aliiminanin farkl saflik derecelerindeki 6zellikleri Tablo 1'de karsilastiril-
mistir.

Tablo 1. Farkli Saflik Oranlarindaki Aliiminanin Ozellikleri (Cerezci, 2008)

Aliimina Igerigi % 85 95 99,7
Yogunluk (g/cm?) 3,5 3,7 39
Bagil dielektrik sabiti 8,5 9,2 9-10,1
Dielektrik mukavemeti (kV/mm) 28 - 10-35
Ozdireng, Qcm (600 °C'de) 4x108 5x10° 4x101°
Termal iletkenlik (W/m °C) 15 20 28-35
Termal genlesme katsayisi 7 7,6 8
Maksimum kullanim sicakligi (°C) 1300 1500 1700
Egme mukavemeti (MPa) 300 350 350
Basma mukavemeti (MPa) 1800 2000 2200-2600
Elastik modiil (GPa) 260-330 340-375 380-410
Poisson orani 0,22-0,25 0,23-0,26 0,24-0,27
Sertlik (HV,) 800-1000 1200-1600 1500-2000

Tablo 1’de aliiminanin yogunluk, termal genlesme katsayisi, sertlik gibi tistiin
ozelliklerinin sagladig1 avantajlari sebebiyle metal ve alasimlarinin yerini alma-
sin1 saglasa da aliminanin diisiik kirilma toklugu ve termal sok direncinin zayif
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olmas1 dezavantajlar1 6n plana ¢ikmaktadir. Aliiminanin ustiin 6zelliklerinden
faydalanmak adina kirilgan olan bu yapinin, ikinci faz partikiliiniin seramik mat-
rise ilavesinin mekanik 6zelliklerde saglayacagi gelisme bilindiginden, ikinci faz
ilaveleri ile gelistirilme ¢alismalar1 hizla devam etmektedir (You ve dig., 2005).
Aliimina matrise yapilan takviyeler ile elde edilen kompozitlerin mevcut 6zellik-
lerin gelistirilmesinin uygun proseslerle gerceklestirildigi yapilan literatiir ¢alis-
malarinda gorilmektedir.

3. Ti Takviyeli Kompozitler

Ti esasli malzemeler diistik yogunluk, yliksek mekaniksel dayanim, yiiksek ko-
rozyon direnci ve biyouyumluluk gibi bir¢cok avantaja sahiptirler. Ancak kendi
veya baska malzemelerle temas halinde ¢alistiklarinda ¢abuk asinmaya maruz
kalmaktadirlar. Al,O; gibi seramikler ytiksek sertlik, diisiik siirtinme katsayisi
ve diisiik asinma orani gibi 6zelliklere sahipken kirilma tokluklar: ve cekme da-
yanmimlari oldukea diistiktiir. Bu sebeple gevrek olan AlI203 matrise daha siinek
ilave malzemelerin takviye edilmesi konusunda bir¢ok ¢alisma yapilmis olup, Ti
ilavesi konusunda yapilan calismalarda son yillarda hiz kazanmis olmakla be-
raber oldukea yetersiz asamadadir (Bahraminasab ve dig., 2017; Meir ve dig.,
2015; S. Shi, Sekino, ve dig., 2020). Al,0; seramik ve Ti metalinin sinterlenmesi
ile elde edilecek olan kompozit umut vaat eden bir malzeme olarak adlandiril-
makta olup, aliimina matrise Ti ilavesiyle kirilma toklugu, sertlik gibi mekaniksel
ozelliklerde artis goriildigi bildirilmektedir (S. Shi ve dig., 2018; S. Shi, Sekino,
ve dig., 2020). Sekil 5’de Ti tozu ve karistirma islemi sonrasi Al,0; ve Ti tozlarinin
SEM gorintiileri verilmistir. Tablo 2’de yliksek saflikta (%99,9) Ti'nin dzellikleri
verilmistir.

£ L 2N L
Sekil 5. SEM Goriintiisti A) Ti Tozu, B) Karistirma Sonrasi Al,0;-Ti Tozlar1 (Meir
ve dig., 2015)
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Tablo 2. Titanyumun Ozellikleri (Manes ve Giglio, 2018)

Yogunluk p 4,52 kg/dm?
Elastisite moduli E 122000 Mpa
Poisson’s orani \% 0,32
Statik akma gerilimi A 236 MPa
Sertlesme modulu B 245 Mpa
Sertlestirme katsayisi n 0,539
Gerilme orani katsayisi C 0,0125
Kopmada efektif plastik deformasyon PSFAIL 1,2483

Takviye malzemesi olarak Ti kullanimi 6zellikle aliimina gibi kirillma toklugu dii-
stk olan seramik yapilarin daha siinek ikinci bir faz takviyesi ile iyilestirilmesi
amaciyla kullanilmaktadir. Yapilan ¢alismalarda Ti takviyelerinin genel olarak
monolitik altiminaya kiyasla kirilma toklugunu iyilestirdigi ancak yiiksek oran-
larda Ti takviyelerinin mekanik 6zellikleri diisiirdiigii belirtilmistir. Bunun se-
bebi olarak catlak ilerlemelerinin aliimina fazinda taneler arasi, Ti fazinda tane
ici kirllma olmasi, aliimina-titanyum araytizlerinin kuvvetli olmamasina neden
olacagindan yiiksek oranl Ti ilavelerinin mekanik 6zellikleri diistirdiigii bildiril-
mistir (Meir ve dig., 2015).

4. Grafen Takviyeli Kompozitler

Grafen ilk kez 2004 yilinda Novoselov’in yaptig1 calismalarla sentezlenmis olup,
2010 yilindan itibaren tlizerinde yapilan ¢alismalar artarak kompozit malzeme-
lerde takviye malzemesi olarak kullanilmaya baslanmistir (Bedeloglu ve Tas,
2016; Dortogul, 2018; Santra, Bose, Mitra ve Adalder, 2024; Senel, Giirbtiz ve Kog,
2015, 2017). Grafen karbon atomlarinin hegzagonal sekilde bal petegi seklinde
dizilimi ile olusan iki boyutlu nano yapili bir malzemedir. Dijital teknoloji endiist-
risinde iletkenliginin ytliksek olmasindan kaynakli yaygin olarak kullanilmasinin
yani sira, sahip oldugu mekanik 6zellikler sayesinde de otomotiv, ugak ve savun-
ma sanayilerinde de kullanimi artmaya baslamistir (Dortogul, 2018; Santra ve
dig., 2024; Senel ve dig., 2015, 2017). Grafenin matrise ilavesiyle mekanik 6zel-
liklerinin arttiginin anlasilmasi lizerine Al matrise Grafen takviyesi yapilarak
¢ekme dayaniminin incelendigi ¢alismada, ikinci faz olarak %3 Al,O; ilavesinin
cekme dayanimini1 %249 artirarak 464 MPa ulastig1 belirtilmistir (Wan ve dig.,
2023). Tablo 3’de Grafene ait mekanik 6zellikler verilmistir. Sekil 6’ de ise karbon
esasli malzemelerin sematik gosterimi verilmistir.
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Tablo 3. Grafene Ait Mekanik Ozellikler (Koruyucu ve Soy, 2019)

ekme - astisite rgime
k Yogunluk Elastisi Ergi

Grafen Kristal Yapis1 Dayanimi g/cm3 Modiilii  Sicakhigi
MPa g GPa °C

sp?-Hegzagonal 130500 2,25 1000 5503,85

Reduced Graphene Graphene Oxide
Graphene Oxide Quantum Dots Quantum Dots

Sekil 6. Karbon Esasli Malzemelerin Sematik Gosterimi (Santra ve dig., 2024)

Grafenin bilinen en énemli 6zelligi olan elektriksel iletkenliginin yaninda Sekil
7’de diger malzemelerle karsilastirilmasi yapilarak degerlendirilen ¢ekme mu-
kavemeti, elastisite modiilii termal iletkenlik, elektron hareketliligi gibi 6zellikle-
rinin de endiistride ¢ok genis kullanim alani olan aliiminyum, ¢elik gibi malzeme-
lerden ytiksek olmasi kullanimini ve gelisimini artirmakta (Senel ve dig., 2015)
ve bu 6zelliklerinden faydalanmak adina mekanik 6zelliklerin gelistirilmesi i¢gin
aliminaya takviye fazi olarak kullanilmaya baslanmistir. Al,0; seramiklerin dii-
stik olan kirillma toklugu ve elektriksel iletkenliginin grafen takviyesi ile artiril-
dig1 yapilan ¢alismalarda bildirilmektedir (Stolyarov, Frolova ve Sudzhanskaya,
2020)the ceramic materials were studied over a wide temperature range, 23-
530 °C and over a frequency range of 10-1 - 106 Hz. More than a half decrease in
the porosity of the sintered composite with an increase in the graphene content
was observed. Raman spectroscopy indicated the absence of graphene degrada-
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tion during the SPS. The range of frequencies (100-103 Hz. Ancak grafenin kom-
pozitlere ilave miktarinin diger malzemelerden daha az oldugu bu sebeple grafen
takviyesinden elde edilmesi beklenen yiiksek mekanik 6zelliklerin grafenin ho-
mojen dagilimi ile elde edilecegi goz oniinde tutulmalidir (Senel ve dig., 2015).

B Celme Mukavemeti (MPa) B Elastisite Modiila (GPa)
Grafen Elnas
Siltkon
' Grafen
Elmas
Martennink gelik Silikon
Titanyum Marten. gelik
Balar Aldminyum
110 105 10% 10% 10¢ 10F 107 10F 107 | 10 100 1000 10000
B  Elcktron Harcketliligi {cm*/V*"s) B Termal lletkenlik (Wm*K)
Fiifon Grafen
Giimily
Galyum arsenit Balar
Elmas Alan
Aliminyum
Silikon Siltken

—_—

110 100 108 10 105 10¢ 10 100 1000 10000

Sekil 7. Grafenin Ozelliklerinin Diger Malzemelerle Karsilastirilmasi (Giirbiiz ve
Mutuk, 2019)

Al matrise Grafen/TiO, ilavesinin mekanik 6zelliklere etkilerinin incelendigi ¢a-
lismada, takviyelerin ayni oranlarda %1,2,3 yapildig, en yliksek mekanik 6zellik-
lerin %2 takviye oraninda elde edildigi belirtilmistir. Bu ¢alismada 137 HV sert-
lik ve 334 MPa ¢ekme dayanimina ulasildigl, asinma oraninin ise %65 azaldigi
bildirilmistir (Ghazanlou ve dig., 2023).

5. Al,0; Esash Ti ve Grafen Takviyeli Kompozitlerin Toz Metalurjisi Meto-
duyla Uretim Yéntemleri

5.1 Toz Metalurjisi

Toz metaliirjisi (TM), metal ve alasim tozlarinin farkli oranlarda, basing altinda
kalip igerisinde belirli bir sekil ve istenilen formun saglanmasi amaciyla tiim bi-
lesen tozlarin atmosfer kontrollii ortamda 1sitilmasi islemi olarak tanimlanabilir.
Diger bir agidan metal ve alasim tozlarinin uygun islem basamaklarindan gece-
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rek mithendislik pargalarina déniistiirilmesidir. TM islemi genel olarak, uygun
tozlarin iiretimi, tozlarin karistirilmasi, tozlarin basing altinda sekillendirilmesi
ve sinterleme olmak tizere dort ana asamadan meydana gelmektedir (Civi, 2016;
Koruyucu ve Soy, 2019). Sekil 8de TM’'nin asamalar1 sematik olarak gosterilmistir.

A

Matris. Takviye ,
Fazi Faz Kangtirma Sinterleme

Sekillendirme

Sekil 8. TM'nin Islem Adimlarinin Sematik Gésterimi (Koruyucu ve Soy, 2019)

Tozlarin liretimi ve karistirilmasi homojen dagilim saglanmasi ve istenilen yapi-
da kompozitlerin elde edilmesini saglamak a¢isindan olduk¢a 6énemli bir islem
basamagidir (Civi, 2016; Koruyucu ve Soy, 2019). Bu konuda detayl literatiir in-
celemesi yapilmistir. Bu ¢alismada arastirma ve yayin etigine uyulmustur.

5.1.1 Tozlarin Uretimi ve Karistirilmasi

Tiim malzemeler toz haline getirilebilir fakat tozlarin nasil tiretildiginin bilinme-
si baslangicta tozlarin sekil ve yapilari hakkinda bilgi sahibi olmamizi saglamak-
tadir (Civi, 2016). TM’de tozlarin {iretilmesi ve topaklanmalarin 6nlenmesi icin
0giitme olarak da adlandirilan islem, bilyali degirmenler icerisinde kaba olarak
islenmis tozlarin dénen veya titresen bilyalar arasinda daha kii¢iik boyutlu tozla-
rin elde edilmesi veya karistirilmasi seklinde gerceklesmektedir. Eger tozlar gev-
rek yapida ise ince taneli tozlar elde edilirken, siinek yapili tozlarda ise yassilasir
ve gevrek yapiya donerek ince toza doniiseceklerinden islem siireleri daha uzun
olmaktadir. Bu sebeple su, alkol gibi siv1 kullanilarak hem islem hizlandirilir hem
de ince taneli tozlar elde edilmis olur (Civi, 2016; Senel, Glirbiiz ve Kog, 2018).
Karistirma isleminin amaci ise tozlarin homojen dagilimini saglayarak tozlarin
presleme ve sinterlemeye hazir hale getirilmesini saglamaktir. lyi bir karisim is-
lemi homojen dagilimli kompozitlerin liretilmesini saglamaktir (Civi, 2016). Se-
kil 9’de 6giitme isleminin sematik gosterimi verilmistir.

Aliimina matrisli kompozitlerin tretiminde tozlarin iiretim ve karistirilmasi ko-
nusunda yapilan ¢alismalarda; Al,0; matrise TiC ilaveli kompozit tiretimi konu-
sunda yapilan bir ¢alismada, %56 Al,0; (0,5 um), %6 TiC nano boyutlu pargacik-
lar1 (40nm), %35 TiC nano boyutlu parc¢aciklari (0,5 pm) ve %2 Co (2 um) karisim
oranlarinda ve toz boyutlari ile tiretim yapildig1 belirtilmistir (Yin, Yuan, Huang,
ve dig., 2016). Al,03-TiC seramik kompozitlerinde tane boyutunun incelendigi
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calismada, %70A1,03-%30TiC karisim oraninda, 0,24, 3,12 um Al203 tozu, 0,32-
1,36 um TiC tozu kullanildigini, 6giitme ve karistirma islemleriicin 1, 2 ve 24 saat
stirelerinin uygulandigi bildirilmistir (You ve dig., 2005). Al203/Ti kompoziti
tiretiminin yapildig: farkl bir ¢calismada Al,0; matrise %20,40,60,80,100 oranla-
rinda Tiilavesi yapildigi, Al,0; (0,5 um) tozu ve Ti (325 mesh) tozunun hazir satin
alindig1 ve karistirma isleminin etanol ilavesi yapilarak 72 saat islem paramet-
resinde gerceklestirildigi bildirilmistir (Meir ve dig., 2015). A1203/Ti kompozi-
ti iretimi konusunda yapilan diger bir ¢alismada Al,0; matrise %25,50,75,100
oranlarinda Ti ilavesi yapildigi, Al,0; (0,1-3 pm) tozu ve Ti (325 mesh) tozunun
hazir satin alindigy, tozlarinin karistirmasinin 100 d/dk, 1 saat islem parametre-
sinde gerceklestirildigi bildirilmistir (Bahraminasab ve dig., 2017). Al,0;/Grafen
kompoziti liretimi calismasinda Al,0; matrise %0,5, 1 ve 2 oranlarinda Grafen
ilavesi yapildigy, Al,O; tozlarinin 36 nm ve Grafen tozlarinin ise 3 nm ile 2-3 pm
boyutlarinda pullar seklinde oldugu ve tozlarin karisim oranlarinda birlestiri-
lerek ogiitildiiklerini bildirmisleridir (Stolyarov ve dig., 2020). Al,0s-ZrO,ve
Al,0;-Ti (C,N) matrislere Grafen takviyesinin incelendigi ¢alismada % 0,2, 0,5,
0,7, 1 oranlarinda Grafen takviyesi yapildigi, grafen tozunun ise 4-5 pm kalinlik
ve 12 nm tane boyutlarinda oldugu ve karistirma isleminin izopropil alkol ile 8
saat stiresince yapildig: bildirilmistir (Petrus ve dig., 2019). Santrifiijlii dokiim
yontemiyle tiretilmis Al,03-Ti-Ni kompozitlerinde farkli oranlarda karisimlardan
hazirlanan numuneler igerisinde en yliksek sertligin homojenligi en iyi saglanan
mikroyapida elde edildigi belirtilmistir (Zygmuntowicz ve dig., 2022). Sekil 10’da
ham madde olarak kullanilan TiH, tozu ve Al,05-TiH, tozlarinin karisiminin SEM
goriintisi verilmistir. Karigtirma islemi 6ncesi toz boyutlarinin karistirma islemi
ile kuiciildigi ve keskin koseli geometrik yapilarin giderildigi goriilmektedir. Bu
islem ile tozlar arasinda bosluklarin azaltilmasi saglanmakta, sinterleme sonrasi
ylksek yogunluk ve diisiik porozite elde edilmektedir (Meir ve dig., 2015). Sekil
11’de Grafenin SEM goriintiisii ve karisim sonrasi aliimina matris icerisinde tane
sinirindaki SEM goriintiisii verilmistir.

Sekil 10. a) TiH, tozu, b) Al,0;- TiH, karisimi SEM Gortiintiileri (Meir ve dig,,
2015)
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Tambur

Bilyalar

Malzeme

Siirdci silindirler

Sekil 9. Tozlarin Ogiitme islemi (Civi, 2016)

Grafen

Sekil 11. a) Grafenin SEM Goriintiisii, b) Grafenin tane sinirindaki Gortlintiisii
(Cui ve dig., 2018; Yazdani, Xia, Ahmad ve Zhu, 2015)

Matris malzemesi olan «-Al,O, tozu ortalama tane buiyiikligu yaklasik 0,5 um ve
%99,9 saflikta, Ti tozu %98 saflikta ve tane biiytikligii < 45 pm (325 mesh), Gra-
fen ise 3-4 pm kalinlik ve 3-12 nm tane boyutlu taneler seklinde yliksek saflikta
hazir olarak satin alinmakta olduklari ve alinan bu tozlarin genellikle alkol eklen-
tisiyle ortalama 1 saat ile 72 saat arasinda dgiitiilme ve karistirma islemlerinden
gecirildikleri goriilmektedir. Bu islemden sonra bir sonraki adim olan tozlarin
sikistirllmasi islemine gecilmektedir.

5.2 Presleme / Sikistirma islemi

Toz metaliirjisinde 6nemli bir islem adimi olan sikistirma, genel anlamiyla toz-
larin kaliba konularak basing altinda istenilen sekil ve formun elde edilmesi is-
lemidir (Civi, 2016; Koruyucu ve Soy, 2019; Kurt, 2004). Bu islem ile sinterleme
oncesi parcanin tasinmasinda gerekli olan dayanimi saglamaktadir. Tozlarin bu
presleme islemi ile mukavemeti ve yogunlugu artirilsa da asil mukavemet arti-
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s1 ve ideal yogunluga ulasmasi sinterleme islemi sonrasinda elde edilmektedir
(Civi, 2016; Kurt, 2004; Yavas, 2014). Tozlarin kalipta sikistirma isleminin sema-
tik gosterimi Sekil 12’ deki gibi gerceklesmektedir.

doldurma konumy  preslema konumu sikigtirma cikarma

Sekil 12. Tozlarin Presleme ile Sekillendirme islemi (Civi, 2016)

Alimina matrisli kompozitlerin iiretiminde tozlarin sikistirilmasi konusunda
yapilan ¢alismalarda; Al,O; matrise Y,0,/Ti ilavesi ile kompozit tiretimi yapilan
calismada uygulama basinci olarak 30 MPa parametresi kullanildigi belirtilmistir
(S. Shive dig., 2018). Al,05-Ti kompozitine Grafen takviyesinin etkilerinin incele-
digi calismada presleme isleminde 32 MPa uygulama basinci kullanildig: bildiril-
mistir (Cui, Zhao ve Wang, 2019). Al,0;-Ti kompozitine Ni-Ti ilavesinin etkileri-
nin incelendigi calismada uygulama basinci 32 MPa parametresinin kullanildig:
belirtilmistir (Xiu ve dig., 2008). Al,0; matrise Ti ilavesinin incelendigi calisma-
da, karistirma isleminden sonra presleme isleminde 200 MPa basing uygulandigi
bildirilmistir (Yin, Yuan, Wang, ve dig., 2016). Al,0; matrise Ti ve TiC ilaveleri
ile kompozit iiretimi gerceklestirilen ¢alismada, kompozitlerin preslenmesinde
30 MPa uygulama basinci kullandigr bildirilmistir (S. Shi, Sekino, ve dig., 2020).
Al,03/(W, Ti)C kompozitine Grafen ilavesinin etkilerinin incelendigi ¢calismada,
kompozitlerin iiretiminde 32 MPa uygulama basinci kullanildigi bildirilmistir
(Cui ve dig., 2018). Al,0;/TiC kompozitine Grafen takviyelerinin etkilerinin in-
celendigi calismada, kompozitlerin iiretiminde 200 MPa uygulama basinci kulla-
nildig1 belirtilmistir (Cheng ve dig., 2017). Aliminyum matrise grafen takviyesi
ile kompozit iiretiminde sinterleme siiresi ve sicakliginin etkilerinin incelendigi
calismada, tozlarin 600 MPa uygulama basinci ile sekillendirildigi bildirilmistir
(Girbtiz, Senel ve Kog, 2018).

Sikistirma-gsekillendirme isleminde uygulanan basing kullanilan sinterleme
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yontemlerine degisiklik gostermekte olup, 30 ila 600 MPa arasinda uygulama
basin¢larinin  kullanildigr  goriilmiistiir. Sinterleme isleminde istenilen
yogunlugun ve mukavemetin elde edilmesi i¢cin olduk¢a 6nemli olan sikistirma
isleminde secilecek olan basincin uygulanacak olan sinterleme yontemine uygun
olarak se¢ilmesinin olduk¢a 6nemli oldugu tespit edilmistir.

5.3 Sinterleme ve Sinterleme Mekanizmalari

Sinterleme prosesi matris fazi ve/veya ilave fazlarin tozlarindan olusturulan go-
zenekli yapinin ergime derecesinin (Te) Te/2 veya Te.3/4 sicakligina 1sitilmasi
olarak tanimlanabilir (Ayas, 2003; Meir, Kalabukhov ve Hayun, 2014). Benzer
sekilde sinterlemenin diger bir tanimlanmasi da poroz yapinin porozitesiz ve
yogunlugu daha yiiksek bir yapiya dontistiiriilmesi icin uygulanan 1s1l islemdir
(Kurt, 2004). Sinterleme esnasinda birbirleri ile temas halindeki toz taneleri ara-
sinda gerceklesen atom difiizyonu ile taneler arasi bosluk kiiciiliir ve sinterleme
oncesine kiyasla boyutunda kiiciilme ve daha yiiksek yogunluga sahip malzeme-
ler iiretilmektedir (Ayas, 2003). Sinterleme stireci {i¢c asamalidir; ilk asamada
temas halindeki taneler arasinda boyun olustururlar. ikinci adimda sinterlenen
malzeme yogunlugu teorik yogunlugun %90-95’i seviyelerine erisir ve bu siireg-
te tane blylimesi olusmuyorsa taneler arasi bosluklarin azalmasi zamanla de-
vam etmektedir. Son asamada taneler arasinda kalan porozitenin tane sinirla-
rindan difiizyonla yapidan atilmasi gerceklesmektedir. Bu siire¢ oldukca yavas
ilerlediginden tam olarak %100 teorik yogunluga erismek gliclesmektedir (Ayas,
2003; Kurt, 2004; Meir ve dig., 2014; Yavas, 2014). Sekil 13’de sinterleme islemi-
nin asamalarinin iki kiire modeli ile sematik gosterimi verilmistir.

baglangig
NOkLE emas

t w_ kiresal pargacik
Dagap
il @ amma

boyun blyumesi
(wisa sure)

“
ileri agama
boyun blyumesi
{uzun sbre)

BON A%amMa
tamamn berlegmae

(sonsuz sdre)

Sekil 13. Sinterleme Prosesi Asamalar1 Sematik Gosterimi (Yavas, 2014)
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Sinterleme tiirleri gaz fazi, kat1 faz, siv1 faz ve reaktif sivi olmak iizere dort ana
gruptur. Tablo 4’de her bir fazin tasinim mekanizmasi ve sinterleme icin belirti-
len itici gii¢leri verilmistir (Yavas, 2014).

Tablo 4. Sinterleme Tiirleri (Yavas, 2014)

Smte"r l?me Taslfnm Sinterleme ftici Giicii
Tiirii Mekanizmasi

Gaz faz Buharlasma-yogunlasma Buhar basinci farkliligi
Serbest enerji ve/veya

Kat1 hal Difiizyon kimyasal potansiyeldeki

degisim
Sivi faz Vizkoz akis, difiizyon Kapiler bas_lpg,_ yuzey ge-
rilimi
Reaktif sivi Vizkoz akis, ¢ozelti-¢okelti Kapiler basing, yiizey ge-

rilimi

Sinterleme islemleri, reaksiyon, termal plazma, mikro dalga, atmosferik sin-
terleme gibi prosesler ile basingsiz, sicak pres (HP), indiiksiyonla sinterleme,
spark plazma (SPS), sicak izostatik pres (HIP) gibi prosesler ile basingh olmak
tizere iki ana grupta gerceklestirilmektedir (Ayas, 2003; Civi, 2016; Koruyucu
ve Soy, 2019; Kurt, 2004; Yavas, 2014). Bu islemleri birbirinden ayiran 6zellik-
ler islem sirasinda kullanilan atmosfer, 1sitma yontemi, islem sicakliklari, stiresi
ve sinterleme sonrasi elde edilen yogunluk farklari olarak belirtilebilir. Ayrica
hangi sinterleme isleminin uygulanacagi konusunda islemlerin maliyetlerinin
farklilik gostermesinin yani sira kullanilan tozlarin yalitkanlik veya iletkenlik
ozellikleri de oldukca 6nem arz etmektedir (Civi, 2016; Yavas, 2014). Sekil 14’de
indiiksiyonla sinterleme isleminin sematik gdsterimi ve indiiksiyonla sinterle-
me diizeneginde gerceklesen sinterleme isleminin goriintiileri verilmistir (Civi,
2016).
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Basing

(a)
v;kuql;emheri

Numune " Alt Zimba

Alt Plaka

Sekil 14.a) indiiksiyonla Sinterleme isleminin Sematik Gosterimi, b) Indiiksiyonla
Sinterleme Islemi (Civi, 2016)

Sinterleme isleminin degerlendirilmesi amaciyla 6nceki ¢alismalar incelendigin-
de; Al,O0; matrise %20 artis oraniyla Ti ilavesi yapilan ¢alismada SPS yontemiyle
sinterleme isleminin gerceklestirildigi, sinterleme parametrelerin 1300 °C sicak-
lik, 30 dk bekleme siiresi olarak belirlendigi, sinterleme sonrasit homojen dagilim-
It mikro yapi elde edildigi, sertlik ve Young’s modiiliinde artis goriiliirken, kirilma
toklugunda monolitik aliiminadan daha disiik sonuclar elde edildigi belirtilmis-
tir (Meir ve dig., 2015). Al,0; matrise Grafen takviyesinin tribolojik ve mekanik
ozelliklere etkilerinin incelendigi ¢alismada, SPS yontemiyle sinterleme islemi-
nin gerceklestirildigi, sinterleme parametrelerinin 1300 °C ve 1500 °C sicaklik
ve 1 saat bekleme siiresi olarak uygulandigi bildirilmistir. Elde edilen sonuglarda
monolitik alliminanin 1300 °C’de sinterlenmesinde daha ytiksek sertlik ve egme
dayanimi, Al,0;/Grafen kompozitinin ise 1500 °C’de yapilan sinterlemede daha
ylksek sertlik ve egme dayanimi elde edildigi ve grafen takviyesinin asinma da-
yanimint %50 artirdig: belirtilmistir (Gutierrez-Gonzalez ve dig., 2015). Al,Os
matrise Ti ilavesinin mekanik 6zelliklere etkisinin incelendigi calismada SPS sin-
terleme yonteminin uygulandigi, sinterleme isleminde 1350 °C sicaklik ve islem
stiresi olarak kompozitlerde 3 dk, saf aliimina ve Ti’ de 30 dk sinterleme siire-
si parametrelerinin uygulandig1 bildirilmistir. Elde edilen sonuglarda monolitik
aliiminaya kiyasla artan Ti ilave miktariyla sertlik ve egilme dayaniminda diisiis
oldugu belirtilmistir (Bahraminasab ve dig., 2017). Al,0; matrise Grafen takviye-
sinin elektriksel iletkenlige etkisinin incelendigi calismada sinterleme yontemi
olarak SPS’i, parametre olarak 1550 °C sicaklik ve 10 dk islem siiresi kullanildig1
bildirilmistir. Yapilan bu calismada artan grafen oraniyla porozitenin arttigi, yo-
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gunlugun azaldigl, %0,5 grafen ilavesinde en yiiksek sertligin elde edildigi bil-
dirilmistir (Stolyarov ve dig., 2020). Al,05;-ZrO, ve Al,0;-Ti(C,N) kompozitleri-
ne Grafen ilavelerinin tribolojik ve mekanik 6zelliklerine etkilerinin incelendigi
calismada sinterlemenin SPS yontemiyle 1550 °C sicaklik ve 4 dk islem siiresi
parametrelerinde gergeklestirildigi bildirilmistir. Yapilan ¢alismanin sonucunda
grafen takviyelerinin sertlik ve asinma direncini artirdigini fakat kirilma toklu-
gunda artisin gézlemlenmedigi belirtilmistir (Petrus ve dig., 2019). Al,0; matrise
Ti ve Y,05 ilavelerinin etkilerinin incelendigi calismada sinterlemenin HP yonte-
miyle 1500 °C sicaklik ve 1 saat parametrelerinde gergeklestirildigi bildirilmistir.
Elde edilen sonuglarda Ti ilavesinin sertligi diisiirdiigii fakat kirilma toklugu-
nu artirdigy, Y,0; ilavesinin hem sertlik hem de kirilma toklugunu artirdig, en
ylksek kirilma toklugunun Al;0;-%20 Ti-%2 Y,0; numunesinden elde edildigi
bildirilmistir (S. Shi ve dig., 2018). Al,0;-Ti(C,N) matrise Grafen ilavesinin etki-
lerinin incelendigi calismada, HP sinterleme yontemiyle, 1200 °C sicaklik ve 10
dk parametrelerinde 6n sinterleme, 1700 °C ve 10 dk parametrelerinde, vakum
ortaminda sinterlemenin gerceklestirildigi bildirilmistir. Elde edilen sonuglarda
grafen takviyesinin seramik yapinin kirilma toklugu, sertlik ve egilme dayanimi
artirdigl ve en iyi sonucun %0,4 grafen takviyesinden elde edildigi bildirilmistir
(Cui ve dig., 2019). Al,05-Ti(C,N) seramik kompozitin iiretimi ve karakterizasyo-
nunun incelendigi ¢calismada, sinterleme sicakliginin mekanik 6zellikler tizerin-
de etkileri incelemistir. Bu ¢alismada mikro dalga sinterleme islemi ile 50 °C/dk
1sitma orani, 10 dk islem siiresi ve 1500 - 1650 °C sicakliklarda sinterlemenin
gerceklestirildigi bildirilmistir. Elde edilen sonuglarin analizinden 1550 °C ve
10 dk parametrelerinde en yiiksek sertlik, kirilma toklugu ve yogunlugun elde
edildigi belirtilmistir (Yin, Yuan, Wang, ve dig., 2016). Aliminyum matrise farkl
oranlarda Grafen takviyesi yapilarak sinterleme siiresi ve sicakliginin etkilerinin
incelendigi calismada, 550, 600, 630°C sicakliklar1 ve 60,120,180 ve 300 dk is-
lem siirelerini kullanildig: bildirilmistir. Yapilan ¢alismanin sonucunda en yik-
sek yogunluk ve mekanik 6zelliklerin Al-%0,1Grafen kompozitinde 630°C - 180
dk parametrelerinde elde edildigi belirtilmistir. 180 dk islem siiresinin altinda
poroz mikroyapi, lizerindeki sicakliklarda ise tane biiylimesi ve yiiksek porozite
gozlemlendigi rapor edilmistir (Giirbiiz ve dig., 2018).

Al,0;matrisli kompozitlerin tiretiminde SPS ve HP sinterleme islemlerinin yaygin
olarak kullanildig1 bununla birlikte gelisen teknoloji ile SPS isleminin nispeten
daha disiik sicaklik ve siirelerde sinterlemeyi saglamasi sebebiyle kullaniminin
arttigl gozlemlenmistir. Al,0; matrisli kompozitlerin liretiminde ortalama sin-
terleme sicakligr 1500-1550 °C, islem stiresinin ise ortalama 10-30 dk arasinda
oldugu tespit edilmistir. Sinterleme islemi elde edilecek par¢anin nihai islemi ol-
dugundan bu islemin parametreleri nihai iirtiniin mekanik ve mikroyap1 6zellik-
lerini dogrudan etkilediginden olduk¢a 6nemlidir. Ayrica islem parametrelerinin,
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ilave fazlarin ergime dereceleri, yalitkanliklari, tane biytkliikleri goz 6niine ali-
narak belirlenmesi gerektigi tespit edilmistir.

5.4 Ti Takviyeli Aliimina Esashi Kompozitler Uzerine Caligmalar

Al,0; matrisli Ti takviyeli kompozitlerin iiretimi konusunda literatiirde yapilan
calismalar incelenmis ve konu hakkinda yapilan ¢alismalarda elde edilen sonug-
lar su sekildedir: Al,0; matrise %0,20,40,60,80,100 Ti ilavelerinin yapildigi ¢alis-
mada, mikroyapi analizinde aliimina ve titanyumun homojen dagilim gosterdigi
ve Ti ilavelerinin sertlik ve Young’s modiliniin arttig fakat kirilma toklugunun
azaldig tespit edilmistir. Bununla birlikte, kompozitlerin ince taneli mikroyapi-
s1 sogutma sirasinda olusan mikro c¢atlak olusumlarini 6nlemekte oldugu bildi-
rilmistir. En ytksek egilme mukavemetlerinin %80 Al,0; kompozitinde 767,23
MPa olarak oélciildiigii belirtilmistir. Sekil 15'te Al,05-Ti kompozitinin sinterleme
sonrasi sertlik, Young’s Modiil(, egilme dayanimi ve kirilma toklugu degerlerinin
takviye oranina gore degisimleri verilmistir. En yliksek sertlik, Young’s modiilii
ve kirllma toklugunun monolitik aliiminada elde edildigi, Ti takviye orani art-
tikca mekanik 6zelliklerin 6nemli 6l¢iide azaldig goriilmektedir (Meir ve dig.,
2015)
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Sekil 15. Al,05-Ti Kompozitlerinde Mekanik Ozelliklerin Takviye Oranina Gére
Degisimi

Sekil 16’da Al,03-Ti kompozitlerinin EDS analiz sonuglar1 verilmistir. Sekilde
detay gortintiisinde belirtilen, %100 Ti fazinda olusmayan piklerin, Al,O-
smiktarina bagh olarak olusmaya baslayarak en yiiksek aliimina miktarinda
maksimum diizeye ¢iktig1 goriilmektedir. Ek olarak Al,03'lin ayristigi ve Al ve
O nun ¢ozlinerek o-Ti(Al,0) olustugu, sinterleme kusuruna sebep olacak TiH2
fazinin olusmadigi goriilmektedir (Meir ve dig., 2015).
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Sekil 16. Al,O; -Ti Kompozitlerinin EDS Analizi (Meir ve dig., 2015)

Al,0; matrise %0,25,50,100 Tiilavelerininyapildigi calismada, artan Tioranlariyla
yogunlugun artti8l, sertlik ve egilme dayaniminin azaldig: belirtilmistir. %100
Al,0; numunesinde 19,76 GPa sertlik, 294,55 MPa egme dayanimi 6lgiiliirken,
%25 Ti ilavesinde 11,47 GPa sertlik, 172,97 MPa egme dayanimi degerleri elde
edildigi bildirilmistir (Bahraminasab ve dig.,, 2017). Al,0; matrise %20 Ti ve
%2 Y,0;3 ilavelerinin etkilerinin incelendigi ¢calismada, Ti ilavesinin yogunlugu
ve kirilma toklugunu artirdigl, Young’s modiilii ve sertligi diisiirdigii, monolitik
aliimina numunesinde 17,1 GPa sertlik, 3,58 MPa.m'/2 kirilma toklugu degerleri
olctiliirken, %20 Ti ilaveli kompozitte 14,5 GPa sertlik ve 4,32 MPa m*/2 degerleri
olgtildigi bildirilmistir (S. Shi ve dig., 2018). AlL,0;-Ti (C,N) kompozitinde
sinterleme parametrelerinin etkilerinin incelendigi calismada, %60 Al,05-%31
Ti karisim orani kullanildigl, yapilan deneylerde 18,42 GPa sertlik, 6,72 MPa
mY/2 kirilma toklugu degerlerinin elde edildigi bildirilmistir (Yin, Yuan, Wang, ve
dig., 2016). Al,0; matrise Ti ve TiC ilavelerinin incelendigi ¢alismada, %90 Al,0;-
%10 Ti karisimi orani kullanildigy, Ti ilavesiyle yogunluk, egme dayanimy, sertlik
degerlerinin azaldigi, kirilma toklugunun arttig1 bildirilmistir. %100 Al,05'de
17,1 GPa sertlik ve 3,5 MPa m*?2 kirilma toklugu degeri, %90 Al,05'de 15,7 GPa
sertlik ve 3,9 MPa m*/?2 kirilma toklugu degerleri elde edildigi bildirilmistir (S.
Shi, Sekino, ve dig., 2020). Katmanl yapili Ti/ Al,0; kompozitinde ¢atlak olusumu
ve yayllmasinin incelendigi ¢calismada, sinterleme sonrasi Ti ve Al,0; arasinda
olusan ara ytizeyin ¢atlaklarin sapmalarini ve yon degistirmelerini sagladigi ve
bu sebeple monolitik duruma goére daha yiiksek kirilma dayanimi goésterdikleri
bildirilmistir (Wu, Li ve Wang, 2016). Al,05-Ti kompozitine TiC takviyesinin
mekanik ozellikler ve elektriksel iletkenlige etkilerinin incelendigi calismada,
%2 TiC takviyesi ile en yiiksek sertlik degerine 16,5 GPa, %0,5 TiC takviyesi ile
en yliksek Young’s modiiliine 381 GPa, %1 TiC takviyesi ile en yiiksek kirilma
toklugu 5,29 MPa.m'/? degerinin elde edildigi belirtilmistir (S. Shi, Cho, Goto
ve Sekino, 2020a). Al,0; matrise Ti ilavesinin elektriksel iletkenlige etkisinin

509



Miithendis ve Makina / Engineer and Machinery 65, 716, 487-520, 2024

incelendigi ¢alismada, %5,10,15,20 Ti takviyesi ile numuneler 1600 °C,1650
°C ve 1700 °C sicakliklarda sinterlenmistir. Elde edilen sonug¢larda hem Ti
takviyesinin artis1 hem de sicakligin artisinin elektriksel iletkenligi artirdigi,
bunun sebebinin taneler arasi bosluklarin azalmasi oldugunu belirtmislerdir
(Sabuan, Asmelash, Azhari, Mulubrhan ve Alemu, 2021). Sekil 17’ de Al,05-Ti
kompozitinin %20,40,60,80 oranlarinda sinterleme sonrast SEM gortntiileri
verilmistir. Sekilde beyaz bolgeler titanyum fazin1 gdstermekte ve dagilimin
homojen oldugu anlasilmaktadir. Al,05;-Ti kompozitinde catlak ilerlemesi Ti
fazinda tane ici, alimina fazinda taneler arasi seklinde olmaktadir. Sekilde fazlar
arasinda catlak ilerleyisinin SEM goriintiist verilmistir.

f:@l' S ‘A

Sekil17.SEM G

c) %60 Al,0s, d)%20 AlL,O
Beyaz Renkler Titanyumu Gostermektedir (Meir ve dig., 2015)

e) %40 Al,0; iceren Kompozitte Catlak flerlemesi,

3

Al,03/Zr0,/Ce0, matrise Ni ve Ti ilavelerinin mekanik 6zelliklere ve mikro ya-
piya etkilerinin incelendigi bir ¢alismada tiim numunelerin ayni sartlarda 1650
°C’de konvansiyonel sinterleme islemi ile hazirlandig1 ve bu islemlerde %3 Ti ve
%3 Ni ilavelerinin yapildig: bildirilmistir. Yapilan deneyler sonucunda sertlik ve
kirilma toklugunda en diisiik degerlerin monolitik aliiminada oldugu gortiliir-
ken, Al,05-%3 Ni ve Al,03-%3 Ti numunelerinin sertlik ve kirilma tokluklarinin
monolitik aliimina yiiksek oldugu fakat diger numunelerden diisiik oldugu tespit
edilmistir. En yiiksek sertlik degeri 14,95 GPa olarak A1203-4-OZrO2 numunesinde,
en yiiksek kirilma toklugu degerinin 4,9 MPa.m'/? olarak Al,03-40Zr0O,-3Ni nu-
munesinde elde edildigi bildirilmistir (Verma ve Kumar, 2017). Literattirde ya-
pilan ¢alismalar degerlendirildiginde aliimina matrise titanyum ilaveli ser-met
kompozitlerin iiretimi gevrek ve kirilgan yapili olan aliiminanin gelistirilmesi
acisindan 6nemli bir asama olarak kaydedilmis olup, ¢calismalar incelendiginde
Al,0; matrise Ti ilavesinin kirilma toklugu, sertlik ve yogunlugu artirdig: fakat
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Ti’'nin yani sira ikinci ilave malzemeleri katkisi ile daha yiiksek sertlik, yogunluk
ve kirilma toklugu degerlerine ulasildigi ve Al,05-Ti kompozitine yapilan ikinci
takviyelerin Ta,0s (Xu, Zhang, Wang, Wu ve Yang, 2017), Y,03 (Liu ve dig., 2015;
G. Shi, Wang, Liu ve Wang, 2015), CeO; (S. Shi, Cho, Goto ve Sekino, 2020b; Wu
ve dig., 2014), Pr¢0,; (Xu ve dig., 2016), Grafen (Cui ve dig., 2019; Petrus ve dig.,
2019) seklinde bilimsel calismalarin devam ettigi gériilmiistir.

5.5 Grafen Takviyeli Aliimina Esashi Kompozitler Uzerine Calismalar

Al,0; matrise Grafen ilaveli kompozitlerin liretimi konusunda literatiirde yapilan
calismalar incelenmis ve konu hakkinda yapilan ¢alismalarda elde edilen sonug-
lar su sekildedir; Al,0; matrise %0,22 Grafen takviyesinin tribolojik ve meka-
niksel dzelliklere etkilerinin incelendigi ¢alismada, Grafen takviyesinin asinma
oranini %50 oraninda azalttig1, ayrica egme dayanimini %80 oraninda artirdigi
bildirilmistir (Gutierrez-Gonzalez ve dig., 2015). Al,0; matrise %0,0,5,1,2 Gra-
fen takviyenin elektriksel iletkenlik {izerine etsinin incelendigi ¢alismada nu-
munelerin mekanik 6zellikleri incelendiginde, %1 grafen takviyesi ile 22,7 GPa
sertlik ve %0 porozite gozlemlenirken, monolitik aliiminada 22,4 GPa sertlik
ve %5 porozitenin olustugu bildirilmistir (Stolyarov ve dig., 2020)the ceramic
materials were studied over a wide temperature range, 23-530 °C and over a
frequency range of 10-1 - 106 Hz. More than a half decrease in the porosity of
the sintered composite with an increase in the graphene content was observed.
Raman spectroscopy indicated the absence of graphene degradation during the
SPS. The range of frequencies (100-103 Hz. Al,05-Ti(C, N) seramik kompozite
%0,2,0,4,0,6,0,8 Grafen takviyelerinin mekanik 6zelliklere etkilerinin incelendigi
calismada, seramik kompozitin %0,4 Grafen ilavesi ile en yiiksek sonuclarin elde
edildigi, artan grafen takviyesiyle mekanik 6zelliklerin azaldigi, grafen takviyesi
yapilmayan numuneye kiyasla %0,4 Grafen takviyeli numunede egilme dayani-
minda %40,13, kirilma toklugunda %40,78 artis saglandig1 belirtilmistir. Sekil
18’de Al,05-Ti(C, N) kompozitine Grafen takviye miktarinin mekanik 6zelliklere
etkileri verilmistir. Yapilan ¢alismada yogunluk, egilme dayanimi, kirilma toklu-
gu ve sertlik degerleri karsilastirilmis ve en ytliksek degerin %0,4 Grafen takviye-
si ile elde edildigi goriilmektedir. Bu degerin altinda ve tistiinde yapilan takviye
oranlarinda mekanik 6zelliklerin azaldig1 goriilmektedir. Sekil 19'da yine ayni
calismada Grafen takviye miktarin EDS analizi verilmistir. Yapilan EDS analizin-
de Grafen takviyesiz numunenin analiz sonucu ile Grafen takviyeli numunelerin
analizlerinin benzer oldugu ve kusur olusturacak fazlarin olusmadigi bildirilmis-
tir (Cui ve dig., 2019).
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Sekil 18. Grafen Takviye Miktarinin Mekanik Ozelliklere Etkileri (Cui ve dig.,

2019)
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Sekil 19. Grafen Takviye Oraninin EDS Analizi (Cui ve dig., 2019)
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Al,03-(W, Ti)C-Grafen kompozitinin mikro yap1 ve tokluk mekanizmasinin ince-
lendigi calismada, %0,2,0,4,0,6,0,8 oranlarinda Grafen takviyesi yapildigi, %0,2
Grafen takviyesi yapilan numunede Grafen takviyesi yapilmamis numuneye
oranla egilme dayaniminda %49, kirilma toklugunda %35,3 ve sertlikte %5 artis
saglandigl tespit edilmistir. Fazla miktarda Grafenin topaklanmaya sebep olarak
mikro yapida kusurlara sebep olarak mekanik dzellikleri olumsuz yonde etkile-
digi bildirilmistir (Cui ve dig., 2018). Al,0;TiC kompozitine Grafen takviyesinin
mekanik o6zellikler ve tokluk mekanizmasina etkilerinin incelendigi calismada,
%0,1,0,2,0,4,0,6,0,8 Grafen takviyelerinin etkileri incelenmis olup, %0,2 Gafen
takviyesi yapilan numunede optimum mekanik 6zelliklerin elde edildigi ve 18,5
GPa sertlik, 8,7 MPa.m'? kirilma toklugu degerlerinin 6l¢iildiigt bildirilmistir.
Yapilan bu calismada %0,2 grafen takviyesi ile sertlikte %12,7 azalma olmasina
karsin, kirllma toklugunda takviyesiz numuneye oranla %67,13 ‘lik iyilesme
saglandigl belirtilmistir (Cheng ve dig., 2017). Al,0; matrise Grafen takviyesi-
nin mikroyap, kirilma davraniglari, mekanik 6zellikler ve elektriksel iletkenlige
etkilerinin incelendigi ¢calismada, %0,1,0,6,1 oranlarinda Grafen takviyesi uygu-
lanmis olup, mekanik deneyler sonucunda %0,6 Grafen takviyeli numunede en
ylksek kirilma toklugu degerlerin elde edildigi, takviyesiz aliimina numunesinde
21,9 GPa sertlik, 2,8 MPa.m*2kirilma toklugu degerleri él¢iliirken, %0,6 Grafen
takviyeli numunede 21,3 GPa sertlik ve 3,6 MPa m'/? kirllma toklugu degerine
ulastig belirtilmistir. Elektriksel iletkenligin ise artan grafen orani ile arttigi %1
Grafen takviyesi olan numunede en yiiksek degerin elde edildigi bildirilmistir
(Hrubov¢akova ve dig., 2020). Al,0;-WC-TiC kompozitine Grafen takviyesinin
mikroyapi, mekanik 6zellikler ve kirilma tokluguna etkilerinin incelendigi ca-
lismada, %0,25,0,5,0,75,1,1,5,2 oranlarinda Grafen ilavesi uygulanmis olup, en
yuksek degerlerin %0,5 Grafen takviyeli numunede elde edildigi bildirilmistir.
%0,5 grafen takviyeli numunede egilme dayanimi 646,31 MPa, sertlik 24,64 GPa
ve kirllma toklugu 9,42 MPa m'/? olarak olg¢iiliirken, grafen takviyesiz kompozitte
egilme dayanimi1 550,92 MPa, sertlik 23,54 GPa, kirilma toklugu 8,76 MPa m?/?
olarak 6lciildiigli rapor edilmistir. Bununla birlikte seramik kompozitlerde artan
Grafen oranlarinda mekanik 6zelliklerin hizlica diistiigii bildirilmektedir (Wang
ve dig., 2019). Al,05-Ti(C,N) kompozitinin kirilma toklugunun gelistirilmesi i¢in
Grafen takviyesinin incelendigi ¢alisama, seramik matrise %0,1,0,2,0,3,0,4,0,5
oranlarinda Grafen ilavesi yapildigi, %0,4 Grafen takviyesi ile en yiiksek kirilma
toklugu 8,43 MPa.m'/? degerinin elde edildigi bildirilmistir (Cui, Zhao, Wang ve
Sun, 2022). Al,05-WC-TiC kompozit yapili kesici uglarin kesme performansinin
iyilestirilmesi icin %0,5 Grafen takviyesi ile iiretilen uc¢larin mekanik 6zellikle-
rinin ve kesme parametrelerinin degerlendirildigi calismada, Grafen takviyesiz
duruma kiyasla %0,5 grafen takviyesi ile sertlik, egilme dayanimi ve kirilma tok-
lugunda artis saglandig1 ve sirasiyla 22,41 GPa, 856,92 MPa, 8,97 MPa.m'/? de-

513



Miithendis ve Makina / Engineer and Machinery 65, 716, 487-520, 2024

gerlerinin elde edildigi, ayrica Grafen ilavesinin kesici takim performansini ve
omrint artirdigl belirtilmistir (Wang ve dig., 2022).

Grafen takviye elamani olarak aliimina matrisli seramik, ser-met yapili kompo-
zitlerde daha dnceden elde edilmis olan mekanik 6zelliklerin gelisiminin daha iyi
seviyelere gelmesini saglamaktadir. Grafen takviyelerinde agirlik¢a takviye orani
diistik miktarlardadir ve istenilen mikro yapi, kirilma toklugunun elde edilmesi
acisindan homojen karisimlarin elde edilmesi olduk¢a dnemlidir. Grafen yapilan
literatiir arastirmalarinda optimal seviyede takviye edildigi kompozitlerin yo-
gunluk, sertlik, kirilma toklugu ve iletkenlik 6zelliklerini artirmaktadir. Aliimina
matrisin bilinen gevrek ve kirilgan yapisinin Ti ilavesi ile iyilestirme ¢alismala-
r1 gelisen Grafen teknolojisi ile daha da yiiksek noktaya gelecegi goriilmektedir.
Fakat yapilan literatlir arastirmalarinda aliimina matrise Grafen takviyeli ¢alis-
malarin sayisi olduk¢a az oldugu, literatiiriin bu a¢iginin Grafen ’in saglayacagi
istiin 6zelliklerden faydalanmak adina gelistirmek 6nem arz etmektedir.

6. Sonuglar ve Oneriler

Bu ¢alismada Al,0; matrise Ti ve Grafen takviyelerinin tiretim yontemleri ve me-
kanik 6zelliklere etkilerinin literatiir taramasi yapilmistir. Yapilan ¢alisma kapsa-
minda elde edilen sonuglar ve dneriler asagida siralanmistir,

1. Yapilan literatiir arastirmali sonucunda Al,0; matrisli kompozit malzemele-
rin kullanimi uzun yillardir artarak devam etmektedir. Al,05'lin diisiik olan
kirilma toklugunun iyilestirilmesi amaciyla bir¢ok takviye elamani ile farkh
ilave oranlarinda, farkl sinterleme yontemleri ve parametrelerinde numune-
ler elde edilmis ve yapilan ¢alismalarda bu numunelerin fiziksel ve mekanik
ozellikleri tespit edilmeye ¢alisiimistir.

2. Al,0; matrisli kompozitlerin tiretiminde kullanilan TM yonteminde, ytliksek
yogunluk ve diisiik poroziteli yapilarin elde edildigi tespit edilmistir. TM
yonteminde 6giitme, karistirma islemlerinin ince taneli ve homojen dagi-
lim sergileyen mikro yapinin elde edilmesi agisindan énemli oldugu, islem
parametrelerinin 1 ile 72 saat arasinda se¢ildigi, ince taneli yapilarin elde
edilmesi amaciyla alkol eklentisinin yapildig1 tespit edilmistir.

3. Al, 03 matrisli kompozitlerin liretiminde presleme ve sinterleme islemlerinin
birbiri ile baglantili olarak uygulanacak sinterleme yontemine uygun sikis-
tirma basinci secilmesinin sinterleme sonrasi elde edilecek mukavemet de-
gerlerini 6nemli derecede etkiledigi belirlenmis, sikistirma basinci olarak
30-600MPa arasinda parametrelerinin uygulandig1 gértilmustiir. Sinterleme
isleminde 1500-1550 °C sicaklik, 10-30 dk bekleme siiresi parametrelerinin
secildigi, bu islemin nihai islem oldugu g6z 6niline alinarak takviye fazlarin
ergime dereceleri, tane biiytkliikleri ve elektriksel iletkenlik gibi 6zellikleri-
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nin de islem metodu se¢imi ve uygulanmasinda olduk¢a 6nemli oldugu tespit
edilmistir.

4. Al O, matrisine Ti takviyesinin, aliminanin diigiik kirllma toklugunun gelis-
tirilmesi agisindan 6nemli bir asama oldugu ve yapilan bazi ¢alismalarda Ti
ilavesinin kirilma toklugu ve egme dayanimini artirdigi bildirilse de genel ola-
rak Ti ilavelerinde sertlik, kirilma toklugu ve egme dayanimlarinda monolitik
aliiminaya kiyasla diisiik sonuclarin elde edildigi tespit edilmistir. Bu sebeple
son zamanlarda yapilan ¢alismalarda aliimina matrise Ti takviyesinden elde
edilecek mekanik 6zelliklerin iyilestirilmesi adina ikinci bir takviye malzeme-
sinin yapiya ilave edildigi tespit edilmistir.

5. AL O, matrisine Grafen takviyesinde Grafen'nin digerlerine nazaran yeni tak-
viye malzemesi oldugu g6z 6niinde bulundurularak yapilan calismalarin ki-
sith sayida oldugu gorilmistiir. Konu ile ilgili yapilan ¢alismalarda Grafen
takviyesinin poroziteyi azalttig, iletkenlik, asinma dayanimj, sertlik, kirilma
toklugu ve egme dayanimini arttirdigi tespit edilmistir. Ayrica optimal seviye-
nin tizerinde artan grafen miktarlarinda mekanik 6zelliklerin olumsuz yonde
etkilendigi tespit edilmistir.

6. Al,0; matrisli kompozitlerde Grafen takviye miktarinin olduk¢a diistik oldu-
gu, bu sebeple homojen dagilimin saglanmasi, mikro yapinin istenilen 6zel-
liklere sahip olmasi agisindan karistirma isleminin olduk¢a énemli oldugu
belirlenmistir.

7. Ti ve Grafen takviyelerinin Al,0; matrisli kompozitlerin mekanik ve fiziksel
ozelliklerini 6nemli derecede iyilestirdigi gortilmektedir. Fakat aliimina mat-
rise Ti ve Grafen takviyelerinin etkilerinin belirlenmesi amaciyla yapilan lite-
ratiir ¢alismalarin az sayida oldugu belirlenmistir. Al,0; matrise Ti ve Grafen
takviyelerinin arastirilmasi hem metal ve alasimlarinin yerini almakta olan
kompozitlerin tistiin 6zelliklerinden daha fazla yararlanmak hem de iilkemiz
kompozit malzeme iretimi bilgi birikimine katki saglamak adina faydal
olacaktir.

Cikar Catismasi

Yazarlar tarafindan herhangi bir ¢ikar catismasi beyan edilmemistir.
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GUNES ENERJISINDEN ELEKTRIK URETIM YONTEMLERI

Anahtar Kelimeler 0z

Giines enerjisi, Bu ¢alismada, giines enerjisini dogrudan elektrik enerjisine

fotovoltaik sistemler, ceviren fotovoltaik hiicreler ve dolayll yoldan giines

konsantre giines enerjisini yogunlastirarak kizgin buhardan elektrik enerjisi

sistemleri lireten konsantre giines enerjisi teknolojileri detayli olarak
incelenmis, kendi aralarinda siniflandirilmis ve teknik olarak
karsilastirilmistir. Giines enerjisinden elektrik iiretim yéntem
ve teknolojileri Tizerine yapilan incelemeler ii¢ asamada
gergeklestirilmistir. Birinci asamada, glines enerjisinden
elektrik tiretim yontemleri genel olarak incelenerek kapsamli
bir sema olusturulmustur. Ikinci asamada fotovoltaik
hiicrelerin yapilart ve cesitleri incelenmistir. Uctincii asamada
ise konsantre giines enerji sistemleri incelenmistir. Son olarak
glines enerjisinden elektrik iiretim sistemleri karsilastirilmis ve
sonuglar sunulmustur.
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1. Introduction

Energy serves as the foundational input of civilization and stands as one of the
most significant indicators for gauging a civilization’s levels of production, con-
sumption, and development. Moreover, it constitutes a fundamental driver for
social and economic progress. Particularly with the proliferation of technological
devices, there is a noticeable escalation in per capita energy consumption. It is an
undeniable reality that alongside this escalating energy demand, fossil fuel-based
energy reservoirs are swiftly depleting. The environmental harm resulting from
the surge in CO, emissions attributed to the utilization of fossil fuel-based energy
resources incentivizes global efforts to explore alternative energy sources.

According to the 2022 report by the Organization of Petroleum Exporting Co-
untries (OPEC), solar, wind, and geothermal energy resources are expected to
grow at an average annual rate of 7.1% until 2045. The increase in the use of
renewable energy resources will be slightly lower than the growth of gas and oil.
Renewable energy sources accounted for 2.6% of global energy in 2021, and this
rate is expected to increase to just below 11% by 2045 (OPEC, 2022). In 2022,
solar power plants accounted for 68.2% of the total renewable energy producti-
on worldwide (IEA, 2023).

The sun is composed of hydrogen (H) and helium (He). These atoms are ionized
as H+ and He,+. The Sun continuously acts as a reactor, releasing fusion energy
in its core, and these fusion reactions are the source of solar energy. The energy
sent by the Sun to the Earth in 1 hour is equivalent to the energy provided by
approximately 13 billion tons of hard coal (D. R. Mills, 2001).
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Figure 1. Cell efficiency change graph over the years (NREL, 2023a).
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Significant advances have been made in the efficiency of photovoltaic cells used
in both space and terrestrial applications to harness the large amounts of energy
coming from the sun. These advances in the efficiency values of different pho-
tovoltaic cell structures from 1976 to the present are summarized in the graph
in Figure 1 by the National Renewable Energy Laboratory (NREL) in the United
States (NREL, 2023a). Although the efficiency achieved in the 47-year period was
quite high, many of the photovoltaic cell structures could not be commercialized
due to cost and were not suitable for mass production.

The history of photovoltaic cells dates back to the 1800s. Alexander Edmond
Becquerel discovered the first photovoltaic effect in 1839, during his scientific
studies on platinum layers. Becquerel’s research gained momentum with the
discovery of photoconductivity, which is based on the generation of current by
immersing two platinum electrodes in a solution containing a metal halide salt
(Prevenslik, 2003). In 1873, Willoughby Smith discovered photoconductivity in
Selenium (Se), creating the first simple photovoltaic mechanism (William Grylls
Adams, 1875). In 1877, it was proven that solid materials could also produce
photovoltaic effects, with GW Adams and R.E. Day observing the photovoltaic
effect in Selenium crystals (Jagdeo, Sharon, and White, 2021). In 1883, Charles
Fritts developed the first functional 1.1% efficient photovoltaic cell by coating
Selenium with a very thin layer of gold (Fraas and O’Neill, 2023). The most comp-
rehensive theoretical study on the photovoltaic effect was carried out by Albert
Einstein in 1905. This theoretical work was tested by Robert Millikan in 1916,
and in 1932 it was announced that the photovoltaic effect was observed in the Cd-
Se structure (Petrova-Koch, Hezel, and Goetzberger, 2008). Russell Ohl patented
the modern PV (photovoltaic) cell in 1946 (Patent No. US2443542A, 1948). Sili-
con PV technology was born in 1954 at Bell Laboratories with the development
of the first silicon photovoltaic with %6 efficiency by Daryl Chapin, Calvin Fuller,
and Gerald Pearson. (Goetzberger, Luther, and Willeke, 2002). In 1957, Hoffman
Electronics developed Silicon PV cells with 8% efficiency, and in 1958 with 9%
efficiency (Orton, 2008). The first technical application of electricity generation
from silicon photovoltaic cells was carried out on the American Vanguard satel-
lite in 1958. These cells produced 0.1W power per 100 cm? The use of photovol-
taic cell technology in space studies enabled the rapid development of this tech-
nology and its efficiency reached 15% in the early 1960s (Messenger and Abtahi,
2018).In 1970, Zhores Alferov developed GaAs-doped (Gallium Arsenide) hete-
rojunction photovoltaic cells (Alferov et al.,, 1971; Olgun Konur, 2016). With the
onset of the oil crisis in the late 1970s, the search for alternative energy sources
began. This increased the interest in PV cells, and R&D and production of PV
cells accelerated. PV cells have been produced from different materials such as
Amorphous Silicon (a-Si), which was defined as thin film PV cells in 1976, GaAs,
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Copper Sulphide (CuS) and Cadmium Sulphide (CdS), Cadmium Telluride (CdTe)
in the 1980s (Keskinel, 2015). In 1985, 20% efficient Silicon photovoltaic cells
were produced at the University of New South Wales. After the 1980s, the effici-
ency of two-joint GaAs-doped solar cells, which is a new method, reached 22%,
and the efficiency of three-joint tandem solar cells reached 24% (Ishibashi et al.,
1986). The first organic solar cell was produced at Kodak by Tang et al (Tang,
1986). Three-junction photovoltaic cells were developed with 20% efficiency in
2000, 26% efficiency in 2002, and 28% efficiency in 2005 (Sarver, Al-Qaraghuli,
and Kazmerski, 2013). In 2006, 40% efficient three-junction photovoltaic cells
were developed at Spectrolab and polysilicon was used in photovoltaics (Ermer
et al, 2012; R R King et al,, 2007). Fraas et al have developed a 33% efficient
Dual Focus HCPV Module in 2006 (Fraas and O’Neill, 2023). In 2007, the Univer-
sity of Delaware announced a new world record in Solar Cell Technology with
an efficiency of 42.8% (University of Delaware, 2007). In 2008, NREL broke the
world record at the time by developing a 40.8% efficient three-junction photo-
voltaic cell (NREL, 2008). In 2009, Spectrolab broke NREL's record by developing
a 41.6% efficient triple-junction photovoltaic cell (R Richard King et al., 2009).
In 2013, cumulative solar PV installations worldwide exceeded 100 GW (Kaplu-
han, 2015). In 2016, engineers at the University of New South Wales set a new
world record for converting unfocused sunlight into electricity, with an efficiency
of 34.5% (Eric Mack, 2016). n 2016, it was announced that 22.1 percent of the
energy in sunlight was converted into electricity using Cadmium Telluride. This
technology covers approximately 5% of the world solar market, today (Richard
Martinarchive page, 2016). In 2018, Alta Devices Company in the USA achieved
29.1% solar cell conversion efficiency according to Germany’s Fraunhofer ISE
CalLab certification. (John Fitzgerald Weaver, 2018). In 2019, NREL in the USA
achieved 47.1% solar cell efficiency, a world record, using multi-junction con-
centrator solar cells (NREL, 2020). Important research and development activiti-
es continue in photovoltaic technology, such as how to increase the efficiency of
and benefit from solar cells, with different designs (Bi et al., 2022; Chander and
Tripathi, 2023; Liu, Jin, Li, Zhao, and Badiei, 2022; Saeed et al.,, 2022; Salhi, 2022;
Shakibi, Afzal, Shokri, and Sobhani, 2022; Sharaf, Huzayyin, and Yousef, 2022; .
Wang et al,, 2022; Z. Wang et al,, 2023; Zhang et al.,, 2022).

Another way to convert solar energy into electrical energy is concentrated solar
energy systems. In these systems, solar energy is focused on a region and conver-
ted first into heat energy and then into electrical energy.

Focusing the sun’s rays was first used to light fire. It is said that in 250 BC, Arc-
himedes burned the wooden ships surrounding Syracuse by concentrating the
sun’s rays with mirrors (Doraiswamy, 2002). With the discovery of the lens in
1600, studies in this field accelerated. In 1860, Mouchot focused sunlight on a
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specific surface with parabolic mirrors and invented a small steam engine. These
machines were the forerunners of today’s modern parabolic dish collectors. In
1907, Maier and Remshardt patented the Parabolic Trough Collector (PTC), which
they designed for direct steam production (Kiligc Abdurrahman and Oztiirk Aksel,
1983). The solar collector roughly reached its present design in 1908, when Wil-
liam ]. Bailey invented a collector with an insulated box and copper coils (Gong
and Sumathy, 2016). In 1913, Shuman and Boys designed a steam engine using
parabolic mirrors. In this way, they were able to draw water from the Nile river
with a water pump (Ackermann, 1915; Mohanad Abdulazeez Abdulraheem Al-
fellag, 2014). Baum et al. developed the principle of the Linear Fresnel Collector
(LFC), followed by Italian Mathematician Giorgio Francia in 1961, who designed
Fresnel reflectors that performed both linear and two-axis tracking (Baum, Apa-
rasi, and Garf, 1957). A kinematic Stirling engine called the solar-powered steam
Stirling 4-95 was developed in the late 1970s and early 1980s by several com-
panies, including United Stirling AB, Advanco Corporation, McDonnell Douglas
Aerospace Corporation (MDA), and NASA (Baharoon, Rahman, Omar, and Fadhl,
2015). Lorin and Hull conducted optical system research to achieve maximum
power in heliostat field arrangement in central receiver solar towers (Vant-Hull,
1977).In 1979, Gaul and Rabl examined the optical efficiency of parabolic trough
type solar concentrators by recording the efficiency change with solar radiation
at all hours of the day. (Gaul and Rabl, 1980). Gee examined linear focusing solar
concentrators and solar tracking systems. He compared solar tracking systems
and conducted experimental studies (Gee and Institute, 1980). Collares-Pereira
et al. have studied parabolic trough systems. They found the formulation requi-
red for the highest concentration (Collares-Pereira et al., 1979). McDonnell Do-
uglas Aerospace Corporation (MDA) produced 8 prototype dish engines to com-
merecialize parabolic dish technology in the mid-1980s, but due to the state of the
energy market, the company ceased all its energy-related activities. Prototypes
of MDA were sold to Southern California Edison (SCE) (T. R. Mancini, 1997). The
commercial United Stirling 4-95 was operated by SCE from 1986 to 1988. It con-
verted solar energy into electricity with a net efficiency of approximately 30%
and recorded an annual efficiency of approximately 12% in its last year of opera-
tion (Stine and Diver, 1994).

Hession and Bonwick worked on the system that monitors concentrators of dif-
ferent sizes (Hession and Bonwick, 1984). Jeter worked on the distribution of
concentrated rays on parabolic trough systems and the calculation of optical ef-
ficiency (Jeter, 1986). Collares-Pereira et al. have studied the reduction of heat
losses in parabolic corrugated concentrators (Collares-Pereira, Gordon, Rabl, and
Winston, 1991). In 1993, a linear Fresnel collector was developed at the Univer-
sity of Sydney, a prototype was designed and named Compact Linear Fresnel Col-
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lector (CLFC). The system includes two receiver towers to collect reflected solar
rays from diffusing mirrors (D. Mills, 2004; D. R. Mills and Morrison, 2000). In
the early 1990s, Cummins Engine Company tried to commercialy produce bowl/
Stirling systems using a free-piston engine instead of a kinematic engine to reduce
maintenance and cost (T. R. Mancini, 1997). In 1991, in a development program
called the Dish/Stirling Joint Venture Program (DSJVP), development of a 5-10
kW Stirling system for remote power applications began, but in 1996, Cummins
Engine Company ceased all activities in the development phase due to major un-
resolved technical problems and decided to cancel the project (John R Bean and
Diver, 1995; | R Bean and Diver, 1992). A program called the Utility Scale Joint
Venture Program (USJVP) was initiated by Science Applications International Cor-
poration (SAIC) and Stirling and Thermal Motors (STM) to develop a 25-kW dish/
Stirling engine system in late 1993. They have been successful in demonstrating
a 20 kW Stirling engine (Phase 1) in Golden, Colorado (Gallup, Mancini, Christen-
sen, and Beninga, 1994). Kalogirou et al. have worked on modeling steam produc-
tion systems in parabolic trough-type condensers (Kalogirou, Lloyd, and Ward,
1997). Geng has developed a single-axis solar tracking system (Asim Geng, 1998).
Siala and Elayeb tried to design heliostats using the graphical method in solar to-
wers with central receivers. They expressed their designs in graphical data using
mathematical formulas (Siala and Elayeb, 2001). Zarza et al. have worked on the
development of new types of solar power plants that provide direct steam pro-
duction in the absorber tube of parabolic trough-type solar concentrators (Zarza
et al, 2002). Colak worked on modeling the parts required for optics and heat
used in parabolic trough concentrators (Levent Colak, 2003). Chen et al. made two
different heliostat designs in solar towers with central receivers and evaluated
their performances (Chen et al., 2004). Kribus et al. were interested in receiver
designs in solar towers with central receivers and conducted research on how po-
wer changes with temperature (Kribus, Vishnevetsky, Yogev, and Rubinov, 2004).

Bakos worked on two-axis solar tracking for parabolic trough concentrators (Ba-
kos, 2006). Riffelmann et al. have studied the optical efficiency of parabolic tro-
ugh concentrator solar power plants (Riffelmann, Neumann, and Ulmer, 2006).
Garcia-Valladares and Velazquez have simulated the heat and flow behavior of
single- and double-pass parabolic trough-type solar concentrators (Garcia-Val-
ladares and Velazquez, 2009). Wu et al. studied the parabolic dish solar thermal
power system and evaluated the average heat-electricity conversion performan-
ce of the system. They found the average efficiency of the system to be 20.6%
(Wu, Xiao, Cao, and Li, 2010). A three-dimensional numerical study of heat trans-
fer in a longitudinally finned parabolic slotted receiver using different types of
nanofluids was carried out by Fernandez-Garcia et al (Ferndndez-Garcia, Zarza,
Valenzuela, and Pérez, 2010). Today, research on photovoltaic systems and con-
centrator solar energy systems continues intensively. Important research and
development activities continue in concentrated solar system technology, such
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as how to increase the efficiency of and benefit from those systems, with diffe-
rent designs (Arias, Cardemil, Zarza, Valenzuela, and Escobar, 2022; Khan, As-
fand, and Al-Ghamdi, 2022; Merchan, Santos, Medina, and Hernandez, 2022; A.
Sharma, Shukla, Singh, and Sharma, 2022; Sheikholeslami, 2022; Xu et al., 2022).
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Within renewable energy systems, there are hybrid structures that utilize mul-
tiple conversion systems together, such as solar, wind, and bio-energy. Hybrid
systems are not within the scope of this study. However, researchers can refer
to the following sources for hybrid systems: (Abdolmaleki and Berardi, 2024;
Ahmed, Das, Das, Hossain, and Kibria, 2024; Falope, Lao, Hanak, and Huo, 2024;
Giiven and Mete, 2021; Gliven and Samy, 2022; Gtliven, Yoriikkeren, and Mengi,
2024; Guven, Yorukeren, and Samy, 2022; Giiven and Yiicel, 2023; Padmanabhan
and Anbazhagan, 2024).

In this study, photovoltaic cells that directly convert solar energy into electrical
energy and concentrated solar energy technologies that indirectly produce elect-
rical energy from superheated steam by concentrating solar energy were exami-
ned in detail, classified among themselves, and compared technically.

2. Method

In this study, methods for generating electricity from solar energy in the litera-
ture have been researched. The research was not limited to academic literature;
reports from official organizations working on energy were also included in the
study. First, an in-depth literature review was conducted to identify the studies
conducted so far on generating electricity from solar energy. Then, the current
state of PV and CSP solar energy technologies was investigated. Based on the
information obtained, a detailed graphical tree representation of solar energy
technologies was created. Finally, PV and CSP technologies were compared in
terms of their advantages and disadvantages. Overall workflow of the review
methodology is depicted in Figure 3. In this study, adherence to research and
publication ethics has been ensured.

Literature search on methods for Review on PV and Comporison of PV
generating electricity from solar energy CSP technologies and CSP systems

Figure 3. An overall workflow of the review methodology.

3. Solar Energy Technology

2.2 billion units of the energy emitted by the Sun reaches the Earth and consti-
tutes our main energy source. The energy falling from the Sun on the total land-
mass for 270 minutes is equal to the energy consumed by the whole world in one
year (International Energy Agency, 2011). This energy has been used for many
years.

The main purpose of preferring solar energy is to mitigate the damage fossil-
based energy sources cause to the environment and the limited nature of these
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energy sources. Solar energy can be converted to another type of energy by a
suitable method depending on the area of use. The most needed types of energy
today are heat and electrical energy. As shown in Figure 2, solar energy can be
converted into heat energy and electrical energy using different technologies.
This conversion occurs by using PV cells, which directly convert solar energy into
electrical energy, or indirectly by using concentrated solar power (CSP) techno-
logy, which produces electrical energy from steam by concentrating solar energy.

Two types of classification can be made in electricity generation using PV cells: i)
according to their generation and ii) according to the technology used.

In the classification of PV cells according to their generation, the first generati-
on includes crystalline silicon (c-Si) wafer-based cells as monocrystalline (single
crystalline silicon: mono c-Si) and polycrystalline (polycrystalline silicon: m-Si,
poly c-Si). The raw material of these cells is high purity silicon crystals. The pro-
duction process requires advanced technology.

The second generation is based on thin film technology. This includes Si-based
tandem solar cell technologies such as Amorphous Silicon (a-Si), Cadmium Tel-
luride (CdTe), Copper Indium Gallium Selenide (CIGS)/Copper Indium Selenide
(CIS) and single crystal thin film technology such as Gallium Arsenide (GaAs).
These cells are mostly manufactured for roof applications.

Third generation PV cells include organic materials as well as multijunction cell
technologies, innovative non-silicon-based technologies, namely organic/semi-
organic PV cells (OPV), dye-sensitized solar cells (DSSC), quantum dot (QD) solar
cells, Perovskite solar cells (It covers many new concept devices such as PSC),
Tandem solar cells, CZTS, Luminescent solar cells.

The efficiency and performance of these types vary since different types of se-
miconductors are used. While the first- and second-generation PV modules are
commercially more efficient and available for large-scale production, some of the
third generations are still in the R&D (Research & Development) stage.

According to the technology used, classification is made in three parts: inorganic,
organic and hybrid. Traditional Silicon-based solar cells (c-Si, mc-Si) and compo-
und polymers (CIGS, CdTe, GaAs, GalnP, CZTS, CPV, Tandem) are in the inorganic
class. Although the production cost of inorganic materials is high, they are prefer-
red due to their high efficiency. Conductive polymers, dyes, pigments and liquid
crystals can be used to make organic-based solar cells. DSSC and Semiconductor
Polymer based organic cells are included in this group. Hybrid cells have been
developed to combine the advantages of organic and inorganic-based cells. Pe-
rovskite photovoltaic cells are included in this group.

Two types of classification can be made in electricity production using CSP
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systems. The first type includes Parabolic Trough Concentrators and Planar Fres-
nel concentrators, which perform linear condensation. The second type includes
the Central Receiver and Parabolic Dish concentrators, which follow the sun in
two axes, concentrate the sun rays by point focusing and thus reach very high
temperatures.

The methods and classifications given so far are examined in detail under subhe-
adings in the following sections.

3.1 Photovoltaic Cells

The word photovoltaic (PV) consists of the Greek words; photos, meaning light,
and volt. The term photovoltaic means the production of electricity from light.
In this section, photovoltaic cell structure and various photovoltaic technologies
will be discussed.

3.1.1 Structure and Working Principle of Photovoltaic Cells

The photovoltaic system uses the concept of the photovoltaic effect, first ob-
served by Alexandre Edmond Becquerel in 1839 (Prevenslik, 2003). The PV ef-
fect can be defined as the formation of a voltage difference when light falls on a
system between two electrodes connected to each other, whether solid or liquid.

A Photovoltaic cell (solar cell) is a simple semiconductor device that, in princip-
le, converts sunlight into electrical energy. In other words, when solar radiation
(photon energy) hits the semiconductor material and is absorbed by this ma-
terial, an electron is broken off from the atomic bond in that material and the
electrons broken off from the atoms they are bonded to begin to circulate freely
within the material. Thus, electron current occurs. The electron current creates
voltage in the potential field of the cell, resulting in electric current as shown in
Figure 4-a. Depending on the current and voltage, power output is obtained bet-
ween the photovoltaic cell contacts (Ayse Ozge Kiipeli, 2005).

There are three basic elements in the structure of the photovoltaic cell to create
photocurrent (Fortunato et al., 2016; Tushar K. Ghosh and Mark A. Prelas, 2011):

1. A photosensitive material (absorber material) in which photons can form
charge carriers

2. Separation of load carriers (PN Junction),
3. An external circuit (metal grid) to collect photon-generated charge carriers.

The absorber material transfers the energy of the incident photons to the valence
electrons. PN junction is the combination of N-type (emitter) and P-type (base)
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region that creates an electric field. The metal grid ensures current flow and cap-
tures electrons. The design of the metal grating can be optimized to minimize
drag and ghosting. In addition, the photovoltaic cell structure is basically similar
to the structure and operation of the diode.
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W" Bn:nﬂ Enargy | |

-t )
= q. ==

) e Top Cover
— Upper Contact
— P 0y semlconductor

w— Nty pe semiconductor
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Figure 4. a) Mechanism of generating energy from solar radiation (photon) in
semiconductor material (Tushar K. Ghosh and Mark A. Prelas, 2011) b) Photovol-
taic Cell Structure (Ozgiin, 0ZDEMIR, and OZMEN, 2022).

The photon affecting the junction region is absorbed by the semiconductor ma-
terial. The photon provides energy to the electron to move it from the valence
band to the conduction band. So, an electron-hole pair is formed. During this
formation, the electron-hole pair is separated from each other by the effect of the
electric field in this region, and the electrons move towards the N region and the
holes move towards the P region. The separated excitons create voltage at the
ends of the photovoltaic cell. These processes continue as long as the photons fall
on the battery surface. Photons coming from the sun that are not converted into
electrical energy increase the temperature of the photovoltaic cell (Clean Energy
Institute, 2014; Tushar K. Ghosh and Mark A. Prelas, 2011).

The main material of the photovoltaic cell structure consists of PN semiconduc-
tors in the middle layer, as seen in Figure 4-b. The top part of the photovoltaic cell
is covered with transparent glass and plastic materials to protect it from external
influences. The bottom layer has an anti-reflective coating to absorb sunlight as
much as possible and prevent reflection. If there is no anti-reflective coating, ne-
arly one-third of the sunlight falling on the battery surface will be reflected and
cannot be used. Under the anti-reflective coating, there is a front negative contact
(front contact surface, upper connection contact, negative pole grid), whose ma-
terial is usually Copper (Cu), which allows the electric current to be collected and
transmitted to the network. Under this layer, there is a structure where electric
current occurs. This structure consists of two different layers. The first is the
N-layer, which is the layer with the addition of Phosphorus atoms to Silicon and
forms the negative side of the PV cell. The second P-layer is the layer that forms
the positive side of the battery, consisting of Silicon with added Boron atoms. The
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area where positive and negative charges meet, called the PN junction, is betwe-
en these two layers. The back contact (layer), where electrons enter and acts as
a positive contact, is on the back surface of the PV cell. This layer provides sup-
port to the cell and ensures that the circuit in which electrons enter is completed
(Ozgﬁn etal, 2022; Tushar K. Ghosh and Mark A. Prelas, 2011).

3.1.2 Power Efficiencies and Usage Areas of Photovoltaic Cells

Photovoltaic battery is measured by its efficiency, and the most important para-
meter that determines the efficiency is the percentage of the generated energy
that can be converted into usable electricity. Additionally, efficiency can be defi-
ned as the ratio of the photon energy falling on the photovoltaic cell surface to
the resulting voltage. A beam of light corresponding to a wavelength above a cer-
tain energy level is sufficient to provide the required energy. The majority of the
remaining light beam is either absorbed or reflected by the structural material in
the cell. However, the efficiency of the solar cell depends on factors such as the
area of the PV module, the terrain, the manufacturing and assembly method, etc.
Efficiencies ranging from 10% to 40% are observed for various materials used in
PV cells (Geisz et al., 2018; Green et al., 2018).

PV technologies are widely used in the direct conversion of radiant energy to
electricity. PV technology is suitable for regions with low and high solar radia-
tion.

Solar PV systems can be used for large-scale electricity generation. PV techno-
logy is also sustainable, especially for small-scale applications. PV systems can be
used both connected to the grid and independently of the grid.

Some of their notable features are that they operate silently, do not cause any
pollution, and can operate in harsh (arid/semi-arid) climate conditions with few
people for operation and maintenance (Ma, Yang, and Lu, 2014).

Another important feature is that maintenance and operating costs after instal-
lation are lower than other energy production systems. Since the panel efficiency
is around 20-30% in the first use and the efficiency decreases over the years,
the payback period for its costs is quite long. For this reason, in order to benefit
from photovoltaic panels effectively, it is extremely important to choose a system
suitable for the purpose of use and the area to be installed.

Alot of research has been donated to achieve the most efficient and cost-effective
material for PV cells. The following requirements are sought for ideal solar cell
material. (Goetzberger et al., 2002):

¢ The material used to produce solar cells must have a band gap of 1.1 to 1.7 eV.

e The material must have a direct band structure
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¢ The material should be easily available and non-toxic.

¢ The material must be suitable for large-scale production and can be easily
reproduced,

¢ The material must have a long-term stability factor and good PV conversion
efficiency.

Some major disadvantages associated with PV solar cell technologies are:

¢ In the solar cell production process, nano-sized semiconductor materials, ha-
zardous chemicals, etc. is dealt with. If not used and disposed of appropriately,
these materials can affect the environment and health (Kazmerski, 2012; Mi-
tigation, 2011).

For large-scale electricity generation applications, it requires large land due to
the low power density of the photovoltaic module (Cucchiella, D’Adamo, Gastaldi,
and Koh, 2010).

3.1.3 Classification of Photovoltaic Cells

In this section, the classification of photovoltaic cells according to their generati-
on is presented under subheadings.

First Generation Photovoltaic Cells

Cells that use high purity Silicon crystals as raw materials are called first gene-
ration cells. Monocrystalline or polycrystalline silicon can be utilized with lar-
ge grain sizes. It is the most dominant PV cell type on the market. Since silicon
has no reserve shortage, its efficiency has improved considerably since its first
production. Silicon is the most widely used material in solar cell production due
to its excellent electronic, chemical and mechanical properties, durable crystal
structure and non-toxic properties. Silicon’s crystal structure, which does not
deteriorate easily, ensures its optical and electrical properties are permanent.
Solar energy technologies based on this semiconductor are considered the most
advanced.

In general, the advantages of first-generation can be given as more efficient at
lower temperatures and need less space for a given unit of power. Additionally,
due to the development of strip silicon technology, it is anticipated that the pro-
duction cost of this generation will decrease further.

Second Generation Photovoltaic Cells

Second-generation technology was introduced in the 1970s to avoid the high
economic and environmental cost (in terms of materials and energy) of crystal-
line silicon-based cells. This generation uses less semiconductor material while
maintaining the appropriate efficiency of the cell. Thin film cells are considered
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second generation PV cells. Solar cells produced with this technology are very
thin. Thin film solar cell technology uses a 1-10um thick photoactive layer (Bo-
utchich et al., 2012).

Since less silicon material is used in the production process, their costs are lower
than the first-generation cells and the production process is shorter; However,
they still have a small share of the market due to their lower efficiency than c-Si.
The thickness of the film layers varies from a few nanometers (nm) to tens of
micrometers (um) . Therefore, they can be placed on flexible materials, connec-
ted to modules in the manufacturing process via laser cutting, and stacked verti-
cally to form third-generation tandem (multi-joint) cells (NREL, 2023b).

Thin film modules shows better performance under low irradiance conditions.
Aesthetically, they are flexible and lightweight.

Third Generation Photovoltaic Cells

The relatively high cost and complex manufacturing of first- and second-gene-
ration silicon cells have encouraged researchers to develop new PV technolo-
gies, namely third generation PV cells. Third generation photovoltaic cells are
the development of first-generation and second-generation PV cells for higher
efficiency and environmental friendliness.

Third generation photovoltaic cells include many innovative technologies, and
many are still in the R&D phase. These cells generate electricity using new tech-
nology processes based on organic, semi-organic or inorganic materials, hybrid
systems, nanometer and molecular scale components. In most cases, they are
made with thin-film-based cells in most cases (Blieske et al., 2019).

The notable features of these cells include low material and production costs and
simplicity of the production process. Although silicon-based solar cells are more
power efficient, third-generation PV cells are better in aspect of sustainability.
Lots of effort is being devoted to improving the efficiency of these solar cells.
According to the relevant research, the efficiency of third-generation PV cells is
comparable to silicon solar cells. (Malinowski, Leon, and Abu-Rub, 2017).

Although they are currently mainly in the laboratory stage, they are quite promi-
sing for future applications and will soon take their place in the market.

3.2 Concentrated Solar Energy Systems (CSP)

With today’s technology, generating electricity from steam using steam turbines
has become widespread. High temperatures are required to produce electricity
with steam turbines. Concentrating systems have been developed to reach these
levels. Solar capacitor systems focuses the rays from the sun on a narrow area.
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Thermal CSP technology does not have a mechanism that is made of crystalline
silicon and uses solar energy directly, as in PV cells. CSP is a clean energy source
that works according to the principles of traditional thermal power plants. In
other words, concentrator systems are used in order to produce electricity from
the sun for the longest time and in high volume (Fernandez-Garcia et al., 2010;
Zarza E, 2010). Concentrator systems are technology based on the concentra-
ted heat system concept, which is to condense direct normal solar radiation for
producing steam or hot air, first turning it into heat (superheated steam) and
producing electricity using the appropriate thermodynamic cycle and the traditi-
onal power cycle. Briefly, CSP technology has two main logics; collecting sunlight
and converting it into heat and converting the heat energy into electric energy or
another kind of useful energy through secondary mechanisms. Figure 5 shows
the simplified operating diagram of the CSP system.

Waste Heat

@ Reciever H HEAT }—» Thern&c}){igamm Electrical Energy
Thermal
Storage

Figure 5. CSP working diagram.

The amount of sunlight falling on the ground varies depending on location on
earth, seasons and time of day. While the position of the sun’s rays is more per-
pendicular to the earth on summer days, it is more inclined on winter days. On
a clear day, high solar irradiation (DNI ) represents 80-90% of the total solar
energy, while on a cloudy day, the DNI rate is close to zero. In this context, it
is not possible to obtain electricity from solar energy with the same efficiency.
While the most electricity can be produced between the hours of 11-15, when
the radiation is most intense, it is quite low in the morning and afternoon hours
(Sen H, 2009).

The biggest advantage of these systems compared to other solar energy techno-
logies is that the heat can be stored in a short time and thus can produce elect-
ricity even during cloudy or evening hours, that is, when there is no sun. This
possibility can be realized by integrating energy storage systems to save thermal
energy from daylight for use during periods of no sunlight.

The advantages and disadvantages of CSP technology are given below.
Advantages :

e It can be installed in hot, dry, harsh climatic conditions and operate without
human intervention.
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¢ Itincludes readily available components such as mirrors, tubes, and electrical
generators.

e [t can be hybridized with fuel systems (hybridization, combination) and heat
can be stored. Hybridization ensures continuity by increasing electricity pro-
duction from the power plant to 24 hours a day, 330 days a week. Heat stora-
ge, on the other hand, can keep the heat stored during the day in molten salt
tanks, producing electricity for another 5-7 hours after sunset and respon-
ding to the rising consumption in the evening hours. The biggest advantage of
concentrating systems is that they can store heat and quickly convert it into
electrical energy when necessary. The ability to provide energy when needed,
regardless of time difference, during busy periods makes CSP systems attrac-
tive.

¢ In addition to electricity generation, CSP technologies can also meet indust-
rial heat and desalination (a process that removes mineral components from
salt water) needs.

Disadvantages:

¢ These systems are highly dependent on daylight and affect the efficiency of
the system in bad weather conditions.

e CSP needs direct sunlight. For this reason, CSP’s installation areas are limited.

e (SP technology has many advantages for large-scale electricity generation,
but requires quite large space to install the plant.

e (SP technologies are not suitable for small-scale electricity generation as
they require high production costs. Although it is possible to produce small
volumes of electricity in CSP systems, as in PV systems, it is not economically
advantageous. In Europe, the economic size is determined as 50 MW.

Although all concentrated solar energy systems basically work on the same prin-
ciple, they differ in terms of collectors, which are the methods of focusing solar
energy. One of the most important parameters for collectors that concentrate
sunlight is the concentration factor. Concentration factor is the ratio of area of
sunlight collected and area of the solar receiver. The condensation ratio is about
300 in two-dimensional concentrators (parabolic trough) and about 40000 in
three-dimensional concentrators (parabolic bowl). In such collectors, sunlight
can be concentrated linearly or pointwise using reflective or beam-breaking sur-
faces (Tabak et al., 2009).

Solar concentration technologies can be given under two headings:

e Linear condensers; Parabolic Trough Concentrators and Linear Fresnel Con-
centrators;
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e Point concentrators; Central Receiver Concentrators and Parabolic Dish Con-
centrators.

3.2.1 Parabolic Trough Concentrators

Parabolic trough concentrators are the most proven, most advanced, most eco-
nomical and commercially creditable CSP technology among the technologies
available today. Parabolic trough concentrator systems are equipped with a solar
tracking mechanism that monitors the sun throughout the day to receive maxi-
mum solar radiation as shown in Figure 6-a.

Power plants with parabolic trough concentrators mainly consist of the following
components: Parabolic trough reflector, heat transfer system, Rankine steam tur-
bine/generator cycle, thermal storage system (optional).

Parabolic trough collectors are placed on the solar field in series and parallel
rows and solar energy is collected at the power center and converted into elect-
ricity.

The collector consists of a parabolic mirror in which the reflective surfaces inside
concentrate the rays on the absorbent receiver tube extending along the focal
axis. Parabolic trough reflectors are generally 100m long, 6m aperture, and are
positioned on the north-south axis. The mirror placed on the north-south axis
focuses the sun along the axis on the receiver tube during daylight hours (Giilay
Isler, 2018). The receiver pipe is a stainless-steel pipe coated to maximize the ab-
sorbance in the solar spectrum wavelength, with a surface absorbency of appro-
ximately 97%, consisting of glass-metal connectors, and containing the working
fluid, placed slightly above the middle part of the parabolic mirror. This steel tube
is placed inside the glass tube to minimize heat loss.

A vacuum condition is created between the tube and the pipe. Vacuum has a
key role in receiver insulation, and lack of vacuum can result in four times more
heat loss. Borosilicate glass tube is heat resistant, has an antireflective structure
and high transmittance to minimize radiation losses. Solar radiation focuses on
the receiver pipe located at the focal point of the parabolic slotted reflector. The
concentrated radiation from the sun passes through the glass tube and hits the
absorbing coating. It heats the working fluid (molten salt or synthetic oil) in the
pipe to a temperature of 150-400°C, making the heated working fluid hot eno-
ugh to produce steam used to drive a conventional steam turbine that produces
power. The oil heated by the condensation process transfers heat energy to the
water, causing the water to evaporate. If water is used as the heat transfer fluid,
water vapor can be obtained directly. The resulting water vapor rotates the tur-
bine and electricity is produced (Giilay isler, 2018).
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Figure 6. Parabolic and Linear Fresnel power plant schemes a) Parabolic Trough
Power Plant Diagram (Eddine Boukelia and Mecibah, 2013) , b) Linear Fresnel
concentrator power plant scheme (Patricia Scalco, Jacqueline Biancon Copetti,
and Mario Henrique Macagnan, 2021).

PTCs are categorized by their operating temperatures. Generally, PTCs operate in
the temperature range between 350 and 550 °C and are used mainly for electri-
city generation, while those operating in the 100-250 °C range are used for hea-
ting purposes (NREL, 2003).

3.2.2 Linear Fresnel Concentrators

This type of collector was first produced in Genoa in 1960 as linear and two-axis
tracking, and its development continues (Nelson, Evans, and Bansal, 1975). In
1993, the first linear Fresnel concentrators (LFR) were developed at the Univer-
sity of Sydney and patented in 1995 (Ucgiil and Ergiin, 2014).

539



Miithendis ve Makina / Engineer and Machinery 65, 716, 521-557, 2024

LFR are systems that focus and concentrate direct solar radiation coming at dif-
ferent angles onto a raised linear receiver with planar strip mirrors arranged on
both sides of the receiver and transfer the heat to heat transfer fluid (HTF). The
receiver, as in Figure 6-b, is a long tube coated with absorbing material known
as a black chrome solar absorber. In this way, the air in the absorber is heated
and this heat is transferred to the pipe inside the absorber and the fluid in the
pipe. The resulting steam can be used directly if desired, or it can transfer this
thermal energy to the traditional electricity generation system and be converted
into electrical energy through a turbine (Engin Ergiin, 2011). The most visible
difference against the parabolic trough concentrators is the use of planar mirrors
as reflecting surfaces in these systems.

Some components of the reflector are not used due to obstruction and inter-row
shading. The energy cost of LFR increases due to a couple of reasons like heat
losses, tube absorptivity and reflectivity of surfaces. LFR has thermal storage ca-
pacity as the operating temperature can reach up to 565°C with molten nitrate as
HTF (Morin, Karl, Mertins, and Selig, 2015; V. Sharma, Nayak, and Kedare, 2015).

Linear Fresnel systems have several advantages that have attracted the attention
of researchers. The notable ones are listed as follows:

¢ Linear Fresnel concentrators provide very high temperature for a variety of
thermal energy applications.

e [t is not necessary to use HTF or heat exchanger in DSG type power plants
using linear Fresnel condenser.

e Since flat or elastic reflectors are used in its structure, it is much lower cost
than parabolic trough reflectors.

¢ Due to its location close to the ground, less space is needed.

¢ High operating temperature and thermal efficiency, reduced investment costs
and shortened payback period are other advantages of these systems.

¢ This technology can be used to produce hydrogen.

Being an innovative technology that has made great progress, the disadvantages
associated with LFR are mostly technical and commercial as follows:

e Linear Fresnel concentrators are less efficient than other concentrators due
to heat losses resulting from the single-axis solar tracking mechanism and
linear focusing (Ong, Campbell, Denholm, Margolis, and Heath, 2013).

¢ Improved materials are needed to prevent ultraviolet degradation.

e To prevent dust from remaining in the gutters, they must be cleaned cons-
tantly.

¢ It requires excessive cost and maintenance due to the necessity of a monito-
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ring system that increases its efficiency.

¢ To perform well, HTF such as molten salt is required as the operating tempe-
rature of the system is relatively high.

e Itrequires high solar radiation.
3.2.3 Central Receiver System (Solar Tower)

Central receiver tower technology is a type of solar thermal electricity generati-
on system that performs point focusing. Central receiver systems (Solar tower)
basically consist of two units: a tower carrying the receiver and mirrors (helios-
tat) placed around the tower to reflect the sun’s rays to the receiver.

The rays coming from the sun are concentrated on the fixed receiver in the tower
by mirrors with dual-axis solar tracking mechanism spread over a wide area, as
shown in Figure 7-a. Distributed mirrors called heliostats follow the sun throug-
hout the day. Each heliostat moves independently of each other and is constantly
controlled by the computer, ensuring that the receiver always receives sunlight.
The fixed receiver absorbs the radiation concentrated by the heliostats and obta-
ins concentrated high heat energy. It transfers this heat to the heat transfer fluid
(HTF). The molten salt (liquid salt melt) passing through the receiver is sent to
the storage tank by increasing the temperature of a working fluid such as hot gas
or water up to 565°C, and then the HTF produces steam by transferring the heat
to the water (Tushar K. Ghosh and Mark A. Prelas, 2011). The produced steam is
sent to the turbine to produce electrical energy. The efficiency of a typical solar
tower is 15% to 25%. These facilities are the most suitable for applications bet-
ween 30-400 MW,

b o
Receiver/
565°C || - a

Hot Sait Cold Salt
Storage Tank I Storage Tank

8 T

-~ Steam Generator "

Wloﬁv@mmav 6
EPGS

a)

Figure 7. Central receiver and parabolic dish systems: a) Power plant scheme
with central receiver system (Avila-Marin, Fernandez-Reche, and Tellez, 2013)
b) Parabolic dish collector (Soomro et al., 2019).
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Heat storage systems have been developed to enable central receiver systems to
operate even when there is no sun. Thus, the continuity of the system is ensu-
red. It is not commercially common like parabolic trough systems due to its high
costs.

3.2.4 Parabolic Dish Concentrators

Parabolic dish concentrators can be defined as point focusing devices consisting
of a concave (dish) concentrator, as in Figure 7-b, a solar tracking system, a heat
absorber (receiver) placed at the focal point of the dish, a power conversion unit
and a system control unit. It consists of many small flat mirrors placed to provi-
de the shape of the parabolic dish collector or a single reflector in the form of a
parabolic dish.

The bowl-shaped surface is concentrated (3000-4000 times) by focusing sun-
light (about 92%) onto the receiving surface. The concentrated solar radiation
collected by the receiver can be used in two ways: it is converted into thermal
energy and used as direct heat energy, or it is transferred to the working fluid in
the Stirling engine connected to the receiver and converted into electrical energy
(T. Mancini et al., 2003).

Parabolic dish concentrators, consisting of one or more reflective surfaces, follow
the sun on a dual axis and have high focusing rates. Independently these dishes
can produce 5-50kW of electricity and their capacity can be increased by using
them in series (J R Bean and Diver, 1993; Tushar K. Ghosh and Mark A. Prelas,
2011). The temperature range for Parabolic Dish Concentrators ranges from
400°C to 750°C with a condensation ratio of over 3000 and a thermal efficiency
of 23%.

Stirling engine, which has good performance at temperatures lower than 950°C,
is generally preferred for electricity generation in parabolic bowl concentrators.
However, Brayton, Rankine or Rankine/Brayton engine systems can also be used.
At higher temperatures, gas turbines used in combined cycles perform better
(Barlev, Vidu, and Stroeve, 2011). Since there is no water cycle in parabolic dish
systems with point concentration, they are very suitable for arid and desert en-
vironments.

Parabolic dish technology is suitable for small-scale power generation. Parabolic
dish technology is also part of distributed solar power generation and can plays
an important role to reduce the load on central power plants.

Parabolic bowl concentrators are very advantageous in terms of heat concent-
ration rate and total system efficiency. However, they are technologically more
complex and costly systems. Since energy storage is not possible, a hybrid struc-
ture design is recommended.
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4. Comparison of Photovoltaic and Concentrated Systems

PV technology uses sunlight that causes the movement of electrons to produce
electric current through the photovoltaic effect. CSP, on the other hand, uses sun-
light to heat a liquid substance that will be used to power an electrical generator.
CSP produces alternating current (AC). PV produces direct current (DC). Once
the direct electric current is generated, it is converted to AC, usually using inver-
ters, thus being distributed to the power grid.

While CSP systems can be applied in projects larger than 25 MW, PV systems also
cover residential areas and the energy sector with their simple and small-scale
installation.

Since PV systems produce electricity directly from sunlight instead of the sun’s
heat, they cannot store thermal energy. Therefore, it is clear that in terms of
energy storage and efficiency, thermal energy storage technologies are better.
This fact makes CSP systems a more attractive option for large-scale energy pro-
duction.

Although the overall efficiency of PV plants is lower compared to CSP plants, PV
systems require smaller installation area. In the same area, PV plants produce
more electricity than CSP plants. The economy and efficiency of the PV cell ma-
inly depend on its material.

PV systems can be installed more easily, at lower cost and in a much shorter time
than CSP power plants, but they require more space for large-scale applications.

Installation of PV systems has a greater environmental impact compared to CSP
plants. In the PV cell production process, various hazardous materials are used
for semiconductor surface cleaning; Therefore, there is a risk of inhaling silicone
dust for workers involved in manufacturing.

Today, PV panel prices have dropped significantly by 30-40%, and this rate is
expected to increase further. Due to abundant module capacity, BNEF expects the
price to drop to around $0.19 per Watt for standard modules based on 166 mm
wafers. The cost per unit of CSP is higher than that of PV.

Today, CSP plants are typically combined with thermal energy storage because it
reduces the cost of electricity and provides production flexibility. The biggest ad-
vantage of CSP is that it can store energy using Thermal Energy Storage techno-
logies and quickly convert it into electrical energy when necessary. The ability to
provide optionally distributed power with long-term storage during peak times
and regardless of day or night makes CSP systems preferred over PV.

While CSP requires DNI, PV systems can produce electricity by emitting sunlight.
For this reason, the installation areas of CSP are more limited than PV.
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The solar to electricity conversion efficiency for CSP systems varies between 15-
40%. Compared with CSP technologies among themselves, the efficiency of the
parabolic dish collector is the highest.

According to reports published by NREL, GHG (Greenhouse gas, greenhouse gas)
emissions of central receiver tower and parabolic trough-based CSP systems ran-
ge between 22-23g CO , eq/kWh, while for c-Si and thin film PV-based systems it
is 50g CO ,eq/ kWh. It is below kWh (NREL, 2012b, 2012a). Therefore, conside-
ring the GHG emissions of both solar power plants, CSP technologies are environ-
mentally more favorable than PV systems.

Technical comparison of PV and CSP technologies is given in Table 9. As can be
seen from the table, CSP systems are more efficient than PV systems. But this
does not mean that CSP systems are the best option. Among the two technologi-
es, PV is cheaper, leading energy investors to prefer it over CSP. In other words,
despite its advantages, CSP is not a preferred technology.

Table 1. Comparison of PV and CSP Systems

Method Technology Best Yield Advantages Disadvantages
PV monocry- 16-25% Silicon is considered the ~ Obtaining pure Si is
stalline ®  most advanced among a complex and costly
1st Ge- solar cell production process. The produc-
neration technologies due to its tion process is comp-
excellent electronic, lex. A lot of Si is was-
chemical and mechani- ted in its production.
cal properties, durable The energy of the
polycr- 14-209% crystal structure and incoming photons is
ystalline non-toxic properties. greater than the band
They are more efficientat gap, so excess energy
low temperatures. is lost as heat.
PV Amorpho- 9-14% This generation uses less  The efficiency of thin
us Silicon °  semiconductor material  film solar cells is lo-
2nd CIGS 23.2% while mz';lintain?n.g the wer than silic.o.n solar
Genera- appropriate efficiency of  cells. The toxicity of
tion the cell. For this reason, the material used in
its cost is lower than c-Si.  the construction is
They are very thin, flexib- high. It causes envi-
le and light. It has a high ~ ronmental pollution
CdTe 22.1% absorption coefficient. during the fabrication
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PV Oreanic 11- It has low material and
& 18.22%  production costs and
3rd simplicity of production

Many have not yet
proven themselves
commercially.

DSSC 11.9+0.4%
Genera- process. It uses low-cost
tion QDSC 1.46- semiconductor materials
16.6%  with tunable band gap for
perovskite  29.15% optimum performance.
GaAs 28.8%
%711th,
CLTS CZTSSe
12.6%
Group III-V
compo- ) o
unds (Tan.  20-208%
dem)
CSv . 24-26%  In addition to electricity It is not suitable for
Parabolic L o
Trough (15-16%  generation, it can also small-scale electricity
& annually) meetindustrialheatand production as it requ-
13% (9- desalination needs. It can ires high production
Linear be installed in hot, dry, costs. It is highly de-
13% an- . : . .
Fresnel nually) harsh climatic conditi- pendent on daylight
y ons and operate without  and affects the effici-
With Cent-  14-20%  human intervention. Its ency of the system in
ralRece-  (17-18%  components are simple.  bad weather condi-
iver annually) They can be hybridized tions. A solar tracker
with fuel-fired systems and cooling system
Parabolic and store heat. are required and the-
. 30-34% i
Dish se systems are quite

expensive.

5. Conclusion

Energy is a fundamental input of civilization and one of the most valid symbols
used to determine the production, consumption, and development levels of civi-
lizations. It is also a key factor driving social and economic development. With
the increase in technological devices, per capita energy consumption is rising
day by day. To meet the growing energy demand, water resources, along with fos-
sil and nuclear fuels, are predominantly used. However, the construction costs,
construction and commissioning times, and operating costs and durations requ-
ired for the use of these resources make it challenging for production facilities to
keep up with demand. Additionally, the negative environmental impacts and CO,
emissions of these production facilities pose a threat to current and future gene-
rations. This situation encourages the world to seek renewable energy sources.

Although renewable energy sources are not a new topic, studies in this field have
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accelerated, especially due to the limited availability of fossil fuel resources and
the visible environmental damages they cause. These studies, particularly focu-
sing on solar and wind energy, fundamentally aim to increase efficiency and re-
duce costs. As a result of these studies, the share of renewable energy sources
(excluding hydro) in global energy production was 2.1% as of 2021, and this is
projected to increase to approximately 11% by 2045. As of 2022, the share of
solar energy in total global energy production is 68.2%.

In this study, the methods used to generate electrical energy from solar energy
have been investigated. In the literature, the methods used to obtain electricity
from solar energy are divided into direct conversion and indirect conversion. For
direct conversion, the photovoltaic effect is utilized. The PV effect can be defined
as the voltage difference generated when light falls on a system consisting of two
electrodes connected to each other, either in solid or liquid form. PV systems
can be analyzed according to their technologies and generations. In indirect con-
version, concentrated solar power technology, which generates electrical energy
from steam by concentrating solar energy, is used. CSP systems can be categori-
zed into linear concentrators and point concentrators. Due to their need for lar-
ge installation areas, they are generally preferred in regions far from residential
areas and in production stations with capacities over 25 MW.

This study aims to serve as a resource for researchers working on generating
electrical energy from solar energy. To this end, the methods used to generate
electrical energy from solar energy to date have been examined from a historical
perspective. Both conversion systems have been thoroughly investigated, and the
studies in the literature have been reviewed. The technological level, application
areas, advantages, and disadvantages of the systems are presented comparati-
vely. In future work, it is planned to publish review studies on other renewable
energy sources.
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