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ABSTRACT

This thesis investigates the technoeconomic feasibility of green hydrogen production
from onshore wind energy in Tiirkiye. A representative case study was carried out for
Canakkale, where wind speed data obtained from European Center for Medium-Range
Weather Forecasts 5" generation reanalysis data set (ERAS) were modelled using three
different probability distributions functions including Weibull, Rayleigh and
Lognormal. Among these, Weibull distribution and Rayleigh distribution provided the
best fit to local wind profile and Weibull distribution was used for further calculations.
Three commercially available wind turbines were also compared, and General Electric
(GE) 5.3-158 turbine was selected for calculations of annual energy production. It was
estimated that the total annual wind energy production across Tiirkiye was
approximately 226 TWh. Hydrogen production was estimated using a proton exchange
member (PEM) electrolyzer, which operates at 65% efficiency for the estimations of
current conditions. The modeling framework established in Canakkale was then scaled
to Tiirkiye using suitable land area data obtained from Tiirkiye Wind Energy Potential
Atlas and assuming a turbine density of 5.3 MW/km?. Under a zero-curtailment
scenario, hydrogen production potential was estimated at 4.4 million tons/year, and it
was observed that the electrolyzer was underutilized. With 20% curtailment scenario,
electrolyzer utilization factors ranged between 71% and 98%. Highest performance for
hydrogen production was observed for Marmara and Aegean regions. Levelized cost
of hydrogen (LCOH) for each region was calculated and the values were in the range
of 3.70 to 3.77 €/kg H; for the high performing cities. For 2035 and 2050 scenarios,
values were in the range of 2.67 to 2.72 €/kg H> and 1.68 to 1.71 €/kg Ha, respectively.
Overall, the findings indicate that Tiirkiye holds substantial potential for large-scale
and cost-effective green hydrogen production through onshore wind energy
integration, which is aligned with Tiirkiye’s national roadmap and global targets.

Keywords: Wind Power, Wind to Hydrogen, Tiirkiye Green Hydrogen Potential,
Tiirkiye Wind Energy.
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OZET

Bu ¢alisma, Tiirkiye’de kara tipi riizgar enerjisine dayali yesil hidrojen iiretiminin
tekno ekonomik ac¢idan uygulanabilirligini incelemektedir. Calismanin ilk asamasinda
Canakkale ili i¢cin bir vaka calismasi gerceklestirilmis; Avrupa Orta Vadeli Hava
Tahminleri Merkezi 5. nesil yeniden analiz veri setinden (ERAS) elde edilen riizgar
hiz1 verileri Weibull, Rayleigh ve Lognormal olmak tizere ti¢ farkl olasilik dagilimiyla
modellenmistir. Bu dagilimlar arasinda Weibull ve Rayleigh dagilimlar yerel riizgar
verilerine en uygun sonuglar1 vermis; devam eden hesaplamalarda Weibull dagilimi
kullanilmistir. Ayrica, li¢ farkli ticari rlizgar tiirbini teknik Ozellikleri agisindan
karsilastirilmis ve yillik enerji iiretimi hesaplamalarinda General Electric (GE) 5.3-
158 modeli tercih edilmistir. Tirkiye geneli i¢in yillik toplam riizgar enerjisi
tiretiminin yaklagitk 226 TWh oldugu hesaplanmistir. Hidrojen diretimi, %65
verimlilikle calisan bir proton gecirimli membran (PEM) elektrolizorii ile
hesaplanmistir. Canakkale icin gelistirilen modelleme yontemi daha sonra Tiirkiye
geneline uygulanmigtir. Bu siirecte Riizgar Enerjisi Potansiyeli Atlas1 veri tabanindan
elde edilen arazi verileri ve 5.3 MW/km? tiirbin yogunlugu varsayimi kullanilmistir.
Riizgar enerjisinden {retilen tiim elektrigin hidrojen iiretimi ic¢in kullanildig:
senaryoya gore yillik hidrojen iiretimi yaklasik 4.4 milyon ton olarak hesaplanmistir.
Ancak bu durumda elektrolizor kapasitelerinin gerekli kapasiteden fazla oldugu
gbozlemlenmistir. Bu nedenle, %20 enerji kesintisi senaryosu uygulanmis ve bu
kosulda elektrolizor kullanim oranlarmin %71 ile %98 arasinda degistigi
belirlenmistir. En yliksek hidrojen ftretimi Marmara ve Ege bolgelerinde
gerceklesmistir. Her bolge icin seviyelendirilmis hidrojen iiretim maliyeti (LCOH)
hesaplanmis; yiiksek iiretim kapasitesine sahip sehirlerde bu deger 3.70-3.77 €/kg Hz
araliginda bulunmustur. 2035 ve 2050 yili ongoriileri dikkate alindiginda ise bu
maliyetlerin sirastyla 2.67-2.72 €/kg Ha ve 1.68—1.71 €/kg H: seviyelerine diistigii
gozlenmistir. Sonuglar, Tirkiye’nin kara tipi riizgar enerjisini kullanarak biiyiik
Olcekte ve maliyet acisindan rekabetci bir sekilde yesil hidrojen iiretebilecegini
gostermekte olup bu model hem iilkenin ulusal yol haritasiyla hem de kiiresel enerji
dontisiimii hedefleriyle uyumlu bir ¢cer¢eve sunmaktadir.

Anahtar Kelimeler: Riizgar enerjisi, Riizgardan Hidrojen Uretimi, Tiirkiye Yesil

Hidrojen Potansiyeli, Tiirkiye Riizgar Enerjisi.
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1. INTRODUCTION

In the face of accelerating climate change, rising energy demand, and the urgent need
for decarbonization, the global energy landscape is undergoing rapid transformation.
Among the emerging solutions, green hydrogen has gained prominence as a clean
energy carrier that can contribute to the decarbonization of hard-to-abate sectors. Its
production using renewable energy sources, particularly wind and solar power, offers
a promising pathway toward carbon neutrality. Tiirkiye, with its abundant renewable
energy potential and growing focus on hydrogen technologies, represents a strategic
opportunity to diversify the energy mix, strengthen energy security, and support global
climate objectives. This thesis examines the technoeconomic feasibility of hydrogen
production from onshore wind in Tiirkiye by combining spatially resolved wind
resource modeling with cost analysis to support evidence-based planning and policy

development.

1.1. Background

Since the early 1990s, countries have been trying to find new ways to decrease
greenhouse gas emissions (GHG) and tackle climate change. These efforts have
resulted in major international agreements such as the Kyoto Protocol and the Paris
Agreement [1]. Although such agreements continue to be signed and new targets are
set, and despite significant reductions in GHG emissions by the European Union (EU),
Russia, and the United States compared to 1990 levels, global GHG emissions reached
an all-time high in 2023 at 53.0 Gt CO:-equivalent. This represents a 1.9% increase
compared to 2022 [2]. When considering energy and industrial emissions, energy-
related CO: emissions increased by 1.1% globally in 2023, with coal accounting for
65% of this growth. Although this increase is concerning, the expansion of clean
energy technologies has significantly limited the rate of growth. Without recent
deployments of wind power, solar energy, nuclear power, heat pumps, and electric

vehicles, global emissions would have increased at three times the observed rate [3].

Among clean energy sources, wind and solar power have been expanding rapidly [4].

However, key challenges remain, including energy storage, grid stability, and the

1



inability to meet demand during periods of insufficient generation [5]. In this context,
hydrogen emerges as a promising solution. As the most abundant element in the
universe, hydrogen possesses high energy content, nearly three times greater per unit
weight than gasoline [6]. When produced using renewable electricity, such as from
wind farms, hydrogen can be stored in pressurized or cryogenic tanks or transported

via pipelines, trucks, trains, or ships [6].

Integrating hydrogen production with renewable energy sources like wind during
periods of peak generation can help address intermittency issues while supporting the
transition toward a green hydrogen economy [7]. The global momentum behind green
hydrogen is growing, with countries such as Tiirkiye intensifying efforts to integrate
hydrogen into their energy systems, complementing ongoing developments in

renewable infrastructure [8].

Numerous studies emphasize the importance of hydrogen in the transition to a low-
carbon energy system [9],[10]. Therefore, understanding different hydrogen
production methods is of utmost importance. Method of hydrogen production
influences the cost, scalability and the environmental impact. These methods can be
classified into several categories that are often categorized by the feed used and the
process employed. These technologies are identified with different colors as, brown or
black, yellow, purple or pink, red, green, blue, white, aqua, turquoise and grey. Brown
and black hydrogen refer to the production from coal and the type of coal used.
Gasification technologies are used to produce hydrogen from coal and biomass.
Yellow hydrogen is the method where hydrogen is produced by using electricity to
carry out electrolysis. Pink hydrogen is the method where electricity from a nuclear
power plant is used to produce hydrogen from water electrolysis. For purple hydrogen,
a nuclear power plant, electrolysis and thermochemical water splitting is used. Red
hydrogen is the one where high temperature splitting of water is used in high
temperatures and a nuclear power plant is used as the energy source. Green hydrogen,
in other words clean, renewable or low-carbon hydrogen is the one where water
electrolysis is used in combination with the electricity produced from renewable
sources. Blue hydrogen is again a low-carbon production method where fossil fuels
are used with carbon capture, storage and utilization techniques. White hydrogen is the
one where hydrogen is found in nature as free gas, meaning it is the one referring to

naturally occurring hydrogen. Aqua hydrogen is developed in Canada and this method
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allows extracting hydrogen from oil sands and oil fields; it can be a zero-carbon
approach. Turquoise hydrogen uses methane and produces hydrogen via methane
pyrolysis. Finally, grey hydrogen refers to the hydrogen that is produced from steam

methane reforming, autothermal reforming or partial oxidation [11].

Among these, green hydrogen holds particular importance for sustainable energy
transitions due to the growing availability of renewable energy sources such as onshore
wind farms. To understand its role, current trends and future projections must be
considered. According to the International Energy Agency (IEA), global onshore wind
capacity grew by 382.7 GW between 2017 and 2022 and is expected to reach 846 GW
by 2030. For offshore wind, cumulative capacity is projected to reach approximately

212 GW by the same year [12].

Regionally, China leads in installed wind capacity and is expected to add 360 GW of
new capacity over a five-year period. In Europe, record levels of new installations are
projected beginning in 2025, with Germany accounting for 26% of total onshore
additions. Spain follows with 10%, while Tiirkiye and France each contribute 8%, and
Finland and the UK 6%. Altogether, 93 GW of onshore wind capacity is expected to
be added in Europe. North America is projected to add 71.5 GW, Latin America 28.7
GW, and Africa and the Middle East approximately 19 GW during the 2024-2028
period [13].

Tiirkiye has been making notable progress in developing its renewable energy
capacity. As of September 2024, Tiirkiye’s installed wind energy capacity reached
12.4 GW. The allocated capacity for wind is 26.1 GW, and the country’s 2035 roadmap
includes a target of 5 GW for offshore wind development [14]. These advancements
align with Tiirkiye’s renewable energy goal and wind is an important aspect of it.
Integration of green hydrogen production with this wind energy potential could offer
a solution to energy storage problems as well. A comprehensive assessment of
Tiirkiye’s onshore wind energy potential and green hydrogen production is essential
to evaluate the feasibility and long-term sustainability of such projects.
Technoeconomic analysis is a robust framework for assessing the economic
performance of energy systems. It involves components such as process design, system
modeling, capacity sizing, capital expenditure (CAPEX), operational expenditure

(OPEX), and cash flow analysis [15].



1.2. Problem Statement and Objectives of the Study

The global energy sector is undergoing a rapid transformation in response to climate
change, energy security concerns, and national decarbonization goals. Green
hydrogen, produced through water electrolysis using renewable energy, is emerging
as a key solution to achieving global net-zero emissions targets [16]. Despite its
significant potential, the levelized cost of hydrogen (LCOH) remains higher than that

of fossil-based hydrogen, presenting a major barrier to its widespread adoption [17].

Tirkiye, with its growing energy demand, strategic geographical position, and
considerable renewable energy potential, stands at a critical crossroads. As of
September 2024, Tiirkiye’s installed wind power capacity reached 12.4 GW; however,
the application of this capacity for green hydrogen production remains largely
unexplored at the national scale [18]. Furthermore, regional wind variability, seasonal
fluctuations, and cost-performance dynamics of wind-to-hydrogen systems pose

substantial challenges to their technoeconomic viability.

While the existing literature primarily focuses on either wind energy or hydrogen
production individually, there is a notable lack of integrated, spatially resolved models
that examine the interaction between wind energy and hydrogen production across
Tirkiye [19],[20]. Moreover, there is limited guidance on regional prioritization for
green hydrogen production using onshore wind energy, leaving policy makers and

investors without data-driven tools at the national level for decision making [21].

This thesis addresses these critical gaps by developing a technoeconomic modeling
framework that combines wind resource assessment, seasonal energy yield estimation,
and electrolyzer performance analysis to evaluate the feasibility of hydrogen

production from Tiirkiye’s onshore wind potential.

The main objective of this study was to assess the technoeconomic feasibility of green
hydrogen production from onshore wind energy in Tiirkiye by developing and
implementing an integrated, spatially resolved wind-to-hydrogen modeling
framework. To achieve this, the spatial and temporal wind energy potential across all
provinces of Tiirkiye were evaluated using ERAS reanalysis data, and adjusted based
on national sources to improve accuracy. Seasonal and annual wind power outputs

were estimated through Weibull distribution fitting, and applied in conjunction with



selected wind turbine power curves. The production of green hydrogen and the
associated energy curtailment were further modeled under both standalone and
integrated wind-to-hydrogen system configurations. This modeling approach was then
scaled nationally to capture regional variations in hydrogen yield and cost
performance. Finally, the most promising regions for green hydrogen production were
identified, generating policy-relevant insights to support strategic planning and

investment.



2. LITERATURE REVIEW

This chapter reviews the existing literature on wind energy, hydrogen production
models, and their technoeconomic integration. The aim was to identify relevant
methodologies, assess case studies, and highlight key insights that inform the direction
of this study. By evaluating current academic perspectives, the chapter establishes the
conceptual and methodological foundation upon which the proposed modeling

framework is built.

2.1. Hydrogen Production and Global Trends in

Technoeconomic Analysis

The continuous growth of global population, industrial activity, and energy demand is
placing increasing pressure on existing energy systems, which remain predominantly
reliant on fossil fuels [22], [23]. Simultaneously, climate change has become a pressing
global concern, prompting the adoption of international agreements such as the Paris
Agreement, which require deep decarbonization strategies across nearly all sectors
[24]. In this context, hydrogen is emerging as a key energy vector capable of
contributing to decarbonization in hard-to-abate sectors such as steel production,

fertilizer manufacturing, heavy transportation, and energy storage applications [25].

Hydrogen production pathways are typically classified based on their energy source
and production process. Grey and blue hydrogen are both produced through steam
methane reforming; however, grey hydrogen results in direct CO2 emissions, whereas
blue hydrogen incorporates carbon capture and storage (CCS) techniques to mitigate
emissions. Brown hydrogen relies on coal gasification and syngas processing. Yellow
hydrogen is produced via electrolysis using grid electricity, while turquoise hydrogen
is obtained through methane pyrolysis. Pink hydrogen involves electrolysis powered
by nuclear energy. In contrast, green hydrogen is produced through water electrolysis
using electricity generated from renewable energy sources such as wind or solar power

[26].

Driven by global decarbonization efforts, momentum is rapidly building around green

hydrogen development. More than 50 countries have published national hydrogen



strategies, outlining targets for pilot programs and utility-scale deployment [27].
Despite these commitments, several challenges hinder the widespread adoption of
green hydrogen, particularly high production costs, limited technology readiness, and
integration barriers with variable renewable energy sources. As a result, the levelized
cost of hydrogen (LCOH) for green hydrogen remains significantly higher than that of
grey hydrogen. However, optimistic cost-reduction projections are linked to
economies of scale, improvements in electrolyzer technologies, and falling renewable

energy costs due to ongoing technological advancements [28].

To evaluate the economic and technical viability of hydrogen deployment,
technoeconomic analyses are essential. LCOH estimates typically consider CAPEX,
OPEX, system lifetime, conversion efficiency, and electricity input profiles. Advanced
approaches incorporate hourly variability in renewable energy supply to capture the

impacts of curtailment and system integration constraints more accurately [29].

Recent modeling trends emphasize data-driven frameworks with spatial and temporal
resolution. These approaches are increasingly recognized as critical tools for
policymakers and investors, helping to identify optimal deployment strategies, inform

infrastructure planning, and evaluate scalability of green hydrogen systems.

2.2. Progress in Wind Energy and Hydrogen Integration

One of the earliest documented efforts to generate electricity from wind power was
made by James Blyth, who constructed a small-scale wind turbine in Scotland in 1887
to supply electricity to his summer home[30]. This pioneering development was
followed by more technically advanced experiments, notably those of Poul LaCour in
Askov, Denmark during the 1890s, and later by the Putnam wind turbine project in the
United States during the 1940s. Notably, LaCour utilized electricity generated from
wind turbines for water electrolysis, producing hydrogen. His work laid the
groundwork for the wind-to-hydrogen concept, introducing not only technical

innovation but also early socio-technical thinking in renewable energy systems [31].

In the early 2000s, the U.S. National Renewable Energy Laboratory (NREL) launched
the “Wind2H>” project, which significantly influenced the design of modern wind-to-
hydrogen systems [32]. This project integrated wind turbines with both PEM and

alkaline electrolyzers to produce hydrogen from renewable energy sources. Through
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advancements in power electronics and system optimization, the project achieved a
reduction in hydrogen production costs from $6.23/kg H» to $5.83/kg Ha. While this
remained above the U.S. Department of Energy’s (DOE) 2012 target of $3.10/kg Ho,
the study marked a significant step forward in demonstrating the feasibility and cost-

reduction potential of such systems [32].

Technically, wind-to-hydrogen systems consist of four main components: wind
turbines, power electronics, electrolyzers, and hydrogen storage units [33]. Although
various types of electrolyzers are commercially available, their ability to adapt to the
fluctuating output of wind power is a key consideration. For hydrogen storage,
pressurized vessels are commonly used, although emerging technologies such as metal
hydrides are being explored, requiring detailed cost-performance analyses to assess
their viability [34]. In parallel, offshore wind-to-hydrogen systems are also gaining
attention. Studies have shown that integrating hydrogen production with offshore

power infrastructure can reduce production costs to as low as €2.4/kg H» [35].

From a community-scale perspective, the Lolland pilot project in Denmark stands out
as a notable example of decentralized wind-to-hydrogen application. Recognized as
Denmark’s first hydrogen-based community powered by both onshore and offshore
wind turbines, Lolland represents a successful case of using renewable energy for
hydrogen production and storage at a local scale. The project serves as a model for
long-term, climate-resilient investment strategies and demonstrates the potential of

community-driven energy solutions [36].

2.3. Technoeconomic Assessment for Hydrogen Production

Technoeconomic assessments for hydrogen production technologies are essential tools
used to compare system costs, guide research funding priorities, and shape strategies
aimed at reducing overall production expenses [37]. A technoeconomic assessment
evaluates the economic performance of a given process through a structured analysis.
Typically, this involves four key stages. First, system modeling is conducted, in which
the overall configuration—including wind turbines, power conversion systems,
electrolyzers, and hydrogen storage—is defined, often through a process flow diagram.
Second, energy modeling is carried out to map energy flows and identify potential

efficiency improvements. This is followed by cost modeling, where CAPEX, OPEX,



equipment sizing, maintenance costs, and all other relevant cost inputs are quantified.
Lastly, economic analysis is performed using financial indicators such as the Levelized
Cost of Energy (LCOE) and Levelized Cost of Hydrogen (LCOH), which allow for

comparative evaluation across technologies and configurations [38].

To develop a comprehensive technoeconomic model, the system design must first be
clearly defined, including the sizing of components such as turbine power rating,
electrolyzer capacity, and hydrogen storage volume. Once these parameters are
established, they are integrated with cost models to form the basis of economic
performance evaluation [39]. In recent studies, LCOH has emerged as a widely
accepted metric for comparing hydrogen production systems and assessing their
economic viability. LCOH can be expressed either in terms of cost per unit of energy
generated or cost per unit of hydrogen mass produced. It represents the discounted
lifetime cost of the facility, incorporating all expenditures over the operational period
of the system [39]. Furthermore, the LCOH approach allows for sensitivity analysis
with respect to variables such as wind power availability, curtailment effects, and even
geographic landscape factors, offering a robust method to evaluate the feasibility of

proposed hydrogen production systems.

2.4. National Case Studies

In recent years, the interest in green hydrogen production in Tiirkiye has also grown
significantly, driven by the national goals towards decarbonization. These studies have
focused on renewable energy-based hydrogen production potential in Tiirkiye,
explored resource availability, production technologies and conceptual planning for
hydrogen hubs. However, their depth, methodology and spatial granularity vary

considerably.

Dincer et al. (2021) proposed the hydrogen farm concept for Tiirkiye [41]. Their study
evaluated hydrogen production potential across all provinces by integrating multiple
energy sources including onshore and offshore wind, solar PV, geothermal and
biomass sources as well as hydroelectric power. Using land use data and exclusion
criteria developed by official sources, the usable areas for renewable energy
deployment were calculated, assuming the energy output was directed to alkaline

electrolysis systems for hydrogen generation [40]. In their study, only one turbine type,



Vestas V90-2.0 MW was used. Although their study provides a valuable top-down
perspective and introduces a multisource planning approach, wind energy modeling
was based on static wind speed maps at 50 m height without seasonal resolution or
hub-height correction, monthly or seasonal wind variability was not considered,
economic feasibility was not assessed, and operational details of the electrolyzer model

were not given.

Karayel et al. (2023) conducted a national-scale assessment of green hydrogen
production potential in Tiirkiye using onshore wind, offshore wind, and undersea
current resources. The study employed a proton exchange membrane (PEM)
electrolyzer to model hydrogen production and estimated a total national potential of
248.56 million tons of hydrogen, of which 233.38 million tons were attributed to
onshore wind alone [41]. A single wind turbine model, the Vestas V90-2.0 MW, was
applied across all locations. However, the analysis did not account for seasonal wind

variations, and no economic inputs or cost evaluations were provided.

Gulay et al. (2025) evaluated modular electrolyzer operation in izmir using wind and
solar sources. They compared different power allocation strategies and electrolyzer
types for a 10 MW green hydrogen plant and emphasized the importance of
electrolyzer sizing and power input characteristics in optimizing LCOH. By reducing
the electrolyzer capacity, they showed a decrease in LCOH [42]. Although they
showed how LCOH responds to optimization strategies, their study was limited to four
locations in Izmir. They used only 2019 data for wind speed from MERRA-2. Their
turbine selection was limited to Vestas V90-2.0 MW.

Guven and Kayalica (2025) evaluated Tiirkiye’s green hydrogen potential using a
spatially resolved model integrating climate projections, life cycle assessment and life
cycle cost assessment fora 10 MW PEM electrolyzer system powered by combinations
of solar PV and wind. They used a Vestas V126-3.0 MW turbine and obtained the
lowest LCOH for Aegean and Marmara regions, ranging from $2.25 to $7.01/kg H»
[43]. Curtailment and electrolyzer utilization options were not given, and seasonal

output was not shown. In addition, land considerations were not given in detail.

Balci and Erbay (2025) evaluated the economic feasibility of green hydrogen
production from offshore wind energy in Tiirkiye for four regions including Ayvacik,

Bozcaada, Edremit and Bandirma. They developed a technoeconomic model for
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hydrogen production using 50 MW alkaline and PEM electrolyzers. For offshore wind,
Ayvacik had the lowest LCOH at $4.33/kg H», which was improved to $4.13/kg H>
with local content incentives. They reported that PEM offers operational benefits [44].

2.5. International Case Studies

Aligned with national decarbonization strategies, green hydrogen production from
renewable energy sources has emerged as a key instrument in the global energy
transition. As a result, many countries have begun testing various technological
configurations to evaluate feasibility under different conditions. In particular, the
integration of electrolyzer technologies with wind and solar power has attracted
increasing interest due to its potential for cost-effectiveness and technical adaptability.
Case studies from diverse geographic contexts are especially valuable for assessing
the scalability and applicability of renewable-to-hydrogen systems. Table 1 presents
selected case studies from different countries that explore such integrated models.
These examples highlight anticipated technological advancements and their influence

on LCOH, offering a useful reference framework for model development.

Table 2.1: Case studies for renewables to hydrogen models.

Country/Project Energy Source Electrolyzer Scale LCOH
Technology
Saudi Arabia [45] Wind PEM Utility $3.27-$12.12/kg H,
Solar (2024)
Wind Float Offshore Wind PEM Demo €4.25-€8.47/kg H»
Portugal [46] (2019)
China [47] Offshore Wind Alkaline National $2.7- $4.0/kg H,
PEM Commercial (2030)
Solid Oxide
Queensland Wind PEM Regional $3.1- $3.7/kg H»
Australia [48] Solar (2030)
Poland [49] Offshore wind PEM €3.60- €3.71/kg H»
(2030)
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3. METHODOLOGY

In this chapter, the methodological framework was outlined. Detailed data sources,
modeling techniques, key assumptions, and analytical tools used in the study were
presented. The approach was structured to ensure accuracy and scalability, allowing

for location-specific insights and system-wide analysis.

3.1. Research Design and Approach

In this study, a quantitative research approach was applied to develop a spatially
resolved technoeconomic model. The feasibility of green hydrogen production from
onshore wind energy in Tiirkiye was evaluated. The research integrated wind resource
assessment, seasonal energy modeling, hydrogen production simulation, and cost

estimation within a unified framework.

The study followed a two-stage design approach. In the first stage, a detailed case
study was conducted for Canakkale, which was selected due to its high wind energy
potential. This stage served as the development and validation phase for the model.
Wind speed data obtained from ERAS reanalysis were fitted to three different
probability distributions to identify the best-fitting model for national-scale
application. The monthly Weibull probability density function was then applied to the
corrected wind speed data, a widely used and well-established method in wind
resource assessment [50], [51]. Three commercially available wind turbines were
compared based on their energy production potential and the resulting LCOE. The
estimated energy output from the selected turbine was used to model hydrogen
production via PEM electrolyzers, assuming a system efficiency of 65%, consistent
with benchmark values reported in the literature [28]. Both standalone (one turbine,
one electrolyzer) and integrated system scenarios were examined to analyze layout-
driven variations in economic performance. In the second stage, the validated model
was scaled up to the national level. For all provinces of Tiirkiye, available land areas
were identified, and the same modeling framework was applied using ERAS wind data.
The resulting wind power estimates were then used in the hydrogen production model

to generate city-level projections of hydrogen yield, curtailment, and LCOH.
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3.2. Data Sources and Selection Criteria

In this study, secondary data sources were utilized to build the technoeconomic model.
Data collection was focused on three main categories: technical, economic, and
country-specific data. These datasets formed the foundation of the research. Technical
data included wind resource data [50], turbine specifications [51], and electrolyzer
parameters [28], [52]. Economic data comprised CAPEX and OPEX values [53], [54],
[55], as well as hydrogen pricing trends [52], [56], [57]. Country-specific information

included national hydrogen roadmaps, which were obtained from [8].

For data validation, wherever possible, data were cross validated using multiple
sources to ensure reliability. In cases where specific data was not available, regional
or global averages were used, and sensitivity analyses were applied to account for

uncertainties.

3.3. Technoeconomic Modeling Framework

The steps followed in the technoeconomic modeling framework for wind-to-hydrogen
system design in Tiirkiye were illustrated in Figure 1. For wind energy modeling,
ERAS hourly reanalysis data were collected for the period from January 2021 to
December 2024 and adjusted to represent wind speeds at a hub height of 100 meters.
Using the average wind speed data, the hourly values were corrected, and wind speed
distributions were fitted to the Weibull probability density function to capture seasonal
variability. These distributions were then used to calculate the frequency of wind

speeds in 0.5 m/s intervals for each month.

In the turbine energy output modeling stage, the wind speed bins were linked to
expected power output using manufacturer supplied power curves. For each bin,
energy production was calculated and summed up to determine the annual energy
output. This step was first applied in detail for the province of Canakkale using three
candidate turbines: GE 5.3-158 (5.3 MW, 158 m rotor diameter), Nordex N131/3600
(3.6 MW, 131 m rotor), and GE 2.75-103 (2.75 MW, 103 m rotor). Based on
performance criteria, the GE 5.3-158 turbine was selected for national scale modeling.
Turbine siting density was fixed at 5.3 MW/km? in accordance with national planning

assumptions [58].
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For hydrogen production modeling, the calculated electrical energy output from
turbines was converted into hydrogen using a PEM electrolyzer system with an
assumed efficiency of 65%. Two system layouts were modeled for Canakkale: a
standalone configuration (one turbine coupled with one electrolyzer) and an integrated
scenario in which the total city-level wind capacity was used to feed a centralized

electrolyzer hub.

In the economic modeling phase, both LCOE and LCOH were calculated for each city
using a discounted cash flow approach. This analysis included capital and operational
expenditures for wind turbines and electrolyzer units, assuming a project lifetime of
25 years and a discount rate of 8%. The LCOH results were expressed in €/kg Ho.
Economic parameters were derived from internationally recognized sources, including
reports from the International Renewable Energy Agency (IRENA), the International
Energy Agency (IEA), and the Hydrogen Council.
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Figure 3.1: Overview of the technoeconomic modeling framework.

3.4. Analytical Tools and Techniques

Several tools were employed for data processing, simulation, and analysis in the
implementation of the modeling framework. Python (version 3.11, Python Software
Foundation, USA) was used to develop custom scripts for acquiring and structuring
ERAS wind data for wind resource modeling across all cities. Hourly wind data were
obtained from the ERAS5 reanalysis dataset, which provided wind components (u and
v) at 10 meters above ground level. Using the cdsapi and xarray packages, a custom

script was developed to extract hourly data from the Copernicus Climate Data Store
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API for each provincial capital in Tirkiye. The resulting datasets were saved in
Microsoft Excel (version 2506, Microsoft Corporation, Redmond, WA, USA) for
further wind speed analysis and modeling. The wind speed at 10 meters were calculated

for each hour using the standard formula given below:
V = Ju2 + v2 (3.1)

To obtain wind speeds at hub height, the 10 m data were extrapolated using power law:
B 100\
Vioo = V1o (ﬁ) 3.2)
where the wind shear exponent was set to 0.143, representing neutral atmospheric
stability.
A bias correction was performed to each city’s hourly 100 m time series. This was
done by comparing average wind speed data calculated with the average wind speed

data obtained from national resources. The correction factor was calculated as:

V.
Correction Factor = REPA 33
ERAS (3.3)
Each hourly data was then adjusted by:
VlOO,corrected(t) = VlOO(t) * Correction faCtOT (3.4)

This corrected series formed the basis for modeling. For visualization, Excel’s chart
tool was used, and the Solver add-in was employed for electrolyzer capacity

optimization.
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4. TECHNICAL MODELING CASE: CANAKKALE

Technical modeling of the wind-to-hydrogen system at the selected site, Canakkale,
was presented in this chapter. A detailed assessment of wind resource availability,
turbine performance, hydrogen production calculations, and system integration
parameters was introduced. The purpose was to establish a high-resolution case study
to form the basis for scaling the model to the national level in Tiirkiye. Wind data,
along with technoeconomic parameters from well-established and widely recognized

sources, were used to reflect real-world conditions.

4.1. Wind Resource Assessment

Evaluating the technical feasibility of hydrogen production via wind-powered
electricity required a thorough wind resource assessment. Therefore, the accuracy and
reliability of the input wind data directly impacted the precision of energy yield
estimations, and consequently, the hydrogen output and cost projections. In this
section, the sources used for wind data, the methodology applied for hub height
adjustment, and the approach used for capacity factor estimation together with the

underlying rationale were presented.

4.1.1. Data Sources and Selection Criteria

As mentioned earlier, accurate wind data was critical for modeling the energy
production potential of onshore wind farms and linking it to hydrogen production
potential. In this section, the main sources used to gather wind data for Tiirkiye were
outlined, along with the selection criteria applied to identify high-potential sites across
the country. Table 2 presents the data sources used to collect wind information,
estimate wind capacity, and determine key parameters for technoeconomic analysis.
The Global Wind Atlas and Tiirkiye Wind Energy Potential Atlas were specifically
selected due to their high spatial resolution and accessibility. ERAS data was also
included for its long-term hourly time series, which supported the analysis of seasonal

and temporal variability. While these datasets were well suited for macro-scale
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assessments, site-specific wind measurements might still be necessary for detailed

project development.

Table 4.1: Data sources.

Source Provider/Organization Type of Data Purpose of Use in
Current Study
ERA-5 European Centre for Hourly wind speed Wind speed data for
Medium-Range Weather components each city
Forecasts
Tiirkiye Wind Ministry of Energy, National wind Validation for ERA-5
Energy Tiirkiye potential maps data
Potential Atlas
IRENA International Renewable Reports on global Validation of
Reports Energy Agency wind energy trends assumptions for
capacity factors,
CAPEX, OPEX,
hydrogen cost
IEA Reports International Energy Market outlooks, Technoeconomic
Agency capacity factor modeling references
data, global wind and comparison of
and hydrogen global sites
integration data
IEEFA Institute for Energy Financial analysis Tiirkiye’s renewable
Reports Economics and Financial of renewables transition trajectory
Analysis contextualizing
EMRA Data  Tiirkiye’s Energy Market National Energy Case study validation
Regulatory Authority Statistics and and regulatory
licensing data for references
wind farms
IRENEC International Renewable Papers and case Referring local
Papers Energy Conference, studies focused on academic and policy

Tiirkiye

Tiirkiye’s
renewable sector

papers

To obtain an accurate model, a suitability criterion was applied to evaluate the wind
data gathered for this study. According to the Ministry of Energy and Natural
Resources, areas within Tiirkiye with elevations ranging from 0 to 3000 meters and
average annual wind speeds exceeding 6.5 m/s at 100 meters are considered suitable
for the deployment of onshore wind farms. Based on this criterion and an assumed
turbine density of 5.3 MW/km?, Tiirkiye’s total onshore wind potential was estimated

at 57,786 MW [59].
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Figure 4.1: Annual wind speed distribution in Tiirkiye [59].

4.1.2. Selection of Representative Case Site

A single high-potential onshore wind site was selected as a representative case to
conduct technical modeling and hydrogen production analysis in this study. The aim
of this approach is to enable detailed and location-specific modeling while maintaining

a scalable framework that can be extended to the national level for Tiirkiye.

To identify the case site, average wind speed, capacity factor, and power density at
100 meters across Tiirkiye’s regions were compared to determine the areas with the
highest potential. Tiirkiye’s Wind Energy Potential Atlas was used for this

comparison, and Table 3 summarizes the key regional data.

Table 4.2: Regional wind energy potential in Tirkiye at 100 m [59].

Region Average Wind Capacity Factor Power Density
Speed (%) (W/m?)
(m/s)
Aegean 4.81 213 176.890
Marmara 5.24 25.7 201.765
Southeastern 4.59 18.6 137.229
Anatolia
Mediterranean 4.46 18.3 162.194
Central Anatolia 4.53 17.3 128.537
Eastern Anatolia 4.61 18.4 152.670
Black Sea 4.01 14.4 121.152

The Marmara and Aegean regions exhibit the highest wind performance among

Tiirkiye’s seven regions. Specifically, the Marmara region leads with an average wind
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speed of 5.21 m/s, a capacity factor of 25.7%, and a power density of 201.77 W/m?.
The Aegean region follows closely with a wind speed of 4.81 m/s and a capacity factor
of 21.3%. To narrow down potential case study sites, cities within the Aegean and
Marmara regions were compared based on key wind metrics. Table 4 presents data for
19 cities in these regions, including their respective average wind speeds, capacity

factors, and power densities.

Table 4.3: Wind resource by city in Marmara and Aegean Regions at 100 m [59].

City Region Average Wind  Capacity Factor  Power Density

Speed (%) (W/m?)
(m/s)

Istanbul Marmara 5.79 0.30 218.216
Tekirdag Marmara 5.67 0.29 205.710
Edirne Marmara 5.58 28.20 216.740
Kirklareli Marmara 5.51 27.08 212.170
Balikesir Marmara 543 28.10 236.382
Canakkale Marmara 6.14 34.63 305.250
Bursa Marmara 4.30 17.90 145.580
Bilecik Marmara 4.11 14.60 108.654
Sakarya Marmara 3.95 14.67 108.570
Kocaeli Marmara 4.41 16.94 117.940
Yalova Marmara 4.84 22.10 182.189
[zmir Aegean 5.66 30.40 277.168
Manisa Aegean 4.62 20.42 160.100
Aydin Aegean 4.59 20.10 165.586
Usak Aegean 4.68 19.31 132.640
Kiitahya Aegean 4.63 18.05 133.550
Afyon Aegean 4.76 19.23 153.070
Denizli Aegean 4.13 15.01 117.960
Mugla Aegean 8.39 18.40 164.904

Canakkale demonstrated the strongest wind performance among the evaluated cities,
with a capacity factor of 34.6% and a power density of 305 W/m?2. izmir followed
closely with slightly lower wind metrics. In addition to its excellent wind profile,
Canakkale was selected in this study as the case site for technoeconomic modeling of
wind-based hydrogen production. The province is also part of Tiirkiye’s first Hydrogen
Valley project, launched in 2023 under the coordination of the South Marmara
Development Agency [60]. This designation reinforced Canakkale’s strategic
importance within Tiirkiye’s hydrogen roadmap, making it a highly relevant location

for integrated energy modeling.

According to the Wind Resource Assessment Handbook published by the National
Renewable Energy Laboratory (NREL), Class 4 and higher wind areas are generally

favorable for most wind turbine applications. Class 3 areas may also be viable for wind
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energy development when tall turbines are used, while Class 1 areas are considered
unsuitable for utility-scale projects [61]. Table 5 presents wind speed and wind power
density values at a reference height of 10 meters to determine wind class classifications

for the selected site.

To determine the wind power class of the Canakkale region, it was necessary to adjust
the known wind speed to a reference height. For this purpose, the power law equation

was used.

V, = Vix (Z—Z)a 4.1

Z1

where V; is the known wind speed at the measurement height zi, V, is the wind speed

to be determined, and « is the wind shear exponent generally taken as 0.143 [61].

For Canakkale, the wind speed at 100 meters was obtained from ERAS as 6.18 m/s.
The average wind speed at 100 meters based on national sources was reported as 6.14
m/s. Since ERAS is a reanalysis dataset and is known to contain biases due to its coarse
spatial resolution and inability to resolve local variations [50], a simple correction

method was applied to ensure alignment with national datasets [62].

Vavg,lOO meters REPA (4 2)

V100 meters = V100 meters,ERA5 %
avg,100 meters ERAS

4.2. Comparison of Probability Density Functions

The probability distribution of wind speeds for the case site was analyzed using three
different models: the Weibull distribution, Rayleigh distribution, and Lognormal
distribution. These models were selected due to their widespread use in the literature

and their demonstrated ability to effectively capture wind behavior [63].

Root Mean Square Error (RMSE) and the Coefficient of Determination (R?) were used

to compare the performance of the selected models to the observed distribution.

Before fitting model functions to the actual wind speed data of the case site, an

observed distribution was created. Hourly wind speed measurements for Canakkale
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were grouped into intervals, referred to as wind speed bins, and the frequency of each
bin was calculated using Microsoft Excel. Wind speeds were binned in intervals of 0.5

m/s to enable compatibility with turbine power curves provided by manufacturers.

The number of observations in each bin was counted, and the relative frequency of
each bin was determined by normalizing the bin counts by the total number of
observations. These results were used to construct the observed probability

distribution, which served as a baseline for comparison with fitted models..

Two parameter Weibull distribution is widely used in wind energy studies, and it is
flexible enough to use in different wind regimes. Two parameter Weibull distribution

is given by [64]:

k-1

=5 ool 2]

where f(}) is the probability of the wind speeds (V) observed, k is the dimensionless
Weibull parameter, named as shape parameter, and c is the Weibull scale parameter

(m/3).

For the calculation of these Weibull parameters, there are couple of methods
introduced in literature. Empirical Method of Justus, Moment Method (Standard
Deviation Method), Power Density Method, Maximum Likelihood Estimation and
Least Squares Method are some examples to the methods for calculation of the
parameters. Although there are different studies showing how each method works,

there is no consensus on which one fits better [65].

The Empirical Method of Justus is very similar to the Moments Method. In this
method, the standard deviation of the wind speeds for the selected region was
considered to calculate the shape parameter and scale parameter was calculated by the
same formula that was used in Moments Method [66]. The shape parameter is

calculated with the following equation [66].

K = (i)_m% (4.4)
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where o is the standard deviation of the dataset, and vm is the mean average wind
speed.

The scale parameter was calculated with the below equation [66].

Vin
c=——"—7 (4.5)

r(i+z)
where I' is the gamma function.

Rayleigh distribution only utilizes one parameter, the mean wind speed. It is also a

special case of Weibull distribution when k=2 [63].

Rayleigh distribution was given by [67]:

nf V T vV
0 =—< )Xex (——x 2) (46)
f AU e W,
Lognormal distribution was given by [68]:
) =— (- 52 g () ~ w?) @)
=————xexp|—=——= (log(x) — :
x * o221 P 202 & s

Parameters of the lognormal distribution were calculated as follows [69]:

_ Standard deviation (4.8)

* " Average wind speed

Oinx) = VIn(VE) +1 (4.9)

Hin(x) = In(Average wind speed) — Eo-lzn(X) (4.10)

Figure 4.2 shows the performance of the fitted Weibull, Rayleigh and Log-normal

functions compared to the observed frequency at the case site. Both Weibull and
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Rayleigh functions showed a great fit compared to Log-normal distribution function.

These results are also consistent with the calculated R? values.

0.09 ¢
0.08 F
0.07 F
0.06 F

g
=005 F
=] \
©0.04 F
>

0.03

0.02 F

ok li

0 gnmnnnnnmnnnnnnnnnnnnn I:I:I:I:I.l.]m S S T R P P PR R RR ) 0

00 1.5 3.0 45 60 7.5 9.0 10.5 12.0 13.5 15.0 16.5 18.0 19.5 21.0 22.5 24.0
Wind speed bins (m/s)

mmm Observed Probability == Weibull Probability
——Rayleigh Probability Log-normal Probability

Figure 4.2: Comparison of probability function performance.

The root means square error and R? values were calculated for each model. Table 4.4
gives an overview of the values used for the comparison of the methods. Both Weibull
and Rayleigh methods gave R? value of 0.96. In contrast, Log-normal method showed
a poor performance which indicates the inadequacy of the method to capture wind
regime characteristics of the case site. As mentioned, Rayleigh is a special form of
Weibull with shape parameter equal to 2. The shape parameter calculated for case site

was very close to 2 (k=2.026) hence, Rayleigh is also showed a great fit for Canakkale.

Table 4.4: Comparison of models for wind speed probability calculation.

Model R? RMSE Fit quality
Weibull 0.96 0.0045 Great fit
Rayleigh 0.96 0.0044 Great fit

Log-mean 0.76 0.0107 Poor fit

Among the three distribution functions, the Weibull distribution was selected for
modeling. In addition to providing a strong fit for the case site, the Weibull function
offered greater flexibility compared to the Rayleigh distribution, as it incorporated the
shape parameter k rather than assuming it as a fixed constant. The inclusion of the
shape parameter allowed the model to adapt to varying wind regimes, which was

particularly important for scaling the analysis across different cities in Tiirkiye.
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4.3. Wind Power Density and Energy Potential

Wind power density (WPD) is one of the key indicators of the available kinetic energy
in the wind per unit area. It serves as a tool to evaluate the site’s suitability for potential
projects. Assumptions made for the calculation of wind power density of Canakkale

were as follows:

e Air density was assumed as constant
e No turbine efficiency was considered
e  Weibull model was used for fit

e No topographical parameters were considered.

The following is the general formula to calculate available wind energy per unit area

[67].

where, p is the air density (assumed as 1.225 kg/m? under standard conditions) and v
is the wind speed in m/s. To account for the variability, V? was calculated by using the

fitted Weibull parameters with the following formula [70].

1
V3 = ¢3r (1 + E) (4.12)

The annual wind power density was calculated as 2342 kWh/m? for Canakkale. In
Tiirkiye Wind Energy Potential Atlas, average wind power density for Canakkale was
given as 305.25 MW/m? [71], which gives an annual density of 2673 kWh/m?. The
difference of 12% was acceptable since in the model a 4-year period was used to fit
the data, rather than the hourly values of wind speeds. These wind power density

results show that Canakkale is a fair site in terms of resource potential [72].

4.4. Wind Turbine Selection and Energy Output Modeling

Selection of a suitable wind turbine model is critical to estimate annual energy outputs

under site specific conditions. A comparative assessment of three different
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commercially available turbines was conducted based on the technical specifications

and compatibility with the wind profiles.

4.4.1. Overview of Candidate Wind Turbines

Wind turbine selection was one of the critical steps in modeling the wind-to-hydrogen
system. The turbine needed to be appropriate for site-specific conditions and capable
of maximizing annual energy production. In this study, three wind turbines that are
commercially used in Tirkiye were compared for integration into the wind-to-
hydrogen model. The GE 4.3-158 turbine had the largest swept area due to its rotor

diameter and was expected to perform well under moderate wind conditions.

In the following sections, a detailed evaluation was carried out to select the optimal
turbine for the Canakkale case study, which was then used for national-scale modeling.
Both the Levelized Cost of Electricity (LCOE) and Levelized Cost of Hydrogen
(LCOH) were calculated to identify the most economically viable option. Table 7
provides an overview of the technical specifications of the three wind turbines
considered in the study, including their classification based on International

Electrotechnical Commission (IEC) standards.

Table 4.5: Comparison of commercially available turbines.

Parameter Turbine 1 Turbine 2 Turbine 3
Manufacturer Nordex GE GE
Model N131/3600 5.3-158 GE 2.75/103
Rated power (kW) 3600 5300 2750
Rotor diameter (m) 131 158 103
Hub height (m) Upto 134 m Upto 160 m Upto123.5m
Cut-in wind speed 3 3 3
(m/s)
Cut-out wind speed 25 22 25
(m/s)
Rated wind speed 12 13 13.5
(m/s)
Classification IEC II IEC S IEC Illa

4.4.2. Technoeconomic Evaluation of Candidate Turbines

This section provides a comprehensive technoeconomic evaluation for the candidate
turbines. The objective was to identify the turbine that offered the best balance between

energy production and cost per unit of electricity at the case site. The evaluation was
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based on two key indicators: Annual Energy Production (AEP) and LCOE. These
metrics enabled an evidence-based turbine selection prior to hydrogen production

system modeling.

All turbines were assumed to operate over a 25-year project lifetime with a discount
rate of 8%. CAPEX included the turbine, foundation, electrical infrastructure, and
installation costs, which were estimated from market surveys specific to each turbine.
Operation and maintenance (O&M) costs were expressed per megawatt-hour of
electricity generated, reflecting typical service contracts and corrective maintenance

expenses [73].

AEP represents the total energy output of a wind turbine over the course of one year.
It is determined by the turbine power curve and the wind speed distribution at the hub
height. For the case site, monthly Weibull distributions were fitted to ERAS wind data
at 100 meters, and bias correction was applied using regional averages obtained from

the Tiirkiye Wind Energy Potential Atlas.

The AEP was calculated using a bin-based integration approach. The wind speed range
was discretized into 0.5 m/s intervals, starting from 0 m/s up to the turbine’s cut-out
speed. For each bin, the probability density was computed using the two-parameter

Weibull probability density function:

V) = (g) %k_l exp <— (g)I() (4.13)

where V is the center wind speed of the bin.

Weibull parameter k and ¢ were calculated earlier for the case site. The energy output
for each wind speed bin was determined by multiplying the Weibull probability density
at the center wind speed of the bin by the turbine’s corresponding power output and
the number of hours per year. Each turbine was assumed to operate 95% of the time,
accounting for routine maintenance and downtime requirements [74]. The total annual
energy production was then calculated by summing the energy contributions from all

wind speed bins.

Figure 4.3 represents the manufacturer power curves for each selected turbine and the

wind speed distribution comparison. It represents the electrical output of each turbine
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for the wind speed at hub height, and it was used for AEP calculations. As seen, all
three turbines start generating electricity at their cut in speed, 3 m/s and reach the rated
output at their rated wind speeds around 12 m/s. The Weibull distribution confirms
that most wind speed for the case site falls between 5-9 m/s range and this favors
turbines with broad partial-load operation. It was expected for GE-5.3 and Nordex

models to generate more energy which were confirmed through AEP and LCOE

modeling.
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Figure 4.3: Comparison of power curves and wind speed distribution.

Figure 4.4 shows the distribution of energy output per wind speed bin for candidate
turbines. As seen in the figure, energy production was the highest between wind speeds
8 to 11 m/s. The GE 5.3 model yielded the highest output due to its larger rotor

diameter and rated capacity as expected.
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Figure 4.4: Energy output per wind speed bin for candidate turbines.

Figure 4.5 illustrates the cumulative energy production of three candidate turbines as
a function of the wind speed of case site. This plot provides insight into how quickly
each turbine achieved its total annual energy output under the site's wind conditions,
which were modeled using the Weibull distribution. The GE 5.3 turbine demonstrated
the steepest cumulative curve and reached near-saturation at approximately 13 m/s,
indicating that the majority of its energy production occurred within the site's most
frequent wind speed range. In contrast, the GE 2.75 model showed a slower rate of
energy accumulation. Annually, the Nordex 3.6 turbine produced 10.016 GWh, the
GE 5.3 turbine generated 14.190 GWh, and the GE 2.75 model yielded 7.194 GWh.
These results were consistent with the earlier power curve and bin-wise output

analyses, reinforcing the suitability of the GE 5.3 turbine for the case site.
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Figure 4.5: Cumulative energy output comparison of candidate turbines.

After the AEP calculations were completed, LCOE calculations were conducted to
perform the economic evaluation of the candidate turbines. The LCOE served as a key
indicator for comparing the cost-effectiveness of the turbines in delivering energy over
their operational lifetimes. LCOE accounted for both capital investment and O&M
costs, making it suitable for a direct comparison between turbines, independent of their

installed capacity.

The LCOE was calculated using the standard formula [75]:

CRF x CAPEX + OPEX (4.14)

LCOE =
¢o AEP

where LCOE is the levelized cost of electricity, CRF is the capital recovery factor, and

OPEX is the operational expenses.

Total investment cost was calculated by using the CAPEX estimation from IRENA
reports [73]. It was reported by IRENA that the global average selling price of wind
turbines has declined significantly over the past decades reaching nearly 700-1000
USD/kW in recent years. Prices vary depending on the turbine class, rotor diameter
and regional market dynamics as well as with the project size. European and American
turbine manufacturers have stabile prices around 900-1100 USD/kW for turbines with
high capacities and Chinese turbines are priced lower. The assumed CAPEX, 1050
€/kW for each candidate turbine, was consistent with the current benchmarks. This
approach reinforced the robustness of the LCOE estimation presented in economical

investment of the candidate turbines.
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CREF, capital recovery factor, was calculated by the following formula [75]:

_px@+0" 415
CRF_(1+i)n—1 (19

where i is the interest rate, assumed as 8% [53,76], and n is the project lifetime assumed

as 25 years [53].

In Table 4.6, modelled AEP values and cost assumptions can be seen with the resulting

LCOE values.

Table 4.6: LCOE comparison of candidate turbines.

Turbine AEP Investment o&M LCOE
(GWh/year) € (€) (€/kWh)
GE 5.3-158 14.19 521322 496667 0.071
Nordex 10.02 354105 350563 0.070
N131/3600
GE 2.75/103 7.19 270497 251803 0.072

According to IRENA’s global cost assessment report (2023), the weighted average
LCOE for onshore wind in the Eurasia region is approximately 0.091 USD/kWh (91
USD/MWh), with a range between 43 and 112 USD/MWh [75]. The LCOE calculated
for the case site was positioned near the middle of this distribution and was consistent
with the moderate wind speed conditions observed, as well as the conservative
assumptions adopted in the turbine modeling. Although the Nordex N131/3600 turbine
yielded the lowest LCOE, the GE 5.3-158 was also considered for the hydrogen
production modeling due to its higher energy yield and better suitability for system
integration. Its greater AEP was a critical factor, as the volume and consistency of
delivered energy directly influence electrolyzer efficiency and capacity factor. This, in
turn, is expected to result in greater hydrogen output and potentially lower LCOH.
Therefore, LCOE alone was not considered sufficient for turbine selection. A broader
evaluation of system-wide technoeconomic performance, including land wuse

optimization, was necessary to support the final choice..
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4.4.3. Turbine Sitting and Land Use

Placement of turbines plays a crucial role in wind farm design as it directly affects
both technical performance and feasibility. Turbine sitting must consider aerodynamic
effects, terrain constraints, environmental limitations and land availability. Site
suitability therefore should include geological issues, environmental issues, safety
issues, public acceptance, interconnection issues, topographical issues, and economic

issues.

Due to the placement of the wind turbines, there will be an energy loss which is named
as array loss. This is mainly the function of wind turbine spacing, number of turbines,

turbulence intensity, frequency distribution and operating characteristics [67].

While wake effects and array losses can impact the performance of the wind farm, in
this study these were assumed to be captured within the capacity factors of the selected
sites. Therefore, no additional wake modeling was done in this study. Mainly the data
from Tiirkiye Wind Energy Potential Atlas was used to calculate the total potential of
the selected site. In Tiirkiye Wind Energy Potential Atlas, areas that are not suitable

for wind farms are marked as gray and they are the areas which are:

e Areas with an elevation of 1500 meters and a slope of more than 20%
e Villages and neighborhoods

e Railways, highways, airports and ports

e Rivers, lakes, forest areas, environmental protection areas

e Power plants

e Safety zones.
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Figure 4.6: Usable and nonusable land area for Canakkale

The calculations in Tiirkiye Wind Energy Potential Atlas for Tiirkiye’s wind energy
potential includes parameters related to turbine sitting as well. Therefore, the
assumptions from Tiirkiye Wind Energy Potential Atlas was used to calculate total
turbine number and hydrogen potential. Again, according to Tiirkiye Wind Energy
Potential Atlas, total area for Canakkale that is suitable for wind turbines was given as
2602.51 km? [58]. With the density of 5.3 MW/km?, total capacity can be estimated as
13793.3 MW.

Turbine deployment over the technically available land area in Canakkale was
estimated by assuming a maximum deployment density of 5.3 MW/km? for both
turbine models. The Nordex model allowed for the installation of a greater number of
turbines due to its smaller rotor diameter and lower rated power; however, the land
area allocated per turbine was reduced as a result. Table 9 presents the outcomes of the

land use assumptions applied in this analysis.
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Table 4.7: Sitting and land use assumptions for candidate turbines.

Parameter GE 5.3-158 Nordex N131/3600
Rater power 53 3.6
(MW)
Rotor diameter 158 131
(m)
Land area per turbine 1.00 0.68
(km?)
Maximum turbine density 53 53
(MW/km?)
Available land 2602.51 2602.51
(km?)
Total no of turbines 2602 3831

Although the available land data was taken directly from Tiirkiye Wind Energy
Potential Atlas, it should be acknowledged that project-specific limitations may reduce

the actual deployable capacity.

4.5. Hydrogen Production Modeling for Case Site

Hydrogen production modeling based on the energy output from the wind turbines was
presented in this section for the case site. The analysis included electrolyzer selection,
system efficiency assumptions, and the alignment of wind energy supply with
electrolyzer operation. Both standalone and integrated system configurations were
assessed to enable an economic comparison and to analyze overall system

performance..

4.5.1. Electrolyzer Technology Selection

Green hydrogen production involves two main components: a renewable energy
source and a water electrolyzer. During electrolysis, water is decomposed into
hydrogen and oxygen using electrical energy supplied to the electrolyzer. The most
commonly used electrolyzer technologies for green hydrogen production include
proton exchange membrane (PEM), alkaline water electrolyzer (AWE), anion
exchange membrane (AEM), and solid oxide electrolyzer (SOE) [77]. An overview of

the comparison of different electrolyzer types was provided in Table 4.8.
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Table 4.8: Electrolyzer comparison [78].

Property SOE AEM AWE PEM
Technology Early Commercially Commercially ~ Commercially
maturity commercial used used used
Carrier o* OH OH H*
Electrolyte Solid Solid polymer Aqueous Solid polymer
ceramic solution
Working fluid Steam Distilled water or High Distilled water
low concentration concentration
solution solution
Anode LSMYSZ, Ni alloys Ni Pt; IR; Ru
CatiOs
Cathode Nicermets N,, Ni-Fe, Ni- Ni alloys Pt;Pt=C
FexO4
Operating 650-1000 50-70 65-100 70-90
temperature (°C)
Operating <30 Up to 35 2-10 15-30
pressure (bar)
Efficiency 90 - 62-82 67-84
Higher Heating
Value (HHV)
Cell voltage 0.95-1.3 1.85 1.8-2.4 1.8-2.4
Current density 0.3-1 0.1-0.5 0.2-0.4 0.6-2
(A/cm?)
Startup duration >60 - 15 <15
(min)
Stack lifetime >40000 >10000 <90000 <40000
(h)
Energy 2.5-3.5 4.8 4.5-7 4.5-7.5
consumption
(kWh/Nm?)
Estimated cost 200 - 600 750
by 2050 ($/kW)

As SOE type is in early commercial phase, advantages and disadvantages of the AEM,

PEM and AWE were further analyzed. Table 4.9 outlines the advantages and

disadvantages of these technologies that can be coupled wind renewable energy

Sources.
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Table 4.9: Advantages and disadvantages of electrolyzer technologies [77].

Technology PEM AEM AWE
Advantages Good partial High durability Well-
load range Low cost established
Compact system Higher charge technology
design density Cheap and
High gas purity effective
Rapid system Long term
response durability

High current
density and

voltage
efficiency
Disadvantages High CAPEX Chemical and Low current
Acidic mechanical density
environment stability Low gas purity
Low durability problems Low load range
Nobel metal Low current for partial loads
catalyst density
Higher Low current
discharge efficiency
pressure Low production

yield

Although PEM electrolyzers are costly, with their good partial load range advantage,
high cell efficiency and fast system dynamics they are appealing for renewable energy
cases [79]. Hence, PEM electrolyzer was considered in this study for hydrogen

production.

4.5.2. Electrolyzer Efficiency and Energy Requirements

Electrolyzer efficiency is defined as the ratio of the energy content of the produced
hydrogen to the electrical energy input required for its production. According to
IRENA’s 2020 system-level benchmarks, PEM electrolyzers require between 50 and
83 kWh of electricity per kilogram of hydrogen, which corresponds to system
efficiencies between 40% and 66% based on the Lower Heating Value (LHV). For
future projections, IRENA estimates that PEM system energy consumption could
decrease to below 45 kWh/kg Hz by 2050, corresponding to an LHV-based efficiency
of approximately 74% [28]. In this model, a system-level efficiency of 65% was used
for PEM electrolysis to reflect the performance of current commercial systems.

Electrolyzer efficiency was assumed to remain constant across all load levels to
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simplify integration with the wind generation profile and to ensure consistent

comparison across different turbine configurations.

4.5.3. Hydrogen Yield from Wind-Powered System

The aim of this section was to present the methodology and results of calculating
hydrogen output from the wind-electricity generation that was modelled in previous

sections.

Hydrogen yield was estimated using the following equation:

E
Hydrogen yield (kg) = ELalfled (4.16)
require

where Eusavle 1s the electricity produced by the turbine system (kWh/year), and Erequired
is the energy required to produce 1 kg of hydrogen (kWh/kg).

The system wide PEM electrolyzer efficiency was assumed as 65% in LHV basis

which corresponds to an energy requirement of:

33.33 kWh/kg
Erequirea = 065 = 51.28 kWh/kg (4.17)

Hydrogen output was computed for both candidate turbines based on their AEP in a
one turbine—one electrolyzer configuration. This one-to-one setup assumed that each
turbine was directly coupled to a PEM electrolyzer, with energy input calculated using
the Weibull-distributed wind speed profile at the site. Hydrogen output was then
determined by dividing the AEP by the energy requirement for hydrogen production,
based on the assumed system efficiency. This simplified model did not include energy
storage or buffering, allowing for a direct comparison of turbine and electrolyzer
performance. Nevertheless, the inherent variability of wind was implicitly captured
through the bin-based energy modeling approach. The model excluded curtailment
resulting from turbine-electrolyzer mismatch, part-load efficiency variations, dynamic
ramping behavior, and electrolyzer off-states. These dynamics were planned to be

modeled separately at the monthly level to reflect operational realities more accurately.
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For each turbine-electrolyzer pair, the Levelized Cost of Hydrogen (LCOH) was

computed using the standard discounted cash flow formula [17].

I« CRF + Cstack + COPEX + Celectricity
Annual Hydrogen Output

LCOH = (4.18)

where I is the total installed system capacity, CRF is the capital recovery factor, Cstack
is the annualized cost of stack replacements, Copex is the annual fixed operation and

maintenance cost, and Celectricity 1S the cost of wind electricity input to the electrolyzer.

One of the critical factors influencing the LCOH calculation is the sizing of the
electrolyzer. An undersized electrolyzer leads to increased energy curtailment, while
an oversized system results in higher CAPEX, thereby increasing the LCOH. For the
standalone systems in this study, electrolyzer capacity was determined using a
technoeconomic optimization approach. Microsoft Excel’s Solver tool was employed
to minimize LCOH while ensuring that wind energy curtailment remained below a
specified threshold. All cost assumptions and input parameters used in the LCOH

calculation were summarized in Table 12.

Table 4.10: LCOH input parameters.

Parameter Symbol Nordex GES.3 Type Reference
Unit
Electrolyzer €/kW 2500 2500  Assumed [80]
CAPEX
Turbine GWh/year 10.016 14.190 Calculated -
AEP
Electricity €/kW 0.070 0.071  Calculated -
cost
(LCOE)
Electrolyzer % 65 65 Assumed [28]
efficiency
O&M Cost % of 2 2 Assumed [52]
CAPEX/year
Stack % of 15 15 Assumed [52]
replacement ~ CAPEX/year
cost
Stack hours 80000 80000  Assumed [52]
durability
CRF - 0.094 0.094 Calculated -
(8%, 25
years)
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A sensitivity analysis was performed to illustrate how curtailment and LCOH were
changing with the electrolyzer capacity. The curtailment was set to different
percentages of AEP and again excel solver was used to find optimum electrolyzer
capacity for the minimum LCOH. The resulting electrolyzer capacities and LCOH

values are given in Table 4.11.

Table 4.11: Sensitivity of LCOH and electrolyzer capacity to curtailment.

Nordex GE 5.3
Curtailment Electrolyzer capacity LCOH Electrolyzer capacity LCOH
MW) (€/kg Hy) MW) (€/kg H»)

<10% 2.7 8.24 3.8 8.25
<15% 24 7.98 33 7.96
<20% 2.2 7.76 3.0 7.74
<25% 1.9 7.55 2.6 7.54
<30% 1.7 7.38 23 7.35
<35% 1.5 7.22 2.1 7.21
<40% 1.3 7.06 1.8 7.06

Max 0.5 6.37 1.6 6.18

As expected, higher curtailment thresholds allowed for smaller electrolyzer capacities,
this improves equipment utilization and reduces CAPEX which leads to lower LCOH.
Conversely, smaller curtailments required larger electrolyzer capacities and increased
CAPEX resulting in higher LCOH values. It was also shown that for almost every
curtailment restriction, GE 5.3 performed better than the Nordex turbine for the
standalone system. This analysis captured the essential trade-off between system
efficiency and economic performance. To visualize this trade-off the relationship
between electrolyzer capacity, LCOH and curtailed energy cost of each turbine were
shown in Figure 4.7 and Figure 4.8. The crossover points where both metrics were
reasonably balanced, can serve as a practical design target depending on whether cost,

yield or renewable energy integration is prioritized.
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Figure 4.8: Curtailment impact on electrolyzer capacity and LCOH- GE 5.3.

Based on this comparative analysis of curtailment-constrained LCOH sensitivity, GE
5.3 turbine consistently showed better performance compared to Nordex N131/3600
turbine for the standalone operation scenario. Although the modelled LCOH remains
above the current LCOH scenarios, the GE 5.3 model offered a more cost effective
and scalable basis for the integrated scenarios. Therefore, this turbine configuration

was selected for modeling in this study.

4.6. Seasonal Variation in Hydrogen Production

The seasonal characteristics of wind-based energy production were analyzed in this
section to assess the variation in energy output for a single GE 5.3-158 turbine. Wind
speed data obtained from the ERAS reanalysis dataset were used to calculate monthly
averages. These values were then corrected using the correction factor previously

determined by comparing ERAS data with the annual average from the Tiirkiye Wind
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Energy Potential Atlas for Canakkale. For each month, a Weibull distribution was
fitted to the corrected wind speed data. The expected wind energy output was
calculated by discretizing wind speeds into bins, determining each bin’s contribution,
and estimating the expected number of operating hours. Energy output was then

calculated for each bin using the turbine’s power curve.

Figure 4.9 illustrates monthly AEP, highlighting periods of high and low wind energy
availability throughout the year.

1600000 r
1400000 |
1200000
1000000 [
800000 [

600000 [

Energy output (kWh)

400000
200000 f

0 1 1 1

1

N

S & & $

\@Q\) ‘0‘0 @’b
<<?4

Figure 4.9: Monthly energy output from single GE 5.3-158 turbine.

The chart shows the monthly variations in energy output for the turbine. The highest
output was observed in January, reaching approximately 1.467 GWh. Output declined
throughout the spring, reaching a minimum in June at around 0.758 GWh. Energy
generation then increased during late summer and autumn, stabilizing at approximately

1.37 GWh during the final quarter of the year.

This seasonal variability was identified as a critical factor for system design. During
low-output months, downstream components such as the electrolyzer could become
underutilized, while in high-output months, curtailment could increase due to excess
energy. In the integrated scenario for the available land area in Canakkale, monthly

curtailments were considered to reflect these dynamics more accurately.
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4.7. Integrated Wind-to-Hydrogen Model for Canakkale

The integrated modeling of hydrogen production using the wind potential of
Canakkale was carried in this section. The main objective was to assess the system-
scale performance, optimize the central electrolyzer sizing, and to determine the

LCOH for the integrated system.

Based on the assumed turbine density of 5.3 MW/km?, and a total available land area
of 2602 km? [71], 2602 GE 5.3 turbines can be installed in Canakkale. Each turbine
has a rated capacity of 5300 kW, which yields in the total installed capacity of
13790600 kW.

The AEP from the wind farm was calculated by scaling the AEP of one turbine by the
number of turbines and then the energy output from the wind farm is used to power a
centralized PEM electrolyzer system. The electrolyzer was again modelled with a
system efficiency of 65% and optimized for the minimum LCOH through the trade-
off analysis with the curtailment of the wind farm. Table 4.12 summarizes the system

configuration for the wind farm.

Table 4.12: System configuration for integrated wind farm.

Parameter Value
Turbine model GE 5.3-158
Number of turbines 5300 kW
Total installed wind capacity 13,790 MWh
Land area utilized 2602.51 km?
AEP of wind farm 37.414 TWh
Electrolyzer system efficiency 65%
Electrolyzer CAPEX 2500 €/kW
System lifetime 25 years
Discount rate 8%

To capture seasonal variability, the monthly wind energy generation from the entire
wind farm was calculated based on the scaled monthly AEP values. For each month,
electrolyzer intake was capped by its capacity and the hydrogen output was calculated
using the energy input and electrolyzer system efficiency. Where the available wind
energy exceeds the electrolyzers monthly capacity, the difference was recorded as
curtailment. This monthly approach enables the evaluation of the system’s monthly
utilization to see system performance and balancing needs. Therefore, the optimum
electrolyzer sizing was crucial to find the balance between hydrogen generation and
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curtailed energy. The sensitivity analysis was done by using Excel’s Solver tool by
varying the system curtailment by changing the electrolyzer capacity to obtain the

minimum LCOH. Figure 4.10 illustrates this trade-off.
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Figure 4.10: LCOH and curtailment behavior for changing electrolyzer capacity.

As seen, with the increasing electrolyzer capacity, curtailment decreases rapidly hence
hydrogen production increases. The minimum LCOH was obtained as 3.8 €/kg H> with
the electrolyzer capacity of 3357 MW. For this system the curtailment was 23% of the
AEP. Higher curtailment led to a decreased hydrogen production, hence for the

modeling approach, the curtailment was kept at 20% for all provinces.

These results showed that under current cost assumptions, the production of green
hydrogen in Canakkale was technically and economically feasible at the LCOH of 3.8
€/kg H». This value approached the target price range of 2-4 €/kg H> which was set by
EU and international policy initiatives for 2030. While the model LCOH was still
above fossil hydrogen cost, the system becomes significantly viable under expected
future CAPEX declines which was introduced while scaling the model to Tiirkiye.
Additionally, if electricity from curtailed wind were sold to grid or stored, the effective
production cost can decrease further. Table 4.13 summarizes the LCOH values for

hydrogen obtained from natural gas with green hydrogen targets for 2030 and 2050.
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Table 4.13: LCOH values for natural gas based and renewable based hydrogen.

Source/Scenario LCOH Notes
(€/kg Hy)
Canakkale model in this 3.75 Based on 2500 €/kW electrolyzer CAPEX
study estimation
LCOH from natural gas 0.5-1.6 IEA estimates
[54]
IRENA (2030-target, wind 2.3-3.2 For Tirkiye from global LCOH map, accounts
based) [57] for onshore wind supported with solar PV
IRENA (2030-target, wind 1.4-2.3 Reflects cost reductions in renewables and
based) [57] electrolysis

4.8. Limitations of The Model

While the integrated model provided a realistic and data-driven foundation for the
assessment, several simplifications were introduced to maintain tractability and focus.
The model operated on a monthly time scale, using Weibull-fitted wind speed
distributions. Although this approach effectively captured seasonal variability, it did
not reflect hourly fluctuations that could influence curtailment patterns and
electrolyzer utilization. The electrolyzer was modeled with a fixed system efficiency
of 65%, assuming constant performance across all operating conditions. In reality,
start-up dynamics, part-load behavior, and transient response would impact hydrogen
yield under varying conditions. Also, the model did not incorporate energy storage or
grid export systems. As a result, curtailed energy was treated as a lost resource, and
the potential value of hybrid system configurations was not accounted for. Turbine
siting was assumed to be uniformly feasible across all technically available land.
However, actual deployment would be subject to local environmental constraints,

permitting, and land-use conflicts, which could reduce the effective installation area.

Finally, cost assumptions for CAPEX and O&M were modeled as fixed inputs per unit
of installed capacity. Region-specific variations in cost, supply chain challenges, and

possible cost escalation due to inflation or market dynamics were not considered.
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5. SCALING HYDROGEN POTENTIAL TO
TURKIYE

Based on the model established for the case site, in this chapter the analysis was
expanded to national scale. Using standardized methodology, city level wind
characteristics, turbine deployment potential and hydrogen output were modelled for

each city.

5.1. Introduction and Approach

As the transition to a low-carbon economy required the development of scalable and
clean hydrogen strategies, wind-powered electrolysis represented a promising
production route. While the single-site modeling described earlier for the Canakkale
site allowed for an in-depth technical analysis, it was not sufficient to inform policy or
investment decisions at the national scale. Scaling the model across multiple regions
enabled a deeper understanding of seasonal variability, land availability, and regional

optimization opportunities.

5.1.1. Role of the Canakkale Model as Reference

As a case study, the Canakkale model was developed to serve as the foundational
framework for national-scale hydrogen potential estimation. The model incorporated
all major components of a wind-to-hydrogen system, including Weibull-based wind
speed characterization, turbine selection based on local wind class, monthly energy
yield estimation, and electrolyzer capacity matching for both annual and seasonal

hydrogen production in a standalone configuration.

It was also acknowledged that regional differences in terrain, wind variability, and
infrastructure access would influence system performance in other locations. These
differences were partially addressed in this thesis by adjusting turbine densities and

capacity factors according to city-specific conditions..
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5.1.2. Overview of the Scaling Methodology

To scale Canakkale model to the national level, windfarm-based framework was
applied at the national level. Rather than modeling each turbine individually, a
standard wind farm unit was used as the building block for estimating city-based

hydrogen production potential. The steps were as follows:

e (City Identification

e Wind Farm Deployment Estimation
e Modular Wind Farm Model

e Electrolyzer System Integration

e Regional and National Aggregation

5.2. Regional Wind Analysis

In this study, wind-based hydrogen production modeling was conducted for all cities
across Tiirkiye’s seven regions. For each city, ERAS hourly wind data at a hub height
of 100 meters was fitted to a Weibull distribution. This analysis allowed for the
identification of inter-regional differences in wind regimes. Table 16 presents the
average wind speeds obtained from both ERAS and the Tiirkiye Wind Energy Potential
Atlas. The discrepancies between the two datasets can be attributed to the coarser
spatial resolution of ERAS, which cannot fully account for local terrain variations.
Therefore, the data from the Tiirkiye Wind Energy Potential Atlas were used for bias
correction. It should be noted that the ERAS5 dataset covers a 4-year period, whereas
the Wind Energy Potential Atlas likely reflects long-term multi-year averages. Figure
11 displays the average wind speeds for each city, while Table 16 summarizes the

regional average wind speeds from both sources.
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Figure 5.1: Average wind speeds.

Table 5.1: Average wind speeds for Tiirkiye’s regions.

Region ERAS average wind speed Tiirkiye Wind Energy
(m/s) Potential Atlas average
wind speed (m/s)

Aegean 3.1 4.7
Black Sea 32 3.9
Central Anatolia 33 4.5
Easter Anatolia 2.5 4.5
Marmara 4.2 5.1
Mediterranean 2.8 4.5
Southeastern Anatolia 3.1 4.5

Along with wind speeds, the Weibull scale (c¢) and shape (k) parameters were
compared across regions. The scale parameter indicates the overall windiness of a
location, while the shape parameter reflects the sharpness or peakedness of the wind
speed distribution [81]. As shown in Table 17, the Marmara region exhibited the
highest ¢ value, suggesting the windiest conditions among all regions. Additionally,
the k value in Marmara was also higher, indicating a more consistent wind profile,
which makes the region particularly favorable for wind energy applications. Overall,
the k values ranged between 1.90 and 2.04, indicating a relatively stable wind regime
across Tiirkiye. On the other hand, ¢ values between 4.38 and 5.72 m/s suggest a

medium-level wind potential.
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Table 5.2: Shape and scale parameter averages for Tiirkiye’s regions.

Region Shape parameter, k Scale parameter, ¢ RMSE

(m/s)
Aegean 1.96 5.28 0.0079
Black Sea 1.97 4.38 0.0058
Central Anatolia 1.90 5.12 0.0090
Easter Anatolia 2.03 5.10 0.0076
Marmara 2.04 5.72 0.0048
Mediterranean 2.02 5.04 0.0063
Southeastern Anatolia 2.01 5.08 0.0082

5.2.1. Estimation of Installable Wind Capacity per City

In this thesis study, the estimation of installable wind capacity for each city was carried
out using the available data from the Tiirkiye Wind Energy Potential Atlas. This atlas
provides estimates of suitable land areas for wind energy deployment, taking into
account topographic, environmental, and regulatory constraints. The turbine
deployment density assumption was also adopted from the same source, set at 5.3
MW/km?. For each city, the available land area (in km?) was multiplied by this density

value to estimate the total installable wind capacity.

Table 18 summarizes the average installable wind capacity by region. As expected, the
Marmara region emerged as the highest capacity holder, with an average installable
wind capacity exceeding 4546.8 MW. The Aegean region also demonstrated strong
potential, with approximately 3481 MW. In contrast, Eastern and Southeastern
Anatolia ranked the lowest, with average installable capacities below 320 MW,
primarily due to geographical constraints, limited suitable land, and lower wind

intensity.

Table 5.3: Average installable wind capacity averages for seven regions.

Region Average installable wind capacity
(MWh)
Aegean 3481.3
Black Sea 819.2
Central Anatolia 884.9
Eastern Anatolia 303.8
Marmara 4546.8
Mediterranean 1737.3
Southeastern Anatolia 313.5
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5.3. Wind to Hydrogen System Architecture for Tiirkiye

In this section, the system architecture developed to model wind-to-hydrogen
integration across Tiirkiye was presented. Based on regional wind resource
assessments, an integrated turbine deployment approach was adopted. The electrolyzer
deployment strategy and the sizing methodology used for electrolyzers were also

introduced.

5.3.1. Wind Farm and Electrolyzer Deployment Strategy

Wind farm sizing was conducted based on city-level available land area for turbine
deployment. Rather than assuming a uniform wind farm size across all regions, each
city was modeled individually using its own deployable land potential. A consistent
wind turbine model, the GE 5.3-158, was applied across all cities, as it was previously
selected in the case study due to its higher energy yield per unit capacity. Turbine
spacing was implicitly incorporated using an assumed deployment density of 5.3

MW/km?, in alignment with national wind development guidelines.

In all city-level models, full land area utilization was assumed to simulate a high-
integration scenario and to estimate the technical upper limit of wind-to-hydrogen
capacity. This uniform methodology facilitates flexible, comparative technoeconomic

analysis across regions while maintaining scalability.

Following wind farm modeling, a centralized electrolyzer deployment strategy was
adopted. In this approach, the entire wind energy output per city was assumed to be
directed into a shared PEM electrolyzer system, enabling optimized electrolyzer
sizing. PEM technology was selected based on the findings from the case study, where
it was identified as the most commercially mature and technically suitable option for

integration with variable renewable energy sources.

5.3.2. Electrolyzer Sizing Approaches

Electrolyzer sizing played a critical role in determining the performance and cost-
effectiveness of wind-to-hydrogen systems. In the national scaling phase of this study,
a capacity sweep approach was applied to identify the optimal electrolyzer sizing that

minimized the LCOH. This was achieved by modeling hydrogen output and associated
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curtailment levels across different system sizes. The optimization was conducted using
Excel’s Solver tool, targeting the minimum LCOH while applying standardized cost

assumptions for the PEM electrolyzer unit.
The following constraints were considered throughout this optimization process:

e Electrolyzer system efficiency was kept at 65% for all cities.
e No intermediate energy storage was assumed; all hydrogen production was
modelled as instantaneous relative to wind availability.

e CAPEX and OPEX assumptions were kept constant for each city.

This methodology enabled a sensitivity analysis of the trade-off between curtailment

and cost performance, accounting for the variability in regional wind resource profiles.

5.4. Regional Summaries

For each city, the model developed for case site Canakkale was applied. GE 5.3-158
wind turbines were deployed assuming a fixed turbine density within available areas
derived from national datasets. The annual energy production (AEP) was then

calculated using Weibull distributions per city.

Table 5.4 shows the number of turbines deployed per region, which reflects both the
available land area and the quality of the wind resource for the region. Marmara and
Aegean regions are superior to other regions with 9436 and 5255 turbines deployed,
respectively. These regions account for the majority of Tiirkiye’s onshore wind energy
potential for hydrogen production. On the other hand, Eastern Anatolia and
Southeastern Anatolia show limited number of turbine deployment, due to insufficient
suitable land area. This distribution was consistent with regional wind modeling and
highlights the spatial feasibility of hydrogen production. Regions with small number
of turbines deployed were less likely to achieve cost efficient hydrogen production. It
also should be noted that some cities did not have enough land available to deploy the
selected turbine. These cities are Bayburt, Giimiishane, Igdir, Kars, Rize, Sakarya,

Urfa and Sirnak.
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Table 5.4: Number of turbines deployed per region.

Region No of turbines deployed
Aegean 5255
Black Sea 2782
Central Anatolia 2119
Eastern Anatolia 802
Marmara 9436
Mediterranean 2622
Southeastern Anatolia 532

As indicated in Figure 12, the Marmara region dominated total wind energy
production, contributing approximately 113.1 TWh, which represented more than 45%
of the nationally modeled output. This outcome aligned with the high number of
turbines deployed and the region’s strong wind profile. The Aegean region followed
with 49.6 TWh, again reflecting a dense turbine layout and favorable wind conditions.
As expected, Southeastern Anatolia and Eastern Anatolia contributed 3.94 TWh and
6.2 TWh, respectively, due to their limited deployment potential. This regional
breakdown provided a clear rationale for prioritizing the Marmara and Aegean regions

in future wind-to-hydrogen investment strategies.
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Figure 5.2: Regional annual energy production distribution in TWh.
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Figure 5.3 illustrates the estimated annual hydrogen production by region under a full
deployment scenario with zero curtailment. In alignment with wind energy production,
the Marmara region led significantly, exceeding 2.1 Mt/year, while the Aegean region
followed with approximately 1 Mt/year. The Mediterranean, Black Sea, and Central
Anatolia regions showed moderate hydrogen outputs around 0.3-0.4 Mt/year. In
contrast, Eastern Anatolia and Southeastern Anatolia combined yielded less than 0.2
Mt/year due to limited land availability and lower wind speeds. These differences in
hydrogen output demonstrated how regional wind quality, land constraints, and the

resulting turbine deployment directly influenced hydrogen yield.
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Figure 5.3: Regional hydrogen production.

5.4.1. Electrolyzer Utilization and Energy Curtailment

In Section 5.4, hydrogen production results were presented under the assumption of
full utilization of wind energy—that is, with no curtailment. While this assumption
was useful to identify the theoretical maximum output, it did not reflect the operational
constraints under variable wind conditions. In practice, when wind energy exceeds the
processing capacity of the electrolyzer, the surplus energy must be curtailed.
Additionally, under a zero-curtailment assumption, the electrolyzer could become
oversized due to seasonal variability in wind potential. To quantify this effect, different
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curtailment ratios were analyzed for the case site, and for the national model a uniform

20% curtailment level was applied across all cities.

Figure 14 shows regional hydrogen production under this fixed 20% curtailment
scenario. Compared to the baseline zero-curtailment case, hydrogen output decreased
in all regions. Despite this reduction, the Marmara region still dominated national
hydrogen production. This analysis underscored the importance of electrolyzer sizing
strategies aimed at minimizing curtailment, as well as the potential role of flexible

demand-side coupling, energy storage, or grid-integration options.
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Figure 5.4: Hydrogen production under 20% curtailment.

As displayed in Figure 15, regional average electrolyzer utilization under two different
curtailment scenarios was compared. In the zero-curtailment scenario, electrolyzer
utilization consistently exceeded 100%, indicating that the electrolyzer capacity was
over-sized relative to the total available wind energy. This suggested that the installed
electrolyzer capacity surpassed the level that would be optimally needed based on the
actual energy yield. In contrast, under the 20% curtailment scenario, electrolyzer
utilization values ranged between 70% and 85%, reflecting a more balanced capacity

sizing aligned with usable energy input. These findings emphasized the critical
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importance of optimizing electrolyzer sizing to avoid overinvestment and

inefficiencies due to underutilized capacity.
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Figure 5.5: Electrolyzer utilization under 0% and 20% curtailment scenarios.

5.4.2. Seasonal Variation in Hydrogen Output

To understand the seasonal differences in hydrogen production across Tiirkiye’s
regions, a seasonal analysis of hydrogen yield was conducted. As shown in Figure 16,
the Marmara region again stood out with the highest hydrogen production across all
seasons. This result reflected both its high annual wind energy potential and relatively
stable wind availability throughout the year. Seasonal hydrogen production values in
Marmara remained within a narrow range of 0.434-0.450 Mt, indicating low seasonal
sensitivity. In contrast, the Aegean region, despite its high annual production,
exhibited a more pronounced seasonal decline during winter, attributed to reduced
average wind speeds in the colder months. Eastern and Southeastern Anatolia showed
relatively higher seasonal variation; for instance, Eastern Anatolia’s hydrogen output
declined from 0.028 Mt in summer and spring to 0.018 Mt in winter. This highlighted
limited wind availability and consistency, which could reduce electrolyzer utilization

unless supported by storage systems or hybrid strategies incorporating grid connection.

The Mediterranean region peaked during summer at 0.089 Mt, consistent with coastal

wind intensification trends, whereas Central Anatolia and the Black Sea regions
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demonstrated more stable seasonal output profiles. These seasonal patterns carry
practical implications for system design. In regions experiencing strong seasonal
drops, underutilization risks may emerge during certain months, necessitating
strategies such as electrolyzer oversizing, curtailment management, or energy storage

solutions to buffer supply-demand mismatches during periods of low wind generation.
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Figure 5.6: Seasonal variation in hydrogen production across seven regions.

5.5. System-Wide Integration Discussion

In this chapter, the regional modeling results were presented to evaluate the overall
wind-to-hydrogen potential and operational dynamics across Tiirkiye. Estimates for
regional capacities, as well as the potential for complementarities between regions,

were introduced to inform strategic deployment and integration opportunities.

5.5.1. Total Wind-to-Hydrogen Capacity in Tirkiye

Under a zero-curtailment scenario, the modeled system is capable of producing
approximately 4.4 million tons (Mt) of green hydrogen annually by utilizing around
226 terawatt-hours (TWh) of onshore wind energy. However, when a more realistic
20% curtailment is applied to reflect operational limitations and system constraints,

the annual hydrogen output decreases to approximately 3.5 Mt.
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Under this 20% curtailment scenario, the total electrolyzer capacity required is
estimated at 21.6 GW to effectively utilize the available wind energy for hydrogen
production. This figure is closely aligned with Tiirkiye’s national hydrogen targets.
According to the Tiirkiye Hydrogen Technologies Strategy and Roadmap, the country
aims to install 2 GW of electrolyzer capacity by 2030, expand to 5 GW by 2035, and
ultimately reach 70 GW by 2053 [8]. In terms of demand, Ernst & Young (2025)
projects that Tiirkiye’s green hydrogen requirement could rise to 5.5—-6 Mt by 2050
[82]. The modeled output of 3.52 Mt under the 20% curtailment scenario indicates that
wind-based hydrogen can make a substantial contribution toward meeting this goal.
PwC also estimates a domestic green hydrogen demand of approximately 2—2.5 Mt by
2050 [83]. The zero-curtailment scenario exceeds this forecasted demand, while the
20% curtailment case appears largely sufficient to meet it, thereby reinforcing the
strategic relevance of onshore wind as a viable hydrogen production pathway for

Tiirkiye.

Figure 18 illustrates the city-level contributions to national hydrogen output under the

20% curtailment scenario.
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Figure 5.7: Tiirkiye’s green hydrogen production potential with onshore wind.

5.5.2. Regional Complementarity and Balancing Opportunities

One of the significant advantages of a geographically diverse renewable energy system
is the natural complementarity that emerges among regions with differing wind
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profiles. For Tiirkiye, the wind resource analysis conducted across the seven regions
reveals distinct temporal characteristics, which can be strategically leveraged to
mitigate the intermittency associated with wind power. The concept of regional
complementarity has been widely discussed in the literature, particularly in the context
of hybrid renewable systems that combine wind and solar resources[84,85]. For
instance, Jurasz et al. (2020) investigated the solar—wind complementarity in Poland
and concluded that local hybrid systems could reduce storage needs and enhance the
reliability of power system operations [85]. Similarly, for Tiirkiye, not only the
complementarity between different renewable energy sources but also city-level and
regional complementarity among wind regimes should be examined to ensure stable
hydrogen production throughout the year. Such integration would enable the
downsizing of electrolyzer systems, addressing the inefficiencies observed in the zero-

curtailment scenario.

From an infrastructure standpoint, hydrogen transport and storage capabilities are
critical to unlocking regional balancing opportunities. Hydrogen Europe (2024)
highlights the spatial mismatch between regions with high renewable generation
potential and areas of hydrogen demand, underscoring the need for infrastructure to
bridge this gap [86]. Tiirkiye’s national policy framework also acknowledges this
challenge; the SHURA Energy Transition Centre (2018) emphasized the significance
of interregional energy flows for the success of renewable energy integration [87].
These findings suggest that system-wide hydrogen planning in Tiirkiye should
transcend isolated capacity expansion. Instead, it should be grounded in regional
complementarities, inter-renewable synergies, and spatial balancing strategies.
Seasonal flexibility, cross-regional hydrogen storage hubs, and demand-side
coordination could all enhance the technoeconomic feasibility of green hydrogen

development in the country.

Following the regional potential and system integration, an economic assessment 1s
warranted. While earlier sections addressed the physical deployment, resource
matching, and capacity estimation, the next chapter evaluates the cost-effectiveness

and financial viability of nationwide hydrogen production through LCOH analysis.
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6. ECONOMIC ANALYSIS FOR TURKIYE

The regional hydrogen production results presented in Chapter 5 provide the
foundation for a national-scale assessment of economic feasibility through the
Levelized Cost of Hydrogen (LCOH). As defined earlier in the Canakkale case study,
LCOH represents the average cost of hydrogen production per kilogram over the
lifetime of the system, incorporating both capital expenditures (CAPEX) and
operational expenditures (OPEX). For the national analysis, the same technoeconomic
assumptions applied in the base model were maintained to ensure consistency. CAPEX
and OPEX values for both wind energy and electrolyzer systems were derived from
market-based estimates and previously referenced literature. These assumptions are

summarized in Table 20, which outlines the key parameters used for the economic

evaluation.
Table 6.1: Assumptions for economic analysis.
Parameter Assumption for the model
Wind turbine CAPEX 1050 €/kW
Project lifetime 25 years
O&M cost turbine 35 €/MWh
Electrolyzer CAPEX 2500 €/kW
Stack durability 80000 h
O&M cost electrolyzer 2% of CAPEX
Electrolyzer efficiency 65%
Discount rate 8%
Curtailment 20%

Figure 19 presents the regional comparison of LCOE and LCOH derived from onshore
wind-based hydrogen production. The Marmara and Aegean regions exhibit the lowest
LCOH values (€3.76/kg Hz and €3.82/kg Ho, respectively), reflecting their strong wind
resource quality and high electrolyzer utilization. In contrast, Southeastern and Eastern
Anatolia show higher LCOH values exceeding €4.20/kg H», which are driven by both
elevated LCOE and reduced hydrogen yields resulting from lower wind speeds and

limited turbine deployment.

Although these regional differences exist, the LCOH range remains relatively narrow,
approximately €3.75/kg H» to €4.23/kg H». This indicates that cost optimization efforts

must also focus on infrastructure efficiency and integration. It is important to note that
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the reported LCOE and LCOH values are based on 2023 and 2024 cost assumptions
and do not reflect potential future reductions that may arise through technological
advancements or policy incentives. Tiirkiye’s strong onshore wind potential provides
a solid foundation for cost-competitive green hydrogen production. The modeled
values presented in this section can be considered as a baseline scenario to support

future technoeconomic evaluations.
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Figure 6.1: LCOE and LCOH for seven regions.

As illustrated in Figure 20, cities such as Balikesir, Sinop, Edirne, and izmir
demonstrate the lowest LCOE and LCOH values among all seventy-three cities
considered for wind-to-hydrogen system deployment. These cities combine strong
wind resource availability with relatively high electrolyzer utilization, making them
promising candidates for early-phase project implementation. The convergence of low
LCOE and LCOH values in several coastal and near-coastal cities suggests that
western and northern Tiirkiye could form a cost-competitive hydrogen production
cluster. These findings highlight the significance of site-specific modeling to guide
investment prioritization, as both regional and city-level variations can substantially

impact system performance and financial feasibility.
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Figure 6.2: LCOE and LCOH values for high performing cities.

6.1. Sensitivity Analysis of Key Economic Parameters

The future economic competitiveness of green hydrogen production in Tiirkiye was
evaluated through a sensitivity analysis targeting two key milestone years, 2035 and
2050. These projections reflect anticipated advancements in technology and consider
reductions in capital expenditure and operational expenditure for both wind turbines
and electrolyzer systems. Additionally, improvements in electrolyzer efficiency are
incorporated to assess their impact on the overall levelized cost of hydrogen in future

scenarios. The projections for 2035 and 2050 are given in Table 6.2.

Table 6.2: Projections for 2035 and 2050.

Parameter 2035 Scenario 2050 Scenario
CAPEX (Wind turbine) [88] 15% reduction 40% reduction
OPEX (Wind turbine) [88] 14% reduction 40% reduction
CAPEX (Electrolyzer) [52] 30% reduction 55% reduction
Electrolyzer efficiency [28] 70% 75%

The results indicated that even under conservative assumptions regarding cost
reductions and energy curtailment, the levelized cost of hydrogen (LCOH) is projected
to decline significantly. On average, the LCOH decreases from approximately €3.70
per kilogram in the base year to a range of €2.69 to €2.73 per kilogram by 2035. By

2050, with further technological advancements and efficiency improvements, the
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LCOH is expected to fall to between €1.67 and €1.71 per kilogram for the highest-
performing cities. These cities include Bursa, Balikesir, Sinop, Edirne, Izmir,
Kirklareli, Erzincan, Canakkale, Isparta, Adana, Istanbul, Kayseri, Yalova, Agr1, and
Usak.

These trends suggest that Tiirkiye could achieve globally competitive LCOH values
below €2 per kilogram H» by 2050, provided that supportive deployment strategies
and projected cost reduction pathways are realized. Among the influencing factors, the
CAPEX of electrolyzers emerged as the most significant driver of LCOH reduction.
Additionally, improvements in electrolyzer efficiency contribute meaningfully to

lowering hydrogen production costs.

This analysis underscores the critical role of sustained technological advancement in
driving down costs and enhancing system performance. Furthermore, it highlights the
strategic importance of prioritizing early deployments in regions with favorable LCOE
profiles. Such early actions can accelerate local capacity building and infrastructure

readiness, which are essential for long-term success in the hydrogen economy.
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7. DISCUSSION

The integrated assessment conducted in this study highlights the significant potential
of Tiirkiye’s onshore wind resources for green hydrogen production, with the Marmara
and Aegean regions identified as the most favorable due to their high annual energy
output and relatively low levelized cost of hydrogen (LCOH). Technical modeling
demonstrated that deploying modern, high-capacity wind turbines across suitable land
areas could generate more than 225 million megawatt-hours (MWh) of electricity
annually. This corresponds to approximately 4.4 million tons (Mt) of green hydrogen
under a zero-curtailment scenario, although actual production would be lower under

more realistic operational constraints involving curtailed output.

LCOH values for 2024 under the zero-curtailment scenario ranged between €3.7/kg
H> and €6.1/kg Ha, depending on regional differences in wind profiles, electrolyzer
utilization, and hydrogen yield. Cities such as Bursa, Balikesir, Canakkale, and
Tekirdag exhibited the lowest LCOH values due to favorable wind conditions and
extensive available land areas. In contrast, Southeastern and Eastern Anatolia
presented more limited feasibility owing to both lower wind capacity and reduced

deployment area.

While environmental impacts were not quantified in detail, the transition from grey
hydrogen or fossil fuels to green hydrogen offers substantial emissions reduction
potential. According to Hauglustaine (2024), grey hydrogen production emits
approximately 10 kilograms (kg) of CO: per kg of hydrogen, compared to only 1 kg
CO:s: per kg of hydrogen for green hydrogen [91]. This suggests that, if the modeled
production capacity were fully realized, Tiirkiye could achieve annual carbon dioxide
savings of up to 38 Mt, positioning green hydrogen as a pivotal strategy in the

country’s decarbonization efforts.

7.1. Policy Reflections and Implementation Pathways

Realizing the identified technical and economic potential requires the implementation
of well-designed strategic policy frameworks. Tirkiye’s National Hydrogen Strategy
provides a foundational roadmap, targeting 5 gigawatts (GW) of electrolyzer capacity

by 2035 and scaling up to 70 GW by 2050. The findings of this study are closely
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aligned with these national objectives, offering data-driven support for future planning

and investment.

To enable effective deployment, key policy instruments should include renewable
energy auctions tailored for green hydrogen projects, guaranteed offtake mechanisms
to ensure market stability, and dedicated investments in grid and hydrogen
infrastructure. Additionally, project prioritization should focus on maximizing wind—
hydrogen integration in regions with high capacity factors, while carefully considering
land availability, environmental sensitivities, and water resource constraints to ensure

sustainable development.

7.2. Benchmarking Against Case Studies

Compared to global averages, Tiirkiye’s estimated Levelized Cost of Hydrogen
(LCOR) lies within the mid-range of internationally benchmarked values. According
to the International Energy Agency (IEA, 2020), the projected target range for
electrolysis-based hydrogen production using low-carbon electricity by 2050 is
between 1.3 and 3.3 USD/kg H:[89]. This positions Tiirkiye competitively,
particularly in the Marmara and Aegean regions where favorable wind conditions and
proximity to infrastructure and potential export markets enhance feasibility. However,
Tirkiye currently lacks large-scale domestic electrolyzer manufacturing capacity, in
contrast to some leading countries. Strategic partnerships with the European Union or
the Middle East and North Africa (MENA) region could enable Tiirkiye to position
itself as a regional hub for green hydrogen supply.

Several national-level studies offer valuable context for benchmarking. Karayel et al.
(2023) estimated Tiirkiye’s onshore wind-based hydrogen potential at 233 million tons
by relying on annual average wind speeds and theoretical land availability. While their
estimate provides a theoretical upper bound, it lacks the spatial and seasonal resolution
applied in this study. Balci and Erbay (2025) focused on offshore wind-based
hydrogen production, reporting LCOH values between €4.14 and €5.85/kg Ho.
However, their site-specific and offshore-oriented scope limits broader applicability.
Guven and Kayalica (2025) conducted a national-level life cycle assessment across

120 grid zones, providing valuable environmental and economic insights.
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Nevertheless, their model does not incorporate seasonal wind variation or curtailment

effects and reports a wide LCOH range of $2.25 to $7.01/kg Ho.

7.3. Opportunities, Risks and Trade-offs

Opportunities include leveraging wind-rich regions for industrial decarbonization to
enable green fertilizer and steel production and creating export corridors via ports like
Izmir. There are also increased job opportunities and innovation prospects linked to

electrolyzer deployment and system integration.

Risks involve intermittency management, land use competition and high upfront
CAPEX. Trade-offs must be balanced between centralized versus distributed systems,

storage versus curtailment and export versus domestic use.

7.4. Future Research Directions

This study provides a detailed technoeconomic feasibility analysis; however, several
areas require further exploration to support comprehensive decision-making. Future
research should incorporate more in-depth environmental life cycle assessments,
infrastructure optimization strategies, and localized site-specific modeling. Key areas
for future work include the evaluation of network impacts associated with large-scale
deployment coupled with storage solutions, assessment of water availability and
utilization, integration of multi-sectoral hydrogen demand, development of dynamic
policy simulations including carbon pricing mechanisms, detailed payback period
assessments, and the investigation of offshore wind potential, hybrid renewable

systems, and alternative electrolyzer technologies.
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8. CONCLUSION AND RECOMMENDATIONS

This study presents a comprehensive techno economic feasibility analysis of hydrogen

production from onshore wind resources in Tiirkiye.

ERA-5 based modeling identified Marmara and Aegean regions as the most promising
regions in terms of average wind speed and installable capacity. City-level wind
distribution fitting showed that scale parameter ranged between 3.4-6.9 m/s with

highest values in Marmara region.

Using a standard system layout, annual hydrogen production was calculated for 73
provinces where for 8 the land area was not enough to deploy the selected turbine.
Under all scenarios, Marmara and Aegean regions yielded the highest outputs while

Eastern and Southeastern Anatolia showed the lowest outputs.

Oversizing electrolyzers in the base scenario led to inefficiencies for electrolyzer
utilization. A 20% curtailment scenario strategically improved utilization but reduced

hydrogen yield.

Monthly modeling revealed seasonal variability. This variation shows the importance

of flexible infrastructure and complementarity scenarios.

The average LCOH across all provinces were calculated based on current, 2035 and
2050 assumptions of CAPEX and OPEX. Cities such as Canakkale, Balikesir,
Kirklareli and Izmir showed the most competitive LCOH values driven by suitable

wind profiles and vast availability of land.

Based on the study’s findings, the following can be recommended for policymakers

and investors:

First, national hydrogen strategies should prioritize regions like Marmara and Aegean

for initial deployment due to their superior wind resource and available land area.

Second, oversizing issues could be addressed through modular electrolyzer setups that

scale with seasonality and grid flexibility.

Third, seasonal output variation and curtailment risks can be mitigated by integrating

storage systems and offtake strategies.
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Lastly, while current LCOH values are above global cost targets, projected reductions
in both turbine and electrolyzer systems suggest that Tiirkiye can reach LCOH values

below €2/kg H> hydrogen with targeted policy support and technology investment.

This thesis study provides a detailed spatial assessment of wind to hydrogen
production in Tirkiye, bridging modeling depth with policy relevance. While some
simplifications were necessary, the methodology enables replication and adaptation

for other renewable configurations or regional planning studies.

The integration of hourly data, city-level analysis and technoeconomic modeling offers
a strong foundation for future research. With growing interest in green hydrogen,
Tiirkiye hold substantial promise as a regional leader if strategic and informed steps

are taken now.
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APPENDICES

APPENDIX-A: MONTHLY AVERAGE ERAS WIND SPEEDS FOR

SELECTED CITIES
Month/City Izmir Bolu Eskisehir Ardahan Bursa Mersin Diyarbakar

January 3.50 2.83 3.50 2.94 2.85 4.07 2.51
February 3.65 2.61 342 3.05 2.67 3.24 2.40
March 3.62 237 3.71 3.14 2.65 3.56 2.62
April 347 245 3.83 2.97 2.55 291 244
May 3.10 2.10 3.54 2.69 2.52 2.81 2.84
June 3.51  2.13 3.63 2.33 2.58 2.94 2.98
July 453 232 3.92 243 3.12 3.01 3.32
August 3.60 2.14 3.53 2.35 3.03 3.13 245
September 3.53  2.02 3.17 2.35 2.79 2.70 243
October 337  2.00 2.85 241 2.72 2.79 2.34
November 330 2.54 3.32 2.75 2.80 3.28 2.15
December  3.06 2.68 3.05 2.81 2.66 3.76 2.10

APPENDIX-B: PROBABILITY DISTRIBUTION FIT
PARAMETERS BY CITY

City k ¢ (m/s) RMSE
Adana 2.07 4.80 0.0040
Adiyaman 2.00 5.21 0.0044
Afyonkarahisar 1.93 5.37 0.0101
Agn 1.87 5.39 0.0121
Aksaray 1.91 5.15 0.0091
Amasya 1.94 4.57 0.0092
Ankara 2.08 4.84 0.0102
Antalya 1.73 4.49 0.0086
Ardahan 2.16 5.28 0.0088
Artvin 1.98 3.86 0.0043
Aydin 1.96 5.18 0.0079
Balikesir 1.97 4.12 0.0047
Bartin 1.97 4.12 0.0047
Batman 1.60 4.46 0.0064
Bayburt 1.87 4.92 0.0136
Bilecik 2.02 4.64 0.0077
Bingol 2.27 5.19 0.0082
Bitlis 1.84 5.39 0.0065
Bolu 1.95 4.54 0.0036
Burdur 1.93 4.81 0.0075
Bursa 2.12 4.85 0.0055
Canakkale 2.03 6.92 0.0044
Cankiri 1.83 4.45 0.0104
Corum 1.88 4.56 0.0058
Denizli 2.15 4.66 0.0080
Diyarbakir 1.73 4.57 0.0085
Diizce 2.00 3.80 0.0048
Edirne 1.87 6.28 0.0058
Elaz1g 1.71 4.93 0.0041
Erzincan 2.46 5.12 0.0050
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City k ¢ (m/s) RMSE
Erzurum 2.01 5.01 0.0107
Eskisehir 2.08 4.93 0.0114
Gaziantep 2.18 5.79 0.0060
Giresun 1.91 4.48 0.0040

Giimiishane 1.93 4.88 0.0048
Hakkari 2.01 5.03 0.0044
Hatay 1.92 5.68 0.0075
Mersin 1.83 5.15 0.0043
Igdir 2.37 4.86 0.0068
Isparta 2.16 5.54 0.0068
Istanbul 2.15 6.53 0.0023
[zmir 2.04 6.38 0.0098
Kahramanmaras 2.48 5.34 0.0067
Karabiik 2.21 3.92 0.0052
Karaman 1.62 5.51 0.0064
Kars 2.09 5.31 0.0111
Kastamonu 2.19 4.36 0.0068
Kayseri 2.31 5.59 0.0065

Kilis 2.13 5.65 0.0112
Kirikkale 1.98 491 0.0064
Kirklareli 2.03 6.21 0.0046
Kirsehir 1.85 4.96 0.0084
Kocaeli 2.09 4.97 0.0062

Konya 1.72 5.13 0.0131
Kiitahya 1.95 5.22 0.0098
Malatya 1.75 5.35 0.0064
Manisa 1.85 5.20 0.0115
Mardin 2.06 5.50 0.0092

Mugla 1.81 4.97 0.0068

Mus 1.62 4.62 0.0071
Nevsehir 1.77 498 0.0085

Nigde 1.90 5.16 0.0057

Ordu 2.02 5.11 0.0033
Osmaniye 2.02 4.45 0.0044

Rize 1.87 343 0.0066
Sakarya 2.03 4.45 0.0046
Samsun 1.91 4.76 0.0044

Urfa 1.95 5.49 0.0069

Siirt 2.23 4.48 0.0097

Sinop 1.94 4.46 0.0050

Sirnak 2.20 4.55 0.0114

Sivas 1.75 5.66 0.0085

Tekirdag 2.04 6.40 0.0029

Tokat 2.16 5.08 0.0078
Trabzon 1.78 4.03 0.0059
Tunceli 2.24 4.26 0.0101
Usak 2.02 5.28 0.0056
Van 1.96 5.62 0.0072
Yalova 2.21 5.46 0.0044
Yozgat 1.94 5.27 0.0093
Zonguldak 1.94 3.93 0.0047
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APPENDIX-C: WIND SPEED BIN DISTRIBUTIONS AND
CORRESPONDING ENERGY OUTPUT FOR CANAKKALE

Wind Speed (m/s)  Turbine  Weibull PDF  Expected hours  Energy (kwh)
Output per year
(kW)

1E-10 0 1.108E-12 9.223E-09 0.000E+00
0.5 0 9.807E-03 8.162E+01 0.000E+00
1 0 1.967E-02 1.637E+02 0.000E+00
1.5 0 2.908E-02 2.420E+02 0.000E+00
2 0 3.769E-02 3.136E+02 0.000E+00
25 0 4.525E-02 3.766E+02 0.000E+00
3 88 5.155E-02 4.290E+02 3.775E+04
3.5 186 5.645E-02 4.698E+02 8.739E+04
4 310 5.989E-02 4.984E+02 1.545E+05
% 466 6.186E-02 5.148E+02 2.399E+05
5 057 6.241E-02 5.194E+02 3.412E+05
5.5 892 6.165E-02 5.131E+02 4.577E+05
6 1168 5.974E-02 4.972E+02 5.807E+05
6.5 1496 5.687E-02 4.732E+02 7.080E+05
7 1876 5.322E-02 4 429E+02 8.309E+05
7.5 2303 4.901E-02 4.079E+02 9.394E+05
8 2761 4.445E-02 3.699E+02 1.021E+06
8.5 3227 3.972E-02 3.305E+02 1.067E+06
9 3668 3.498E-02 2.911E+02 1.068E+06
9.5 4075 3.037E-02 2.528E+02 1.030E+06
10 4452 2.602E-02 2.165E+02 9.639E+05
10.5 4762 2.199E-02 1.830E+02 8.713E+05
11 4998 1.833E-02 1.526E+02 7.626E+05
11.5 5165 1.509E-02 1.256E+02 6.487E+05
12 5253 1.226E-02 1.020E+02 5.361E+05
12.5 5298 9.838E-03 8.187E+01 4337E+05
13 5300 7.793E-03 6.486E-+01 3.437E+05
13.5 5300 6.097E-03 5.074E+01 2.689E+05
14 5300 4.711E-03 3.920E+01 2.078E+05
14.5 5300 3.596E-03 2.992E+01 1.586E+05
15 5300 2.711E-03 2.256E+01 1.196E+05
15.5 5300 2.019E-03 1.680E+01 8.905E+04
16 5300 1.486E-03 1.236E+01 6.553E+04
16.5 5300 1.080E-03 8.988E+00 4.764E+04
17 5300 7.759E-04 6.457E+00 3.422E+04
17.5 5300 5.507E-04 4.583E+00 2.429E+04
18 5300 3.863E-04 3.215E+00 1.704E+04
18.5 5300 2.677E-04 2.228E+00 1.181E+04
19 5300 1.834E-04 1.526E+00 8.088E+03
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Wind Speed (m/s)  Turbine  Weibull PDF  Expected hours  Energy (kwh)

Output per year
(kW)
19.5 5300 1.241E-04 1.033E+00 5.475E+03
20 5300 8.304E-05 6.911E-01 3.663E+03
20.5 5300 5.490E-05 4.569E-01 2.422E+03
21 5300 3.587E-05 2.986E-01 1.582E+03
21.5 5300 2.317E-05 1.928E-01 1.022E+03
22 5300 1.479E-05 1.231E-01 6.523E+02

APPENDIX-D: MONTHLY OUTPUT FOR CANAKKALE (20%

CURTAILMENT)
Wind AEP per Total Electrolyz Used Curtail H,
Mon speed turbine Energy er Cap. Energy ment Output
th  (m/s) (kWh) (kWh) (kWh) (kWh) (kWh) (kg)

Jan.  6.86 1.47E+06  3.82E+09 2.62E+09 2.62E+09 1.19E+09 5.12E+07
Feb. 6.64 1.25E+06  3.26E+09 2.37E+09 2.37E+09 8.88E+08 4.62E+07
Mar. 6.11 1.20E+06  3.11E+09 2.62E+09 2.62E+09 4.88E+08 5.12E+07
Apr. 541 9.22E+05  2.40E+09 2.54E+09 2.40E+09 0.00E+00 4.68E+07
May 5.31 9.07E+05 2.36E+09 2.62E+09 2.36E+09 0.00E+00 4.60E+07
June  5.07 7.59E+05  1.97E+09 2.54E+09 1.97E+09 0.00E+00 3.85E+07
July 6.36 1.25E+06  3.26E+09 2.62E+09 2.62E+09 6.35E+08 5.12E+07
Aug. 6.50 1.33E+06  3.45E+09 2.62E+09 2.62E+09 8.25E+08 5.12E+07
Sep. 6.29 1.22E+06  3.16E+09 2.54E+09 2.54E+09 6.24E+08 4.95E+07
Oct.  6.55 1.35E+06  3.51E+09 2.62E+09 2.62E+09 8.83E+08 5.12E+07
Nov. 6.71 1.37E+06  3.56E+09 2.54E+09 2.54E+09 1.02E+09 4.95E+07
Dec.  6.58 1.37E+06  3.55E+09 2.62E+09 2.62E+09 9.27E+08 5.12E+07

APPENDIX-E: AVAILABLE LAND AREA, WIND CAPACITY and
NO OF TURBINES DEPLOYED PER CITY

City Available Area Wind capacity No of turbines
(km?)
Adana 179.74 952.622 179
Adiyaman 239.38 1268.714 239
Afyonkarahisar 162.3 860.19 162
Agrn 143.38 759.914 143
Aksaray 63.6 337.08 12
Amasya 228 1208.4 228
Ankara 485 2570.5 485
Antalya 234 1240.2 234
Ardahan 2 10.6 2
Artvin 2 10.6 2
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City Available Area Wind capacity No of turbines
(km?)
Aydin 504.75 2675.175 505
Balikesir 2765.5 14657.15 2765
Bartin 12 63.6 12
Batman 1.7 9.01 2
Bayburt 0 0 0
Bilecik 61.73 327.169 62
Bingol 34 180.2 34
Bitlis 4.4 23.32 4
Bolu 4.4 23.32 4
Burdur 11.6 61.48 12
Bursa 732 3879.6 732
Canakkale 2602.51 13793.3 2602
Cankir 63.07 334.271 63
Corum 31.23 165.519 31
Denizli 47.71 252.863 48
Diyarbakir 127.01 673.153 127
Diizce 9.5 50.35 10
Edirne 694.02 3678.306 694
Elaz1g 205.68 1090.104 206
Erzincan 76.54 405.662 77
Erzurum 9.5 50.35 9
Eskisehir 8 42.4 8
Gaziantep 53.38 282914 53
Giresun 32 169.6 32
Glimiishane 0 0 0
Hakkari 6 31.8 6
Hatay 682 3614.6 682
Igdir 0 0 0
Isparta 284 1505.2 284
Istanbul 835 4425.5 835
[zmir 2370 12561 2370
Kahramanmarasg 390 2067 390
Karabiik 14 74.2 14
Karaman 186 985.8 186
Kars 0 0 0
Kastamonu 97 514.1 97
Kayseri 355 1881.5 355
Kilis 7 37.1 7
Kirikkale 22 116.6 22
Kirklareli 700 3710 700
Kirsehir 53 280.9 53
Kocaeli 15 79.5 15
Konya 372 1971.6 372
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City Available Area Wind capacity No of turbines
(km?)
Kiitahya 38 201.4 38
Malatya 279 1478.7 279
Manisa 1060 5618 1060
Mardin 101 5353 101
Mersin 706 3741.8 706
Mugla 1034 5480.2 1034
Mus 11 58.3 11
Nevsehir 1 5.3 1
Nigde 19 100.7 19
Ordu 429 2273.7 429
Osmaniye 135 715.5 135
Rize 0 0 0
Sakarya 0 0 0
Samsun 1044 5533.2 1044
Siirt 3 15.9 3
Sinop 298 1579.4 298
Sirnak 0 0 0
Sivas 328 1738.4 328
Tekirdag 925 4902.5 925
Tokat 566 2999.8 566
Trabzon 5 26.5 5
Tunceli 3 15.9 3
Urfa 0 0 0
Usak 38 201.4 38
Van 28 148.4 28
Yalova 106 561.8 106
Yozgat 215 1139.5 215
Zonguldak 10 53 10
APPENDIX-F: HYDROGEN OUTPUT FOR 0% AND 20%
CURTAILMENT FOR EACH CITY
City Hydrogen output Hydrogen output
(0 Curtailment) (20% Curtailment)
M¢t) (M¢t)
Adana 0.020 0.016
Adiyaman 0.035 0.028
Afyonkarahisar 0.025 0.020
Agri 0.018 0.018
Aksaray 0.002 0.001
Amasya 0.024 0.019
Ankara 0.055 0.044
Antalya 0.025 0.020
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City

Ardahan
Artvin
Aydin

Balikesir
Bartin

Batman

Bayburt
Bilecik
Bingol

Bitlis
Bolu
Burdur
Bursa
Canakkale
Cankir1
Corum
Denizli
Diyarbakir
Diizce
Edirne
Elazig

Erzincan

Erzurum

Eskisehir

Gaziantep

Giresun

Glimiishane

Hakkari

Hatay
Igdir
Isparta
Istanbul
[zmir

Kahramanmaras

Karabiik
Karaman
Kars
Kastamonu
Kayseri
Kilis
Kirikkale
Kirklareli
Kirsehir

Hydrogen output
(0 Curtailment)
(Mt)
0.000
0.000
0.072
0.623
0.001
0.000
0.000
0.007
0.005
0.001
0.000
0.001
0.087
0.730
0.006
0.003
0.005
0.014
0.001
0.160
0.028
0.009
0.001
0.001
0.010
0.003
0.000
0.001
0.128
0.104
0.000
0.046
0.205
0.556
0.055
0.001
0.034
0.000
0.008
0.057
0.001
0.003
0.154

Hydrogen output
(20% Curtailment)
(Mv)
0.000
0.000
0.058
0.498
0.001
0.000
0.000
0.005
0.004
0.001
0.000
0.001
0.070
0.584
0.005
0.003
0.004
0.011
0.001
0.128
0.023
0.007
0.001
0.001
0.008
0.003
0.000
0.001
0.102
0.083
0.000
0.036
0.164
0.445
0.044
0.001
0.027
0.000
0.006
0.045
0.001
0.002
0.123
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City

Kocaeli
Konya
Kiitahya
Malatya
Manisa
Mardin
Mersin
Mugla
Mus
Nevsehir
Nigde
Ordu
Osmaniye
Rize
Sakarya
Samsun
Siirt
Sinop
Sirnak
Sivas
Tekirdag
Tokat
Trabzon
Tunceli
Urfa
Usak
Van
Yalova
Yozgat
Zonguldak

Hydrogen output
(0 Curtailment)
(Mt)
0.007
0.002
0.055
0.006
0.046
0.161
0.016
0.137
0.001
0.000
0.003
0.058
0.013
0.000
0.000
0.125
0.000
0.000
0.029
0.000
0.062
0.222
0.073
0.000
0.000
0.006
0.005
0.017
0.033
0.001

Hydrogen output
(20% Curtailment)
(Mv)
0.006
0.002
0.044
0.004
0.036
0.129
0.013
0.109
0.001
0.000
0.002
0.047
0.010
0.000
0.000
0.100
0.000
0.000
0.023
0.000
0.049
0.177
0.058
0.000
0.000
0.005
0.004
0.014
0.026
0.001

APPENDIX-G: CAPEX and OPEX ESTIMATIONS FOR 2025

CAPEX (Assumption) (E/kKW)

Lifetime
O&M Cost (E/MWh)

CAPEX (Electrolyzer) (E/kW)

Stack durability

Stack degredation per 1000 h

OPEX Electrolyzer

1050

25
35

0.093678779
2500
80000
0.12
2% CAPEX
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APPENDIX-H: LCOE, LCOH and HYDROGEN OUTPUT FOR
DIFFERENT SCENARIOS
City LCOE LCOH LCOE LCOH LCOE LCOH H;output H;output

2025 2025 2035 2035 2050 2050 2035 2050

© € € © © (€) (Mt) (Mt)

Bursa 0.035 3.702 0.030 2.673 0.021 1.677 0.075 0.080
Balikesir  0.035 3.712 0.030 2.679 0.021 1.681 0.537 0.575
Sinop 0.035 3.712 0.030 2.681 0.021 1.682 0.025 0.027
Edirne 0.035 3721 0.030 2.685 0.021 1.685 0.137 0.147
[zmir 0.035 3.726 0.030 2.689 0.021 1.687 0.479 0.514
Kirklareli  0.035 3.733  0.030 2.693 0.021 1.689 0.133 0.142
Erzincan 0.035 3.733  0.030 2.697 0.021 1.692 0.008 0.009
Canakkale 0.035 3.753 0.030 2.706 0.021 1.697 0.629 0.674
Isparta 0.035 3.756 0.030 2.709 0.021 1.699 0.039 0.042
Adana 0.035 3.755 0.030 2.709 0.021 1.699 0.017 0.019
[stanbul ~ 0.035 3.759 0.030 2.710 0.021 1.700 0.177 0.190
Kayseri ~ 0.035 3.768 0.030 2.716 0.021 1.703 0.049 0.052
Yalova  0.035 3.774 0.030 2.721 0.021 1.707 0.015 0.016
Agrn 0.035 3.777 0.030 2.723 0.021 1.708 0.020 0.021
Usak 0.036 3.774 0.031 2.725 0.021 1.710 0.005 0.005
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APPENDIX-I: EXCEL SOLVER FUNCTION SETTING
LCOH AND ELECTROLYZER SIZE OPTIMIZATION

Solver Parameters >
Set Objective: 5P538 s
To: () Max [« ] () Value Of:

By Changing Variable Cells:
SBS5

|

Subject to the Constraints:

5GS26 = 0.2 Add
Change
Delete
Reset All
Load/5Save
ﬂ Make Unconstrained Variables Mon-Negative
Sglect a Solving GRG Monlinear ~ Options
Method:

Solving Method

Select the GRG Monlinear engine for Solver Problems that are smooth nonlinear, Select the LP
Simplex engine for linear Solver Problems, and select the Evalutionary engine for Solver
problems that are non-smaoth,

Where:
e P38 is the LCOH cell
e B5 is the electrolyzer capacity cell

e (326 is the percent curtailment cell
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