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Abstract

The reliance on fossil fuels for energy consumption in
Diyarbakir leads to environmental pollution and high costs,
making the transition to renewable energy imperative.
However, the challenges associated with the continuous
generation of energy from these sources require sustainable
solutions. The simulation results indicate that through the
use of hydrogen and renewable energy technologies,
0.0254% of Tiirkiye’s targeted 695 Mt CO- reduction by
2030 can be achieved solely through the efforts undertaken
within this project. Failure to address this issue will result
in increased dependence on fossil fuels and escalating
environmental damages. In this study, the integration of
hydrogen production and renewable energy was simulated
in a neighborhood close to a water source in Diyarbakir
using the Homer Pro analysis software. Proximity to the
water source facilitates the supply of water required for
hydrogen production, making the production processes
more economical and sustainable. It also enhances
efficiency in the electrolysis process, with the cost of
hydrogen production calculated at $4.50/kg and energy cost
at $0.08301/kWh. These results demonstrate that the
integration of hydrogen and renewable energy offers a
sustainable  solution both  economically  and
environmentally.

Keywords: Microgrid, HOMER pro, Hydrogen energy,
Energy storage

1 Introduction

The Paris Climate Agreement is the first comprehensive
climate agreement accepted on a global scale, signed by 175
countries that collectively produce more than 55% of global
greenhouse gas emissions. The agreement aims to raise
awareness of climate change and encourage countries to
develop climate resilience strategies. In this context, the
European Union adopted the 'Green Deal' strategy in 2019,
targeting a 50% reduction in greenhouse gas emissions by
2030 and carbon neutrality by 2050 (set at 41% for Tiirkiye.
The long-term goal of the Paris Agreement is to keep the
global temperature increase below 2°C above pre-industrial
levels, aiming to limit it to 1.5°C if possible. Achieving this
target necessitates a gradual reduction in the use of fossil

Oz

Diyarbakir'da enerji tiiketiminin fosil yakitlara dayanmasi,
cevre kirliligine ve yiliksek maliyetlere neden olmakta,
yenilenebilir enerjiye gegisi zorunlu kilmaktadir. Ancak, bu
kaynaklarm kesintisiz enerji {retimindeki zorluklar
stirdiiriilebilir  ¢oziimler gerektirmektedir. Simiilasyon
sonuclari, hidrojen ve yenilenebilir enerji teknolojilerinin
kullanimuyla Tiirkiye'nin 2030 yilina kadar hedefledigi 695
Mt CO: azaltim hedefinin %0.0254'{iniin yalnizca bu proje
kapsaminda gerceklestirilecek calismalarla
saglanabilecegini ortaya koymaktadir. Sorunun
¢ozillememesi durumunda, fosil yakitlara bagimlilik ve
cevresel zararlar artmaya devam edecektir. Bu ¢alismada,
Diyarbakir'm su kaynagina yakin bir mahallesinde,
hidrojen iiretimi ve yenilenebilir enerji entegrasyonu
Homer Pro analiz yaziliminda simiile edilmistir. Su
kaynagina yakin olmak, hidrojen iiretimi i¢in gerekli olan
suyun teminini kolaylastirarak, iiretim siireglerini daha
ekonomik ve siirdiiriilebilir hale getirir. Ayni zamanda
elektroliz siirecinde verimlilik saglanmis ve sistemde
iiretilen hidrojen maliyeti 4.50 $/kg, enerji maliyeti ise
0.08301 $/kWh olarak hesaplanmistir. Bu sonuglar,
hidrojen ve yenilenebilir enerji entegrasyonunun ekonomik
ve g¢evresel agidan siirdiiriilebilir bir ¢dziim sundugunu
ortaya koymaktadir.

Anahtar kelimeler: Mikro sebeke, HOMER Pro, Hidrojen
enerjisi, Enerji depolama

fuels (oil and coal) and a transition to renewable energy
sources [1]. The effective use of renewable energy sources
and their integration into energy production processes is
crucial for a sustainable future. Converting natural resources
like solar and wind into energy aims to reduce dependence
on fossil fuels and minimize environmental impacts. In this
regard, local energy systems known as microgrids promise
significant changes to the traditional energy production
model. Although the integration of renewable energy sources
into energy systems is a critical step, the intermittent nature
of these sources creates stability issues within energy
systems [2-4].

Electrical storage systems are widely used to address
these stability issues; however, they have some
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disadvantages. Traditional battery storage systems face
limitations such as high cost, limited lifespan, and
environmental concerns related to battery disposal [5].
Furthermore, batteries have relatively low energy density,
making it difficult to store large amounts of energy over
extended periods.

Nevertheless, hydrogen storage offers an alternative
solution to these challenges [6]. Hydrogen produced through
electrolysis provides efficient storage for renewable energy
while also increasing demand flexibility [7]. Unlike battery
storage, hydrogen can store large quantities of energy over
long periods without loss and is a scalable solution.
Hydrogen storage balances the intermittency of renewable
energy, creating a more stable infrastructure and supporting
the transition to sustainable energy systems.

This study aims to evaluate hydrogen technology's
potential to meet growing energy demand and support
sustainable systems in Tirkiye's rural areas with limited
energy access and high renewable potential. In this study, a
rural area in Diyarbakir province has been selected as an
ideal site for a hydrogen-based microgrid due to its proximity
to the Tigris River and the availability of water resources. A
significant portion of the neighborhood's energy needs is
currently met by fossil fuels, leading to both environmental
issues and rising energy costs. A simulation model for a
neighborhood-scale energy system has been developed using
hydrogen technologies. Different scenarios related to the
production, storage, and use of hydrogen have been
evaluated within this model. The results provide valuable
insights into the potential of hydrogen technologies to meet
the energy needs of the residents, their environmental
impacts, and economic benefits. This study will serve as a
reference point for other regions in Tirkiye with similar
geographical and socioeconomic characteristics.

Recent years have seen a rapid increase in research on
hydrogen energy. Particularly, numerous studies have
focused on the integration of renewable energy sources and
energy storage systems. Studies by Xu et al. [8] and Zainal
B.S. et al. [9] indicate that recent advancements in
electrolyzer technologies have significantly reduced the cost
of hydrogen production. J.J. Brey [10] emphasizes that
hydrogen is a suitable solution for seasonal energy storage
and can help mitigate fluctuations in renewable energy
production. A comprehensive review by Ishaq H. et al. [11]
analyzes the potential applications of hydrogen across
different sectors and the technical challenges in these areas
in detail. Notably, Neuwirth M. et al. [12] have highlighted
the critical role hydrogen can play in reducing carbon
emissions in energy-intensive sectors like steel production.
Guilbert and Vitale [13] suggest that hydrogen, when
combined with fuel cell technologies, could be utilized to
develop zero-emission transportation systems. Modeling
studies by Egeland-Eriksen T. et al. [14] and Ge et al. [15]
demonstrate that integrating hydrogen into energy systems
enhances system flexibility and reliability. Research by
Alzoubi [16] and Mijndert van der Spek et al. [17]
underscores the importance of infrastructure investments
necessary for the development of the hydrogen economy. H.
Kilig¢ [18] emphasizes the significance of using hydrogen and

renewable energy technologies in microgrid-based Power-
to-X (P2X) systems, showing that this method outperforms
traditional algorithms and increases hydrogen production. H.
Kilig et al. [19] analyze the impact of integrating hydrogen
fuel cells and D-STATCOM systems on improving power
quality by reducing voltage fluctuations in power systems.
Integrating hydrogen improves energy access and boosts
economic development in rural areas.

Tiirkiye has set ambitious targets for green hydrogen. As
outlined in the Turkish Hydrogen Technologies Strategy and
Roadmap, the country aims to reach an electrolyzer capacity
of 5 GW by 2035 and 70 GW by 2053. These goals
demonstrate the need to develop a comprehensive strategy
for the domestic production, storage, and utilization of green
hydrogen. Additionally, the report forecasts that the cost of
producing green hydrogen will decrease to $2.4 per kilogram
by 2035 and to $1.2 per kilogram by 2053 [20]. As of 2024,
the cost of producing green hydrogen is estimated to be
between $5 and $6 per kilogram, reflecting current
production technologies and market conditions. In
comparison, the cost of gray hydrogen production in 2024
remains relatively stable, ranging between $1 and $2 per
kilogram, primarily due to the use of fossil fuels in its
production process. The Development Plan has identified
green hydrogen production as a strategic goal to accelerate
energy transition. The plan focuses on areas such as the
development of domestic electrolyzer technologies, the
establishment of necessary infrastructure for transporting
and storing green hydrogen, and the widespread
implementation of smart grid technologies. Enhancing
energy efficiency through the widespread use of smart
meters and the development of SCADA systems will ensure
grid reliability [21].

In this study, a rural neighborhood in Diyarbakir
province was modeled as a microgrid using Homer Pro
software. The model addressed a typical example of energy
issues commonly encountered in rural areas, considering the
neighborhood's current energy consumption profile, region-
specific renewable energy potential, and different
configurations of hydrogen production and storage systems.
Various scenarios were created to examine the impact of
hydrogen on system performance. Notably, the ability of
hydrogen to store and transport energy has helped stabilize
the system by reducing the effects of fluctuations in
renewable energy production. Economic analyses have
demonstrated the long-term cost-effectiveness of hydrogen
technologies. However, there are challenges to the
widespread adoption of hydrogen technologies in rural areas,
including limited infrastructure investments, high initial
capital costs, and a lack of awareness. To overcome these
challenges, it is crucial for local governments and the
national government to develop supportive policies, create
financing mechanisms, and conduct awareness-raising
activities for the local community. Moreover, investing in
research and development in hydrogen technologies is
essential to make these technologies more efficient and cost-
effective.
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2 Materials and methods

Microgrids offer a flexible and efficient solution to
energy production, providing an alternative to traditional
energy systems [22]. These systems are classified into three
main categories based on their topological structures:

Alternating Current (AC) Microgrids: The most
commonly used type, where DC sources such as solar panels
(PV) and batteries are connected to the AC grid through AC
inverters. This structure ensures compatibility with existing
electrical grids.

Direct Current (DC) Microgrids: These systems operate
entirely on direct current, with DC sources connected
directly to the DC bus. This setup reduces AC/DC
conversions, thereby minimizing energy losses. However,
the limited availability of DC loads and the lack of
widespread adoption of DC distribution systems restrict the
use of these microgrids.

Hybrid Microgrids: These systems integrate both AC and
DC components, creating a more complex but flexible
structure. This configuration allows for the combination of
different types of loads and energy sources within a single
system.

In this study, a hybrid microgrid design was developed
and analyzed using the Homer Pro software.

2.1 Homer Pro software

HOMER Pro is a powerful software used for the design
and analysis of hybrid energy systems. It is widely utilized
for modeling and optimizing systems that combine
renewable energy sources like solar, wind, and biomass with
traditional energy sources. This software helps determine the
most suitable solution by evaluating the system's
performance under different scenarios. By considering
factors such as energy cost, environmental impacts, and
reliability, it enables users to make the best decisions for
their energy systems. HOMER Pro offers innovative
solutions for meeting energy needs, particularly in remote
areas, islands, and developing countries.

Studies conducted by Vendoti et al. [23], Dawood et al.
[24], and Xia et al. [25] demonstrate the use of this software
to meet energy needs in remote and isolated regions, while
research by Cetinbag et al. [26], Giiven et al. [27], and Suresh
et al. [28] provide significant findings on the integration of
renewable energy sources. Bhattacharjee et al. [29] have
focused on the optimization of hybrid systems for regions
with different climatic conditions. Basheer et al. [30] have
made important contributions to the design and evaluation of
hybrid energy systems for industrial areas. These studies
highlight the flexibility and broad range of applications of
HOMER Pro. In the study conducted by Jahangir and
Cheraghi, an economic and environmental assessment of a
hybrid renewable energy system consisting of solar, wind,
and biomass was carried out to meet the energy needs of a
rural settlement. The study highlights the feasibility of such
systems in rural areas while providing a comparative
analysis of economic costs and environmental impacts. This
approach serves as an important reference for developing
sustainable energy solutions for settlements [31]. In the study
conducted by Amupolo et al., the techno-economic

feasibility of off-grid renewable energy electrification
schemes was assessed for an informal settlement in Namibia.
The research provides a comprehensive analysis of the
applicability of renewable energy sources in such settlements
from both economic and technical perspectives. This work
offers valuable insights into the development of sustainable
energy solutions for underserved communities [32]. In the
study conducted by Palanichamy et al. the development of a
microgrid for the secluded Paana Theertham Kani settlement
in India was explored. The research focuses on integrating
renewable energy sources to enhance energy access and meet
the sustainable energy needs of the community. This study
provides valuable insights into the feasibility of microgrid
solutions for rural and isolated settlements [33]. In the study
conducted by EI Hassani et al., the techno-economic
feasibility and performance of an islanded hybrid renewable
energy system with hydrogen storage were analyzed for a
specific settlement in Morocco. The research highlights the
integration of renewable energy sources with hydrogen
storage to provide sustainable and reliable energy solutions
for isolated communities. This study offers significant
insights into the development of renewable energy systems
tailored to meet the unique energy needs of such settlements
[34]. Although previous research has generally focused on
specific geographical regions or energy sources, this study
adopts a more comprehensive approach aimed at addressing
common energy challenges encountered in rural areas of
Tirkiye.

This study introduces a comprehensive approach that
significantly contributes to the literature by integrating
hydrogen technologies with renewable energy systems.
Unlike many existing studies that focus on individual
renewable energy sources or limited technologies, this work
provides a holistic analysis of a hybrid system design,
emphasizing the synergy between hydrogen technologies
and renewable resources like solar energy.

The methodology employed in this research optimizes
hydrogen production in proximity to water sources,
considering both economic and environmental aspects.
Utilizing HOMER Pro software, the study conducts detailed
simulations to evaluate energy production, storage, and cost
dynamics while also calculating the potential for carbon
emissions reduction. These features make the study stand out
as it combines technological feasibility with concrete
environmental and economic metrics.

Moreover, the proposed method not only enhances
energy access but also reduces energy costs for local
communities while promoting environmental sustainability.
The findings of this study address a significant gap in the
literature regarding the application of hydrogen-based hybrid
systems in rural settlements and are expected to serve as a
valuable reference for future research in the field.

2.2 Site selection and data collection

2.2.1 Site selection

A rural settlement, known by various names and located
in one of the central districts of Diyarbakir, has been selected
as the pilot implementation area. The geographical location
of this region played a significant role in its selection. The
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area has a high solar energy potential, which, when
combined with the hydrogen-integrated microgrid design,
enhances its capacity to meet the region's energy needs.
Additionally, the density and social structure of the
settlement provide a valuable opportunity for the pilot
project's results to be disseminated to a broader audience and
to contribute to the energy transition in the area. Its proximity
to a water source, in particular, offers significant advantages
for hydrogen production processes, thereby increasing the
system's efficiency. This pilot implementation aims to
demonstrate the feasibility of sustainable energy solutions in
areas close to the city center and to contribute to the region's
journey toward energy independence. Figures 1, 2, and 3
illustrate the neighborhood's grid connection model, the
supply area, and the feeder information, respectively.

Figure 1. Geographic information systems (GIS) grid
connection model

Figure 2. Geographic supply area
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Figure 3. Feeder éuAppIying the neighborhood

The specification of the supply area in square kilometers
allows readers to better understand the coverage of the
energy distribution network, providing clarity regarding the
system's geographical context. For this study, the selected
area covers a surface area of 17390 decares. Furthermore,
including the demand power of the feeder enhances the
understanding of energy flow and capacity requirements,
contributing to the evaluation of system reliability and
performance. The daily load for the study area has been
calculated as 13407.45 kWh.

The area under study is supported by a range of
transformers with varying capacities to meet the energy
demand and ensure system reliability. The transformer
capacities include units ranging from 50 kVA to 1000 kVA,
strategically distributed throughout the network to optimize
energy distribution and accommaodate the load requirements.
For confidentiality purposes, the exact quantities and
locations of these transformers are not disclosed.

Geographical and climatic data are critical for simulating
the performance of a hybrid energy system using HOMER
Pro. These factors directly influence the design and
optimization of the system for a specific location [35]. The
exact latitude and longitude coordinates of the study area
determine the solar radiation patterns. Detailed information
on location-specific average daily and monthly solar
radiation, obtained from NASA's Prediction of Worldwide
Energy Resources (POWER) database, is essential [36]. In
this context, the combined graph presenting the monthly
temperature data and Solar GHI (Global Horizontal
Irradiance) for the application site is displayed in Figure 4,
providing a comprehensive overview of both metrics in a
single visualization. [37, 38].
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Monthly Solar Radiation, Clearness Index, and Temperature
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Figure 4. Monthly solar radiation, clearness index and temperature

2.2.2 Data collection

In the study, one year of active energy consumption data
(July 2023 - July 2024) for the rural settlement under
investigation, obtained from the electricity distribution
company was subjected to a detailed analysis by
disaggregating it into 24-hour periods on a monthly and daily
basis.

This comprehensive dataset enabled the examination of
both daily load variations and seasonal differences, allowing
for an in-depth analysis of the load profile. The completeness
and accuracy of the data increased the reliability of the
results and ensured the precision of the calculations. The
dataset was uploaded to the HOMER Pro software, and the
disaggregated profile data shown in Figure 5 was obtained.
Additionally, the data classified by month is presented in
Figure 6.

2.3 System Design
In HOMER Pro, a system design was developed for our
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neighborhood, characterized as a residential area, using July
— the month with the highest energy demand — as the
reference. This design integrates multiple components,
including PV, an electrolyzer, a hydrogen tank, an energy
converter, and the grid, as shown in Figure 7. The electrical
energy generated from the PV panels is converted into
hydrogen through the electrolyzer and stored. When needed,
this hydrogen is converted back into electricity using the
energy converter to meet the electrical load. The hybrid
microgrid's load group was selected as Bagivar
neighborhood. The cost of energy supplied from the local
grid to the microgrid was set at $0.067 per kwWh, and the sale
price of energy fed back from the microgrid to the grid was

fixed at $0.050 per kWh. These values were derived based
on an analysis of market price ranges and were calculated as
an average using data from a one-year period spanning both
2023 and 2024, ensuring a comprehensive and representative
cost basis for this study.

Seasonal Profile
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Capital cost ($):

Lifetime (yr):

Figure 5. Load profile visualized by HOMER Pro
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Figure 6. Load profile by month visualized by HOMER Pro
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Figure 7. Microgrid structure designed in HOMER Pro

2.4 PV system

The amount of electrical energy generated by PV
modules constantly varies depending on many factors. These
factors include a range of parameters such as the structure of
the solar cell, the nominal power of the panel, the derating
factor, the intensity of solar radiation, cell temperature,
temperature coefficient, the geographical location of the
panel, and environmental conditions. For instance, an
increase in solar radiation generally enhances the power
produced by the panel, while high temperatures can reduce
its efficiency.

The mathematical model expressed as Equation (1) aims
to represent these complex relationships with a certain level
of accuracy.

G
Ppy = Ypy fov (G—T> [1+ (T = Tesrc)] (1)
T,STC

where:

Ypv = The rated capacity of the PV array, meaning its
power output under standard test conditions [KW]

fev = The PV derating factor [%]

Gy = The solar radiation incident on the PV array in the
current time step [KW/m?]

Gr sr¢= The incident radiation at standard test conditions
[1 kW/m?]

a, = The temperature coefficient of power [%/°C]

Tc = The PV cell temperature in the current time step
[°C]

Te, stc= The PV cell temperature under standard test
conditions [25°C]

For the hybrid microgrid, the SunPower E20-327 PV
module has been selected. The cost of the module is specified
per 1 kW of power. The capital cost of this module is $600,
the replacement cost is $420, and the O&M (Operation and
Maintenance) cost is $6 per year. The lifespan of the modules
is set at 25 years.

2.5 Converter

It is used to convert alternating current (AC) to direct
current (DC) or vice versa. This is necessary to convert the
direct current from solar panels into the alternating current
used by households or to transform the direct current drawn
from batteries into alternating current through inverters. The
Sinexcel PWG-100 converter has been selected. The
converter cost for the hybrid microgrid is specified per 1 kW
of output power. The capital cost of this converter is $400,
the replacement cost is $280, the operation and maintenance
cost is $15, and its lifespan is 10 years. The efficiency of the
converter is taken as 98%.
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2.6 Electrolyzer

HOMER Pro is a useful tool for modeling the key
performance and cost characteristics of the electrolyzer in
our hybrid energy system. In our system, where we plan to
use either Proton Exchange Membrane (PEM) or alkaline
electrolyzers, hydrogen production efficiency and
economies of scale are significant factors. The efficiency of
the electrolyzer is defined as the ratio of the energy content
of the hydrogen produced to the electrical energy consumed.
Parameters such as hourly hydrogen production capacity
(Nm*/hour) and specific energy consumption (kWh/Nm?) are
used to assess the electrolyzer's performance. Additionally,
the amount of water consumed for each cubic meter of
hydrogen produced is important in terms of both operational
logistics and the system's environmental impact. The
electrolyzer model in HOMER is based on a constant
efficiency assumption, and its minimum load level feature
ensures that the electrolyzer operates within its efficient
operating range.

HOMER Pro models the electrolyzer with a constant
efficiency, assuming that a given input of electricity always
results in the same amount of hydrogen production. Due to
the minimum load limitation, the electrolyzer only operates
efficiently when at least 75% of its nominal capacity is used.
The electrolyzer, which typically consumes excess
electricity, becomes active when there is demand for
hydrogen or electricity.

The selected electrolyzer has a capital cost of $600, a
replacement cost of $360, an operation and maintenance cost
of $30, and a lifespan of 15 years. The efficiency of the
converter is considered to be 95%, with a minimum load
ratio set at 50%.

2.7 Hydrogen tank

HOMER Pro enables a comprehensive simulation of
hydrogen storage within hybrid energy systems by allowing
users to define cost curves for storage capacity through a
detailed cost table. For the grid model we designed, a
hydrogen tank with a capacity of 1200 kg was specified with
a capital cost of $600, a replacement cost of $480, and an
O&M cost of $20. The key parameters for defining hydrogen
storage behavior include a tank lifetime of 20 years, an initial
hydrogen level (e.g., 50% of the tank's capacity or an
absolute value of 50 kg), and the requirement that the end-
of-year tank level meets or exceeds the initial level. For
instance, the system'’s daily average hydrogen consumption
could be set at 10 kg, with a target of having at least 60% of
the tank's capacity filled by the end of the year. These
parameters facilitate accurate performance and economic
simulations, enabling the optimization of hybrid energy
systems to meet energy demands with cost-effectiveness and
adequate hydrogen storage capacity. The frequency of
hydrogen tank charging and discharging in the simulation
study is shown in Figure 8.

2.8 Evaluation criteria

2.8.1 Net present cost (NPC)

The total net present cost (NPC) of a system represents
the present value of all expenses incurred throughout its
lifetime, reduced by the present value of all revenues
generated during the same period. These expenses include
capital costs, replacement costs, operation and maintenance
(O&M) costs, fuel costs, emissions penalties, and the cost of
purchasing power from the grid. Revenues comprise salvage
value and income from grid sales. The costs of the designed
system are presented in Table 1.
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Figure 8. Hydrogen tank charging and discharging frequency

Table 1. Cost summary of the system designed in HOMER Pro

Economic

Effiency Replacement

Component Life (Year) Capacity (%) Capital ($) ) O&M (%) Salvage ($) Total ($)
Generic Electrolyzer 15 1500 kw 95 900000.00 229107.87 581738.24 (43120.41) 1667725.70
Grid 0.00 0.00 482726.68 0.00 482726.68
Homer Cycle Charging 25 5.00 0.00 12.93 0.00 17.93
Hydrogen Tank 20 1200 kg N/A 720000.00 183633.03 310260.40 (103488.99) 1110404.44
Sinexcel PWG-100 10 3000 kW 98 1200000.00 742087.61 581738.24 (100614.30) 2423211.55
SunPower E-20-327 25 3000 kW 98 1800000.00 0.00 232695.30 0.00 2032695.30
System 4620005.00 1154828.51 2189171.79 (247223.70) 7716781.60
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HOMER determines the total NPC by aggregating the
discounted cash flows for each year over the project’s
lifetime.

The total NPC serves as HOMER's primary economic
output, used to rank all system configurations in the
optimization results. It also forms the basis for calculating
the total annualized cost and the levelized cost of energy.

NPC, also referred to as the life-cycle cost, is the present
value of all expenses incurred for installing and operating a
Component throughout the project's lifetime, reduced by the
present value of all revenues generated by the Component
during the same period. HOMER computes the net present
cost for each Component individually as well as for the entire
system.

HOMER utilizes the discount factor to account for the
time value of money rather than inflation. The impact of
inflation is excluded from the analysis by employing the real
discount rate instead of the nominal discount rate.
Nevertheless, even with inflation removed, the principle of
the time value of money dictates that a future cash flow is
less valuable than an equivalent cash flow in the present. The
discount factor reflects this effect, decreasing in value as the
number of years from the project’s inception increases.

The discount factor represents a ratio utilized to
determine the present value of cash flows occurring at any
point during the project's lifetime. HOMER computes this
value using the following formula Equation (2):

1
fa= @ o @
where:
i  =Real discount rate [%]
N =Number of years

2.8.2 Levelized cost of energy (LCOE)

It defines the LCOE as the average cost per kWh of useful
electrical energy produced by the system. HOMER
determines the COE value of the system by subtracting the
cost of meeting the thermal load from the annual electricity
production cost, and then dividing the resulting net
electricity production cost by the total electricity demand.
The equation for this calculation is provided in Equation (3).

COE = Cann,tot — CboilerHserved (3)
Ese‘rved
Where:
Cann,tot =Total annualized cost of the system [$/yr]
Choiler =Boiler marginal cost [$/kWh]
Herved =Total thermal load served [kWh/yr]
Eerved =Total electrical load served [kWh/yr]

The second term in the numerator represents the annual
cost component associated with meeting the thermal load of
the system. For systems that do not have a thermal load
(Hthermal = 0), such as those that only produce electricity
(like wind or photovoltaic systems), this term is not
considered. The Levelized Cost of Energy (COE) is a metric
commonly used to evaluate the economic performance of

different energy systems. However, HOMER does not rank
systems solely based on their COE values; it also considers
other factors. As a result of the LCOE of the designed
system, a cost of $0.08301 per kilowatt-hour was obtained.
This value is higher than the cost of a similarly scaled system
powered by grid electricity. However, improvements in
current costs and/or the selection of products with different
power and cost characteristics in the system design could
make this value competitive with grid prices.

2.8.3 Levelized cost of hydrogen (LCOH)

HOMER uses Equation (4) to calculate the Levelized
Cost of Hydrogen (LCOH).

Cann,tnt — Velec (Eprim,AC + Eprim,DC + Edef + Egrid,sales) (4)

M hydrogen

COH =

here, canntoe represents the total annual cost, v, is the
value of electricity (which is entered in the Hydrogen Load
Inputs window), E,,;,, denotes the primary electrical load,
Eqer is the deferrable load, Egpiqsqes refers to the total
energy sold to the grid, and My, 4rogen IS the total hydrogen
production. In the numerator, we aim to determine the annual
cost of producing hydrogen by subtracting the annual cost of
electricity production. If your system does not meet any
electrical load and does not export electricity to the grid, then
all these electricity terms will reduce to zero. The value of
electricity was entered as $0.067/kWh. According to
HOMER simulation results, the LCOH value of the designed
system was calculated to be $4.50/kg.

2.9 Methodology for carbon emission reduction
calculation

This study calculates carbon emission reductions by
comparing baseline emissions from fossil fuel consumption
with the emissions resulting from the integration of
renewable energy and hydrogen technologies. The
methodology and formulas used are detailed below:

2.9.1 Baseline emissions calculation

Baseline emissions are calculated by multiplying energy
consumption by the carbon intensity of the electricity source
Equation (5):

Epasetine = Ctotar X Fgria 5)
where:
Epasetine =Baseline carbon emissions [kg CO:]
Ciotal =Total energy consumption [kKWh]

Fgria =Grid electricity carbon emission factor
[e.g., 0.4 kg CO/kWh]

2.9.2 Project emissions calculation

Emissions from the project, including renewable energy
and hydrogen utilization, are calculated as follows Equation

(6):

Eprj = ( Cgrid X Fgrid ) + ( Chydrogen X thdrogen ) (6)
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Where:

Epyrj =Total project emissions [kg CO:]

Cyria =Energy supplied by the grid [KWh]
Fryarogen ~ =Carbon emission factor for hydrogen

production [e.g., 0 kg CO-/kWh for renewable energy, 0.4 kg
CO2/kWh for grid electricity]

Data Source: Energy data derived from HOMER Pro
simulations.

2.9.3 Carbon Emission Reduction Calculation

The reduction in carbon emissions is calculated using the
formula Equation (7):

Ereduction = Ebaseline X Eprj (7)
Where:

Ereduction
2.9.4 Temporal and Source Analysis

Grid Electricity: The emission factor for grid electricity
is assumed to be 0.4 kg CO»/kWh.

Renewable Energy: Emissions for PV and hydrogen
generated from renewable sources are assumed to be zero.

Hydrogen Production: Emissions are adjusted based on
the energy source used for the electrolyzer.

= Reduction in carbon emissions [kg CO2]

2.10 Sensitivity analysis

A sensitivity analysis examines how key parameter
changes impact system outputs after modeling and
evaluation. By examining the impact of variations in
different input parameters on system performance, the
sensitivity of the system to uncertainties was assessed.
HOMER Pro offers various methods for sensitivity analysis.
The most commonly used methods include single parameter
variation, Monte Carlo simulation, and scenario analysis. In
single parameter variation, one parameter in the system is
altered by a fixed amount while all other parameters are kept

constant, and the system's performance is re-simulated. In
Monte Carlo simulation, a probability distribution is defined
for each parameter, and multiple simulations are performed
using random samples, allowing the investigation of the
effects of different parameter combinations on the system.
Scenario analysis, on the other hand, involves running
simulations under different assumptions (e.g., various
climate scenarios) to evaluate the system's performance
under varying conditions.

In this study, both sensitivity to uncertainties and fixed
parameter-based analysis were performed, taking the values
considered to be optimal as the baseline.

3 Findings and discussion

This study employs a comprehensive methodology to
optimize the integration of renewable energy sources with
hydrogen storage technologies. Initially, data related to the
load profile, solar radiation, and temperature of the study
area were collected and defined as input parameters for the
HOMER Pro software. Subsequently, a hybrid microgrid
system was designed, incorporating photovoltaic panels,
electrolyzers, hydrogen tanks, energy converters, and grid
connections. To evaluate the system's performance, a
detailed simulation was conducted using HOMER Pro,
analyzing energy production, storage capacity, and cost
dynamics.

The simulation results were assessed in terms of energy
production and cost-effectiveness, while the potential for
reducing carbon emissions was also examined. Optimization
efforts were undertaken to enhance the system's
environmental and economic efficiency. The findings were
validated by comparing them with similar studies in the
literature, demonstrating the system's applicability for rural
areas. The outcomes of this study provide concrete
recommendations for sustainable energy solutions and serve
as a valuable reference for future research in the field. The
algorithm flow chart is given in (Figure 9).
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Figure 9. Algorithm flow chart
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In this study, it is acknowledged that electrolyzers require
deionized water for hydrogen production. Depending on the
salinity level of the water source near the pilot area, a
desalination system may be necessary. However, no cost
analysis related to a desalination system has been conducted
in this study, and this aspect has been omitted from the scope.
This assumption was made to perform the analysis within
defined boundaries and to focus on the economic feasibility
of the current system configuration. Future studies may
investigate the impact of desalination requirements on cost
calculations based on water quality. It should be noted that
this factor could significantly alter total cost estimations,
especially for large-scale systems.

In this study conducted in a rural neighborhood of
Diyarbakir, a hydrogen-based microgrid model was
developed. The simulation results indicated that 61.2% of the
system's annual energy demand could be met with renewable
energy sources. The hydrogen produced by the electrolyzer
met the system's energy storage needs, mitigating the effects
of fluctuations in renewable energy generation.

The total capital cost of all components was determined
to be $4620005.00, with total maintenance/repair costs
amounting to $1154828.51, and total fuel costs calculated at
$2189171.79. Disposal costs were calculated to be -
$247223.70. Consequently, the total cost for the system
amounted to $7716781.60. In the graphical representation
(Figure 10), the costs of each component are visualized using
bar charts, providing a clearer illustration of the cost
distribution and the share of each component in the overall
cost.
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$1,500,000 -
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3.1 Grid and PV Performance

The system generates approximately 8345476 kwh of
electricity annually. Of this production, 66.5% (around
5553834 kWh) is supplied by solar panels, with the
remaining portion met through grid purchases. Electricity
production varies significantly with the seasons due to its
reliance on solar energy. Production peaks during the sunny
summer months, while a decline is observed in the winter
(Figure 11) The total annual electricity consumption is
approximately 8252687 kWh, with the majority of this
consumption classified as an AC primary load. In some
months, the system produces more electricity than it
consumes. The excess electricity is either stored or sold to
the grid. The system includes a hydrogen storage unit, which
enables the storage of surplus production for later use.
Although the system is not entirely independent, it does
purchase electricity from the grid, enhancing its reliability
during periods of reduced production. For example, in April,
180579 kWh of energy was purchased and 228710 kWh of
energy was sold, resulting in a net sale of 48131 kWh and
generating revenue of $2406.53. In May, 198210 kWh of
energy was purchased, while 241126 kWh was sold, leading
to a net sale of 42916 kWh and revenue of $2145.81.

On an annual basis, a total of 2791642 kWh of energy
was purchased, and 2296895 kWh was sold. The net energy
load amounted to 494747 kWh, with the total grid cost of the
system calculated to be $37342.02.
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Figure 10. Monthly production graph for grid and PV of the system designed in HOMER Pro
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Figure 11. Monthly production graph for grid and PV of the system designed in HOMER Pro
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3.2 Electrolyzer performance

In the conducted analysis, the variations in hydrogen load
on daily, seasonal, and annual scales have been examined in
detail. In the daily profile, the hydrogen load has been
determined as a constant 12 kg/hour, indicating a continuous
consumption model throughout the analysis. In the seasonal
profile, it has been identified that the monthly variations are
minimal, and the load exhibits a generally stable demand. In
the annual profile, it has been observed that the hydrogen
load is distributed uniformly throughout the year, with minor
fluctuations due to random variability.

The scaled annual average hydrogen load has been
calculated as 70 kg/day, representing the overall demand
level of the hydrogen system. The maximum load has been
determined as 20.92 kg/hour, while the average load has
been identified as 8.05 kg/hour. Additionally, the "Value of
Electricity" parameter has been specified as $0.07/kWh,
serving as a critical factor in assessing the cost of hydrogen
production. The results demonstrate that the hydrogen
demand is consistently met throughout the year, and the costs
are maintained at an optimizable level. An annual production
of 25579 kg of hydrogen was achieved by the electrolyzer in
the system. On the consumption side, the hydrogen load was
recorded as 25550 kg, indicating that almost all the hydrogen
produced by the system was consumed. These figures, which
point to a minimal difference between annual energy
consumption and production, demonstrate that the system
operates with high efficiency.

Additionally, when examining the monthly hydrogen
production graph of the electrolyzer (Figure 12), it is
observed that the highest production occurred at the
beginning of the year (in January) with approximately 90 kW
of energy, while production stabilized around 50 kW in the
subsequent months. An increase was observed again in
December, which may be due to seasonal conditions or
changes in operational requirements.

Such data are crucial for understanding the operational
efficiency of the electrolyzer, its sensitivity to seasonal
effects, and its capacity to meet energy demands throughout
the year. Specifically, the Levelized Cost of Hydrogen
(LCOH) for the electrolyzer was calculated to be $4.50 per
kg. This value reflects the cost of hydrogen production and
can be considered an important indicator in managing system
costs. Notably, this calculated LCOH is below the current

M Blectrolyzer 100

market price for green hydrogen, which ranges between $5
and $6 per kg in 2024, demonstrating the potential economic
competitiveness of the system under the modeled conditions.

4 Conclusions

The conducted HOMER simulation yielded a LCOE of
$0.08301 per kilowatt-hour for the designed hybrid energy
system. This result provides significant insights into the
economic performance of the system. The LCOE value of
$0.08301 indicates that the system remains competitive
when compared to the average grid electricity price in the
region. However, if a lower LCOE value is targeted, some
improvements may be necessary. For example, technological
innovations such as increasing the efficiency of solar panels,
using more efficient electrolyzers, or advancements in
hydrogen storage technologies could significantly contribute
to reducing costs. Additionally, seeking more cost-effective
alternatives for system components or optimizing the
purchasing and installation processes could help lower costs.
Finding long-term, low-interest financing options is another
factor that can reduce the overall cost. Furthermore,
optimizing the system to better meet energy demand could
help reduce LCOE by minimizing energy losses.

Along with these improvements, closely monitoring
fluctuations in the energy market and reassessing the system
when necessary is crucial for ensuring the long-term
economic sustainability of the system.

In conclusion, while the LCOE value of $0.08301
demonstrates the economic potential of the system, it also
indicates that there is room for improvement. Detailed
analyses and optimization efforts could enhance the system's
performance and make it more competitive.

The Levelized Cost of Hydrogen (LCOH) for the
designed system was calculated to be $4.50 per kg. This
value is above the typical cost range for gray hydrogen but is
at a competitive level for green hydrogen production.

The study demonstrates that using renewable energy
sources for hydrogen production can reduce carbon
emissions and decrease dependence on fossil fuel imports. It
is estimated that 0.0254% of Tiirkiye's target of 695 Mt CO2
reduction by 2030 could be achieved through the efforts
carried out within this project alone. These results could
serve as an important reference point for policymakers,
investors, and stakeholders who are considering hydrogen
investments in urban areas and nationwide.
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Figure 12. Monthly production graph for the electrolyzer of the system designed in HOMER Pro
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For future studies, a sensitivity analysis using HOMER
software could be conducted to examine the system's
responsiveness to different variables. Further research could
also focus on topics such as the use of intelligent control
methods in hybrid systems and the analysis of different
control techniques. Factors like project lifespan and salvage
values are significant areas of investigation for researchers
to understand their impact on the techno-economic outcomes
of hybrid systems. Such studies could contribute to
determining the optimal configuration of hybrid systems
created by integrating different technologies, thereby
reducing project investment risks. Additionally, they could
enhance analysis efficiency, leading to more accurate and
reliable results.
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